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Biodegradable Cellulose Film
Prepared From Banana Pseudo-Stem
Using an Ionic Liquid for Mango
Preservation
Binling Ai1,2* , Lili Zheng1, Wenqi Li2, Xiaoyan Zheng1, Yang Yang1, Dao Xiao1, Jian Shi2

and Zhanwu Sheng1*

1 Haikou Experimental Station, Chinese Academy of Tropical Agricultural Sciences, Haikou, China, 2 Biosystems
and Agricultural Engineering, University of Kentucky, Lexington, KY, United States

The excessive use and disposal of plastic packaging materials have drawn increasing
concerns from the society because of the detrimental effect on environment and
ecosystems. As the most widely used fruit packing material, polyethylene (PE) film
is not suitable for long-term preservation of some tropical fruits, such as mangos,
due to its inferior gas permeability. Cellulose based film can be made from renewable
resources and is biodegradable and environmental-friendly, which makes it a promising
alternative to PE as a packaging material. In this study, cellulose film synthesized from
delignified banana stem fibers via an ionic liquid 1-Allyl-3-methylimidazolium chloride
([AMIm][Cl]) were evaluated as packing material for mangos preservation. The moisture
vapor transmission rate and gas transmission rate of the synthesized cellulose film were
1,969.1 g/(m2

·24 h) and 10,015.4 ml/(m2
·24 h), respectively, which are significantly

higher than those of commercial PE films. The high permeability is beneficial to the
release of ethylene so that contribute to extend fruit ripening period. As a result, cellulose
film packaging significantly decreased the disease and color indexes of mangos, while
prolonged the storage and shelf life of marketable fruits. In addition, the cellulose
film was decomposed in soils in 4 weeks, indicating an excellent biodegradability as
compared to the PE plastic film.

Keywords: cellulose film, ionic liquid, banana stem fiber, mango preservation, soil burial test, biodegradability

INTRODUCTION

Plastics are widely used in food packaging applications primarily for its low costs (Kirwan et al.,
2011; Mandal, 2015). Macarthur Foundation estimated in 2016 that 78 million tons of plastic
packaging is produced worldwide (Axelsson and van Sebille, 2017), and an estimated 69% of which
is contributed by food industry (Geueke et al., 2018). After short use (mostly single-use) as food
packaging, 40% of the plastics packing materials, corresponding to 22 million tons, ends up in
landfill and amasses in soil, which is a huge threat to underground water resources; while another
32%, corresponding to 17 million tons, leaks out of the collecting and sorting systems, becomes
trashes and litters all over cities and oceans, and finally enters into ecosystems and food chain
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that is fatal to human and animal health (Guillard et al.,
2018). The growing concerns on health and environment
call for immediate acts worldwide to develop a sustainable
and biodegradable alternative to replace plastics as
packaging materials.

Additionally, as the most commonly used food packing
material, polyethylene (PE) film is actually detrimental to long-
term shortage of some fruits. Mango is a kind of tropical
fruit, which is climacteric and ethylene-sensitive. Mangoes are
typically under-ripe at harvest and ripen quite rapidly after
harvest. The ripening of mangos usually takes 6–7 days at
room temperature, after which the fruit quality decreases,
gradually becomes diseased and rotted afterward (Su et al.,
2001). Furthermore, the natural harvest season of mango is
usually wet and rainy with temperatures of up to 35◦C, which
accelerates the deterioration and decay of mangos. Packaging
is a necessary and vital step for fruit preservation, which not
only provides protection from physical damage, but also keeps
fruits from diseases and chemical contamination so that retains
freshness and nutritional quality for long-distance transportation
and prolonged storage (Mangaraj et al., 2009; Guillard et al.,
2018). Film packaging with an modified atmosphere has been
widely used in fruit and vegetable storage (Wilson et al., 2019).
Modified atmosphere packaging maintains a balance between
fruit respiration and the air permeability of packaging films,
which forms a microenvironment with high CO2 but low O2 so
that inhibits the metabolism of fruits and vegetables and retains
freshness for extended shelf life (Dhalsamant et al., 2017; Chen
et al., 2019). However, as the primary packaging materials, gas
permeability of PE films is limited. Therefore, from perspective
of fruit preservation, it is also necessary looking for an alternative
material with enhanced moisture and vapor transmission to
replace PE films for some fruits.

As one of the primary components of lignocellulosic
biomass, cellulose is biodegradable and readily available,
which makes it a promising alternative to plastics for food
packaging applications. However, owing to strong hydrogen
bonds interactions, natural cellulose possesses high orientation
and crystallinity, which makes it nearly insoluble in ordinary
solvents so that limits its applications. Regenerated cellulose
can be obtained by chemically modifying cellulose into
carboxymethyl cellulose, cellulose xanthate (Weißl et al., 2018)
or a cuprammonium cellulose complex (Sayyed et al., 2019).
Ionic liquids are a new category of molten salts at room
temperature and certain of them have good capability for
dissolving cellulose. By formation of strong hydrogen bonds with
hydrogen atoms of hydroxyls in cellulose, cellulose dissolves
in ionic liquids (Zhang et al., 2017). The dissolved cellulose
can be easily regenerated from ionic liquid solutions via
addition of water, ethanol or acetone (Zhu et al., 2006).
After its regeneration, the ionic liquids can be recovered
simply by vacuum evaporation and reused for several times
without significant deterioration in the performance (Mai
et al., 2014). Ionic liquids have been extensively investigated
as cellulose-dissolving solvents to synthesize cellulose-based
materials, including blends (Mundsinger et al., 2015), composites
(Mahmood et al., 2017), fibers (Hummel et al., 2015), hydrogels

(Xu et al., 2015), and other cellulosic materials (Isik et al., 2014;
Zhang et al., 2017). Zheng et al. (2019) used ionic liquids
[Bmim][Cl], [Amim][Cl] and [Emim][Ac] for dissolution of
coniferous pulp and it was found that the regenerated films
from [Amim][Cl] had the highest crystallinity, transparency,
and tensile strength. Xu et al. (2020) reported a [Amim][Cl]
based dissolution system for producing cellulose films from waste
cardboard and the regenerated films had a smooth and uniform
surface and high transmittance.

Banana stalk is a waste biomass after fruit harvesting
produced in large volume due to each plant bearing fruit
only once. The inedible parts, including pseudo-stems and
leaves, representing about 88% of the weight of the whole
plant (Reddy and Yang, 2015), are discarded as wastes.
China alone will generate about 29.0 million tons per year
of banana stalk residues (Li et al., 2016). The banana
pseudo-stem has a high cellulose fiber content (Guimarães
et al., 2009). Therefore, banana stem is an important yet
underutilized cellulose resource, which is available to be
converted into a variety of value-added products. In this study,
regenerated cellulose films synthesized from delignified banana
stem fibers using ionic liquid [AMIm][Cl] were evaluated as
packaging material for mangos preservation. Furthermore, the
biodegradation properties of the cellulose films were evaluated
using a compost soil burial test. The study demonstrates a
promising environmental-friendly solution to the problematic
plastic packaging.

MATERIALS AND METHODS

Materials
Banana stem fibers were obtained by scraping banana pseudo-
stems, which was collected from a local banana plantation in
Haikou, China. Figure 1 shows photographs of banana trees,
banana pseudo-stems, banana stem fibers, and extracted
cellulose by following the delignification procedure in
“Delignification of Banana Stem Fibers” section. 1-Allyl-3-
methylimidazolium chloride ([AMIm][Cl], purity ≥ 96%) used
to dissolve extracted banana stem cellulose was purchased
from Chemer Chemical Co., Ltd. (Shandong, China). Mango
fruits (Mangifera Indica L. cv. “Xiaotainong”) were purchased
from a local fruit market in Haikou, China. The fruits were
just picked within a few hours and did not undergo any
fresh-keeping treatment.

Delignification of Banana Stem Fibers
The banana stem fibers (shown in Figure 1c) were soaked
in H2SO4 solution (2 g/L) at 50◦C for 2 h without agitation
at a solid loading of 5% (w/v) to remove pectin and free
sugars. The solid residue was separated by filtration and washed
thoroughly with DI water until the pH value of the filtrate is
neutral. The washed solid residue was then soaked in NaOH
solution (200 g/L) at 30◦C for 30 min to remove lignin (Shang
et al., 2016). The delignified residue was thoroughly washed
with DI water, squeezed to remove excess water and dried in
an oven (Figure 1d). The cellulose, hemicellulose and lignin
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FIGURE 1 | Photographs of of (a) banana trees with fruits and leaf sheaths,
(b) banana stems, (c) banana stem fibers, and (d) extracted banana stem
cellulose.

contents were measured according to detergent fiber method
(Soest and Wine, 1967). Briefly, by boiling in deionized water and
extracting with a neutral detergent solution the soluble fraction
was removed and the neutral detergent fiber residue (NDF) was
obtained. Followed by the extraction with the Van Soest acid
detergent, the acid detergent fiber residue (ADF) was obtained.
By extracting the ADF by sulfuric acid, the acid detergent lignin
residue (ADL) was obtained. The cellulose, hemicelluloses and
lignin contents are calculated as ADF–ADL, NDF–ADF, and
ADL, respectively. The raw banana stem fiber contains 48.0%
of cellulose, 21.1% of hemicellulose and 15.7% of lignin and the
delignified residue 79.1% of cellulose, 7.6% of hemicellulose and
3.2% of lignin.

Preparation of Cellulose Films
Extracted banana stem cellulose (1 g) and [AMIm][Cl] (19 mL)
were loaded into a 50 mL round-bottom flask, and then heated
in a heating mantle at 80–90◦C with agitation at 200 rpm for
3–4 h. Once a transparent appearance was obtained, the mixture
of dissolved cellulose and ionic liquid was cast onto a glass
plate and spread with a spreader to obtain a 0.5 mm-thick layer,
which was then immediately immersed in a coagulation bath
(aqueous ethanol solution, 20%) to form a cellulose hydrogel. The
regenerated cellulose hydrogel was then washed at least five times
with distilled water to remove residual [AMIm][Cl]. The cellulose
film was obtained by drying at room temperature.

Mechanical Testing of Cellulose Films
Mechanical testing was conducting following procedures
recommended in the Chinese National Standards. According
to GB/T 6672-2001 (adopted from ISO 4593-1993), cellulose
film thickness was determined by using a thickness gauge
(CH-10-AT, Liuling Instrument, Shanghai, China) to the nearest
0.001 mm at 13 positions, and the mean values was reported.
Tensile properties tests were conducted using a universal testing
machine (WDT20, KQL Testing Instruments, Shenzhen, China)
at a crosshead speed of 1 mm/min in accordance with the
procedure specified in GB/T 1040.3-2006 (adopted from ISO
527-3:1995). Water vapor transmission were determined by
sheet-cup method using a tester (W3/031, Labthink Instrument,
Jinan, China) in accordance with GB/T 1037-1988 (adopted from
ASTM E96-1980). The water vapor transmission (WVT) of the
films was calculated by Eq. 1.

WVT =
24×4m

A × t
(1)

where WVT (g/m2
·24 h) is the water vapor transmission rate; t

(h) is the time required to reach an equilibrium (the increased
weight of permeability cup is less than 5%); 1m (g) is the weight
gain during the time t; A (m2) is the test area of the film sample.

The gas permeability was determined using an oxygen
permeation analyzer (VAC-V1, Labthink Instrument, Jinan,
China) in accordance with GB/T 1038-2000 (adopted from ISO
2556-1974). The gas permeability rate (GP) of the films was
calculated by Eq. 2.

GP =
4p
4t
×

V
S
×

T0

p0T
×

24
P1−p2

(2)

Where GP (ml/m2
·24 h) is the oxygen permeability rate;

1p/1t (Pa/h) is the average value of the pressure change of
low-pressure chamber in unit time after oxygen permeation is
stable; V (cm3) is the volume of the low-pressure chamber; T0
is standard temperature (273.15 K); S (m2) is the test area of the
film sample; p0 is standard pressure (1.01 × 105 Pa); T (K) is the
test temperature; p1–p2 (Pa) is the pressure difference between
the two sides of film sample.

Characterization Analysis of Cellulose
Films
The morphology of cellulosic materials was monitored using
a scanning electron microscope (SEM) (S-3000N, Hitachi).
Fourier-transform infrared (FTIR) spectra were obtained using
an FTIR spectrophotometer (Tensor27, Bruker) by mixing
ground samples with KBr to prepare pellets. FTIR spectra
were recorded in the spectral range of 400–4,000 cm−1.
Thermogravimetric analysis (TGA) was performed using a
thermal analyzer (SDT Q600, TA Instruments) under a nitrogen
atmosphere by increasing the heating temperature up to
800◦C at a linear rate of 10◦C/min. X-ray diffraction (XRD)
analysis was performed using X-ray powder diffractometer (D8-
Advance, Bruker). Samples were scanned in the 2q range
of 10–30◦.
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Preservation of Mango Using Cellulose
Films
Two sheets of cellulose film were glued together to fabricate
a packaging bag (approximately 10 × 10 cm in size). Plastic
packaging bags of the same size were also prepared from
commercially available polyethylene wrap. The mango fruits were
purchased from a local fruit market without any preservation
treatment. Fruits of similar shape and size, and without
visible mechanical and pathological damage, were selected for
preservation experiments. The selected fruits were washed with
tap water for 1 min, dried with absorbent paper, and then
individually packed into cellulose or polyethylene film bags, and
stored at room temperature or kept in an incubator at 11◦C. Each
group consisted of at least 10 fruits. The color index, disease
index, diseased fruit rate, marketable fruit rate, and weight loss
ratio were calculated on days 7 and 14.

The color index for recording the process of fruit peel
degreening was calculated using equation (3) (Gong et al., 1994).

Color index

=

∑ color score× Fruit number
The highest color score×Total number of fruits

× 100 (3)

where the following scoring system was adopted: 0 points for
all green; 1 point for a yellow fruit pedicel; 2 point for localized
parts turning yellow; 3 points for most parts turning yellow; 4
points for all yellow.

The disease index was evaluated by assessing the total decayed
area using Eq. (4) (Gong et al., 1994).

Disease index

=

∑ Disease score× Fruit number
The highest Disease score× Total number of fruits

×100 (4)

where the following scoring system was adopted: 0 points for no
visible decay; 1 point for less than 1% decay spots; 2 points for less
than 20% decay spots; 3 points for more than 20%, but less than
50% decay spots; 4 points for more than 50% decay spots.

Fruits with disease scores of 0 and 1 have commercial value.
The total percentage of fruits with these scores was defined as
the marketable fruit rate. The total percentage of fruits with
scores of 1–4 is defined as the diseased fruit rate. The percentage
cumulative weight loss of fruits is defined as the weight loss ratio.

Biodegradability Evaluation of Cellulose
Films
The soil burial test was conducted with reference to similar
methods (Rudnik and Briassoulis, 2011; Gautam and Kaur, 2013;
Maran et al., 2014). This degradation test was conducted using
natural microorganisms, which better reflected the degradation
of biomaterials in natural environments. To facilitate the removal
of samples from the soil, the polyethylene film, cellulose film,
and quantitative filter paper (Xinxing 202, Hangzhou Special
Paper Factory, Hangzhou, China) were clamped between two

pieces of nylon mesh. A container was filled with a 10 cm-thick
soil layer, samples were tiled with nylon mesh on the soil layer,
and then covered with another 10 cm-thick soil layer. The soil
moisture was maintained at approximate 50%. Samples were
taken each week, and the attached soils were carefully rinsed
with deionized water. The constant weight of each sample was
measured before and after degradation and the weight loss of each
sample was calculated.

Statistical Analysis
Tests for statistical significance were performed using Statistical
Product and Service Solutions (IBM SPSS Statistics for Windows,
Version 19.0, IBM Corp., New York, United States).

RESULTS AND DISCUSSION

Mechanical and Physicochemical
Properties of Cellulose Films
The intensity of ionic liquid processing significantly affects the
properties of the banana stem-derived cellulose film. When the
banana stem fiber-derived cellulose was treated in [AMIm][Cl]
at 90◦C for 3 h, the resulting cellulose film was transparent
and exhibited a tensile strength of 32.8 MPa. As the intensity
of treatment decrease to 80◦C for 4 h, the prepared cellulose
film had an obviously improved tensile strength of 77.0 MPa.
However, it turns to be translucent, probably due to incomplete
dissolution of cellulose. The mechanical properties of cellulose
films acquired through [AMIm][Cl] treatment under different
operation conditions are shown in Table 1.

The prepared cellulose films possess an enhanced
permeability. The moisture vapor transmission rate and gas
transmission rate are measured to be 1,969.1 g/(m2

·24 h) and
10,015.4 ml/(m2

·24 h), respectively, which were significantly
higher than those of traditional polyethylene films (Yaptenco
et al., 2007; Table 1). The high permeability of cellulose film
is beneficial to ethylene release in the modified atmosphere
packaging of fruits and vegetables, which can delay the
postharvest ripening of climacteric fruits, such as mango,
resulting in an extended storage period.

The morphology changes associated with the banana stem
fiber derived cellulose film can be observed from SEM images,
as shown in Figure 2. Fiber bundles were separated from the
banana pseudo-stem by mechanical scraping (Figure 2a) to
obtain banana pseudo-stem fiber (Figure 2b). The images show
that no obvious change was observed in the fiber morphology
during mechanical scraping, but the fiber bundles became loose
and irregular (Figure 2c) after removing lignin fraction. Cellulose
film (Figure 2d) prepared from alkaline-delignified cellulose fiber
by ionic liquid dissolution (at 90◦C for 3 h) had a smooth surface
without obvious fibrous structure. While in the translucent
cellulose film, as can be seen from Figure 2e, the cellulose
fibers were not completely dissolved, and the tiny fibers were
intertwined in a network structure. As mentioned above, the
mechanical strength of the translucent cellulose films was higher
than that of the transparent cellulose films, probably due to
the incomplete dissolution of cellulose fibers that resulted in a
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TABLE 1 | Mechanical properties of cellulose films.

Test items Transparent cellulose film
(90◦C, 3 h)

Translucent cellulose film
(80◦C, 4 h)

Polyethylene film (Yaptenco
et al., 2007)

Thickness, µm 21.1 ± 2.4 A# 23.1 ± 0.5 A 25.1 ± 0.6

Tensile strength, MPa 32.8 ± 7.2 A 77.0 ± 2.5 B N/A

Extension at break, % 4.0 ± 0.5 A 3.1 ± 0.4 A N/A

Water vapor transmission rate,
g/(m2

·24 h)
1,969.1 ± 88.5 A 1,765.9 ± 23.4 A N/A

Gas permeability rate, g/(m2
·24 h) 10,015.4 ± 1,117.1 A 9,325.8 ± 526.9 A 5,703.9–8,526.1

#Values are expressed as mean ± SEM (n = 3). Values in the same row followed by the same uppercase letter are not significantly different at P = 0.05, according to
Duncan’s multiple range test.

homogeneous mixture of microfibers and nanofibers. In a micro-
and nano-hybrid cellulose film, nanofibers fill the voids among
neighboring microfibers, making the hybrid film densely packed,
and hence a higher mechanical strength (Wang et al., 2020).

The XRD profiles of banana stem, stem fiber and extracted
cellulose show well-defined diffraction peaks at 16.4◦ and 22.6◦,
while, clearly, that of transparent cellulose film exhibits only a
broad peak at 20.3◦ (Figure 3). This broad peak is considered
an overlapped peak of two peaks at 20.1◦ and 21.9◦ and the
peak of amorphous cellulose at 17.3◦ (Xia et al., 2016), indicating
that after ionic liquid dissolution and regeneration, type I
cellulose was transformed into type II cellulose along with a

FIGURE 2 | SEM images of (a) untreated banana stem, (b) banana stem fiber,
(c) extracted banana stem cellulose, (d) transparent cellulose film (90◦C, 3 h),
and (e) translucent cellulose film (80◦C, 4 h).

large number of amorphous cellulose structures (Cheng et al.,
2012). The XRD profile of translucent cellulose film is quite
different from that of transparent film. The translucent cellulose
film maintained the crystal structure of type I cellulose, but the
diffraction peak at 22.6◦ had a relatively low value, indicating
that part of type I cellulose transformed to type II cellulose
and amorphous cellulose. This XRD result is in conformity
with the SEM observation that only part of cellulose fibers was
dissolved by ionic liquid when preparing translucent cellulose
films. Transparency is a necessary characteristic of cellulose film,
so, unless otherwise specified, the cellulose film mentioned below
refers to a transparent cellulose film.

Application of Cellulose Films in Mango
Fresh-Keeping
Freshness is one of the most important qualities of fruits.
Fresh-keeping packaging requires good moisture-resistance,
mechanical strength, and heat and mass transfer properties,
which are necessary to keep the fruits hydrated and intact, and
transfer heat and gas produced by the physiological activities of
fruits (Soltani et al., 2015; Zhang et al., 2016). The cellulose film

FIGURE 3 | X-ray diffraction profiles of banana stem, banana stem fiber,
extracted banana stem cellulose, transparent cellulose film (90◦C, 3 h), and
translucent cellulose film (80◦C, 4 h).
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has high moisture vapor transmission rate and gas transmission
rate, which is good for humidity diffusion, heat dissipation and
ethylene release. A high humidity results in water condensation
on the surface of both film and fruits, and the in-pack
condensation leads to a rapid decay (Aharoni et al., 2007). The
internal heat generation from respiration and accumulation of
ethylene produced by autocatalytic ethylene synthesis accelerate
the ripening and even decay of fruits (Blanke, 2014). Therefore,
cellulose film with high permeability could be suitable for mango
preservation and storage.

Figure 4 and Supplementary Table S1 demonstrates the
effectiveness of cellulose film on mongo fresh-keeping compared
to PE film. As shown in Figure 4, polyethylene film packaging
accelerated the deterioration and decay of mangoes. At room
temperature, the disease indexes of mango packaged with
polyethylene film was 8.5 at 7 days, which was higher than
that without packaging (5.25). At 11◦C, the disease indexes of
mango packaged with polyethylene film was 3.5 at 14 days, which
was higher than that without packaging (2.75). When cellulose
film packaging was used, the disease index was significantly
reduced, and the marketable fruit rate significantly increased.
When stored at room temperature for 7 days, the marketable
fruit rate of cellulose film packaging was 80%, while those of
polyethylene film-packaged and unpackaged samples were 0
and 10%, respectively. Cellulose film packaging also slowed the

pericarp yellowing rate. When stored at room temperature for
7 days, the color index of cellulose film-packaged pericarp was
0.5, while those of polyethylene film-packaged and unpackaged
pericarp were higher, at 8.5 and 5.25, respectively. Polyethylene is
the most dominant packaging material used in fruit preservation,
but not in mango preservation. Owing to the low tolerance of
mango to CO2, sealed preservation using polyethylene film can
accelerate mango fruit deterioration. For example, when the CO2
concentration was higher than 8% and the O2 concentration was
less than 2%, the color of mango pericarp turned gray and the
flavor was lost (Zong, 2007).

An appropriate low temperature can effectively inhibit the
respiration intensity and delay the occurrence of fruit ripening
and disease (Coates and Johnson, 1997). Mango as a climacteric
fruit has a very short shelf life. The shelf life ranges from 4
to 8 days at room temperature, while it can be extended to
2–3 weeks in cold storage at 13◦C (Carrillo-Lopez et al., 2000).
As can be seen from Figure 4, low temperature storage can
significantly inhibit the occurrence of diseases and pericarp
yellowing, increase the marketable fruit rate, and extend the
storage life. When stored at 11◦C, the effect of packaging
materials on mango preservation was consistent with that of
storage at room temperature, with cellulose film packaging able
to further improve the fruit commodity rate and extend the
storage period. However, lower temperatures cannot further

FIGURE 4 | Comparison of fresh-keeping effects of cellulose film and polyethylene film on mango storage at room temperature (left) and 11◦C (right).
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extend the storage life, on the contrary, it will cause chilling injury
(Phakawatmongkol et al., 2004). The chilling injury symptoms
include skin browning and pulp discoloration. The minimum
tolerance temperatures of mango varied among cultivars, ranging
from 10 to 13◦C (Phakawatmongkol et al., 2004; Yan et al., 2014).

According to Liu et al., in China the annual loss of fresh fruits
and vegetables in transportation is 10–20%, that is, every year
nearly 14 million tons of fruits and 100 million tons of vegetables
are wasted in transit from farm to market (Liu, 2014). The loss
rate of fruits and vegetables in developed countries is controlled
within 5% (Hailu and Derbew, 2015), because of the well-
established cold chain facilities and infrastructure. The overall
coverage rate of cold chain logistics of fruits and vegetables in
Europe and US has reached more than 95%, while that in China
in 2015 is merely 19% (Hu et al., 2019). Cold chain management
is a key player in the maintenance of the quality and minimization
of the loss of fresh fruits and vegetables (Mercier et al., 2017).
As the results shown in Figure 4, low-temperature storage
effectively maintained mango quality and significantly reduced
the loss, which has a greater impact than packaging materials.
However, at room temperature storage conditions, where cold
storage infrastructure is scare, cellulose film packaging can help to
improve the fruit commodity rate and extend the storage period.

Biodegradability of Cellulose Films
Disposable plastics are widely used in fruit packaging, but it
might take hundreds of years to be decomposed in landfills.
Andrady (1998) calculated that only 0.1% per year of the carbon
of PE polymer is converted into CO2 by biodegradation under
best laboratory exposure condition. In natural environment the
degradation processes are even slower, as the conditions are not
optimized for polymer degradation (Gewert et al., 2015).

As a biomass-based material, the cellulose film exhibited an
excellent degradation property (Figure 5 and Supplementary
Table S2). The mass loss of cellulose film and filter paper in the
early stage of degradation was low, while the mass loss rate in

FIGURE 5 | Weight changes during 4 weeks periods in soil-buried cellulose
film, polyethylene film, and filter paper.

the later stage were accelerated. In the first week, about 4 and
6% by weight of filter paper and cellulose film was lost; in the
following 2 weeks, filter paper lost 17 and 22% of its weight each
week, respectively, and cellulose film 25 and 31%, respectively.
After 4 weeks of simulated natural degradation in soil, the mass
residual rates of the cellulose film and filter paper were 7 and 15%,
respectively. Cellulose had a higher crystallinity in the filter paper,
while the crystallinity of the cellulose film was decreased during
ionic liquid dissolution. Moreover, the specific surface area and
number of hydrophilic groups increased. These factors make the
cellulose film more vulnerable to soil microorganisms (Mohan,
2011), resulting in the fast degradation of cellulose film when
compared with filter paper.

As shown by the morphological characteristics of the soil-
buried samples (Figure 6), yellow/brown spots appeared on the
surface of the filter paper and cellulose film after the first week
of burying in soil, as characterized by microbial infection (Zorec
et al., 2014). After the second week of burying, obvious etches,
holes, and cracks appeared on the filter paper surface, while
the cellulose film degraded faster and became fragmented. After
the third week of burying, the holes on the filter paper surface
were further expanded, while the cellulose film was completely
fragmented. After the fourth week of burying in soil, the filter
paper was completely fragmented, while the cellulose film showed
only flocculent residues.

FIGURE 6 | Morphology changes of polyethylene film, filter paper, and
cellulose film at different soil-burying stages.
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The soil burial method and activated sludge method for
testing biodegradability of biomaterials use microorganisms
existing in the natural environment to degrade tested polymers.
The advantage of these methods is that they simulate
in situ condition (Itävaara and Vikman, 1996). However,
they have poor repeatability caused by soil and activated
sludge sources, season, environmental conditions, and are not
suitable for determining decomposition products. The methods
using specific microorganisms and enzymes are designed
to determine the inherent biodegradability of biopolymers
under optimal controlled conditions. These methods may not
be necessarily representative of any specific environmental
conditions but they ensure repeatability (Briassoulis and Degli
Innocenti, 2017). Good methods reflecting the actual process of
polymer biodegradation in nature with good repeatability and
reproducibility still need to be investigated.

Biodegradable films for fruits and vegetables packaging have
been commercially available, derived from various biopolymers
including poly(lactic acid), starch, and polyhydroxyalkanoates
(Abdul Khalil et al., 2018). In present study, commercial
implementation of cellulose-based film are facing many
challenges. Cellulose film possesses poor mechanical properties
as compared to its commercial competitors. Various additives has
been proposed to use to improve the film characteristics (Abdul
Khalil et al., 2018). Also, the benefits gained from the low cost of
lignocellulosic feedstock is completely counteracted by the cost
of ILs. Moreover, harsh solvents such as H2SO4 and NaOH were
used in the processes of lignin removal and cellulose extraction,
which would cause secondary pollution. Still much work is
needed to be done to make the manufacturing process green.
Although it is just impossible to completely replace synthetic
plastics with biomaterials and it may be even unnecessary, the
use of biodegradable packaging materials should be the future
(Tharanathan, 2003; Siracusa et al., 2008).

CONCLUSION

Cellulose films were prepared from banana stem fibers by
ionic liquid dissolution. The moisture vapor transmission rate
and gas transmission rate were 1,969.1 g/(m2

·24 h) and
10,015.4 ml/(m2

·24 h), respectively, which were significantly
higher than those of commercial polyethylene films. The high
permeability of cellulose film was beneficial to ethylene release,
resulting in delayed fruit ripening. Cellulose film packaging
decreased the disease indexes of mango, increased the marketable
fruit rates, and decreased the color indexes, which could extend

the storage and shelf life at room temperature. The mass residual
rate of cellulose film was 7.0% after 4 weeks of burying in soil,
indicating that cellulose film has excellent biodegradability. This
study provides a method for preparing cellulose films from low-
grade cellulosic resources as promising packaging materials for
fresh-keeping tropical fruits.
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In this work, acid-catalyzed conversion of cellulose into levulinic acid in a biphasic
solvent system was developed. Compared to a series of catalysts investigated in this
study, the Amberlyst-15 as a more efficient acid catalyst was used in the hydrolysis of
cellulose and further dehydration of derived intermediates into levulinic acid. Besides,
the mechanism of biphasic solvent system in the conversion of cellulose was studied in
detail, and the results showed biphasic solvent system can promote the conversion of
cellulose and suppress the polymerization of the by-products (such as lactic acid).The
reaction conditions, such as temperature, time, and catalyst loading were changed to
investigate the effect on the yield of levulinic acid. The results indicated that an appealing
LA yield of 59.24% was achieved at 200◦C and 180 min with a 2:1 ratio of Amberlyst-
15 catalyst and cellulose in GVL/H2O under N2 pressure. The influence of different
amounts of NaCl addition to this reaction was also investigated. This study provides
an economical and environmental-friendly method for the acid-catalyzed conversion of
cellulose and high yield of the value-added chemical.

Keywords: cellulose, Amberlyst-15, biphasic solvent system, levulinic acid, catalyst

INTRODUCTION

Renewable biomass has attracted widespread attention due to the environmental concern placed
on greenhouse gas emission by the intensive consumption of fossil oil and the diminishing fossil
resources. Efficient use of abundant biomass cannot only reduce the problem of environment
pollution and the heavy dependence on fossil fuels, but also meet the future energy needs and
follow the principle of green chemistry (Huber et al., 2006; Rengsirikul et al., 2013). Cellulose is
one of the three major components and takes 30–50% mass content of lignocellulosic biomass.
It can be converted to platform molecules and high-value chemicals, such as sugar alcohols, 5-
hydroxymethylfurfural (HMF), lactic acid, levulinic acid (LA), ethylene glycol, and alkanes (Qi
et al., 2011; Weingarten et al., 2012; Mukherjee et al., 2015). Among these products, LA is one of
the 12 most important platform chemicals derived from biomass that have been announced by the
U.S. Department of Energy, which exhibits excellent stability and has wide applications in organic
synthesis, the pharmaceuticals industry, and agriculture (Li et al., 2019). As the typical platform
chemical is derived from biomass, LA can be converted to high added-value fuel additives such as
γ-valerolactone (Xu et al., 2019; Yi et al., 2020).
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SCHEME 1 | Reaction pathway from cellulose to LA.

The process of preparing levulinic acid from cellulose mainly
includes the following four steps: (1) cellulose decomposed to
glucose through acid hydrolysis and (2) the isomerization of
glucose to fructose in the presence of Lewis acid (L acid) (Tang
et al., 2015); (3) Fructose is converted to HMF via dehydration
with Brønsted acid (B acid) and (4) consequently rehydrated to
LA and formic acid (Scheme 1).

In the commercial production process of levulinic acid, the
method using diluted mineral acid to catalyze two coherent
steps, gives a satisfactory LA yield based on the theoretic molar
yield (Sairanen et al., 2014; Ghosh et al., 2016). However,
the usage of inorganic acid has several disadvantages, such
as difficulty of recycling, equipment corrosion, and serious
environmental problems, which greatly inhibit its widespread
applications (Mascal and Nikitin, 2008). Comprehensive efforts
have contributed to the development of heterogeneous catalyst
for the preparation of LA (Mascal and Nikitin, 2008; Ding et al.,
2014). Various Lewis acids have been applied for carbohydrate
conversion in recent researches. Zhao et al. studied the effect
of different metal chlorides on the conversion of sugars to 5-
HMF in ionic liquids (Zhao et al., 2007). The tandem conversion
of glucose to 5-HMF in aqueous CrCl3-HCl solution was
investigated (Dallas Swift et al., 2015). The conversion of glucose
to 5-HMF reached about 70% yield, which was catalyzed by
chromium(II) chloride (Zhao et al., 2019). Compared with
mineral acid, solid acid catalysts are more suitable for the
production of LA from cellulose because these catalysts have low
corrosiveness and easy recoverability. Previous research reported
that hydrolysis of cellulose catalyzed by Nafion SAC-13 and
FeCl3based on amorphous silica was highly dependent on the
temperature of reaction (Hegner et al., 2010). Moreover, the use

of SnCl4 could achieve 64% yield of 5-HMF from glucose in ionic
liquid (Cao X. et al., 2015). However, some ions, such asSn4+ are
toxic, and ionic liquids are specialty solvents with a high price
(Zhang and Zhao, 2009). Therefore, a more environmentally
friendly catalyst needs to be found for the production of LA.

In addition to the catalyst, the optimization of the reaction
medium for LA production is another main strategy that current
research activities have focused upon. The use of appropriate
solvents can enhance the solubility of cellulose, which increases
the rates of mass transfer between the biomass and the catalysts,
and consequently enhances the apparent reaction rates and
conversion. Some studies have shown interest in biphasic
reaction mediums that contain water and a polar aprotic solvent
(e.g., γ-valerolactone (GVL), tetrahydrofuran (THF), dimethyl
sulfoxide (DMSO), and sulfolane).These reaction mediums could
take advantage of the differences in hydrophobicity of products
and reactants, which may usually lead to a higher yield of
target product than that with monophasic or aqueous systems.
Furthermore, the application of polar aprotic solvent such as
DMSO and GVL shows beneficial effects on the destabilization
of acidic proton and suppression of glucose degradation (Chen
et al., 2017). Meanwhile, a minimum amount of water in
aprotic solvent can promote the dissolution of biomass-derived
materials, while the aprotic solvent can improve reaction
performance. For instance, 17 mol% LA produced by using
Amberlyst-36 efficiently from vegetable waste in DMSO-water
mixture (Chen et al., 2017). Dumesic et al. used GVL/water
as solvent and H2SO4 as an acid-catalyst for extracting lignin
from lignocellulosic biomass, which indicated that GVL facilitates
complete solubilization of the biomass (Luterbacher et al., 2014).
Moreau et al. (2006) reported that up to 92 mol% of 5-HMF yield

Frontiers in Plant Science | www.frontiersin.org 2 March 2021 | Volume 12 | Article 63080716

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-630807 March 11, 2021 Time: 17:10 # 3

Ma et al. Conversion of Cellulose Into Levulinic Acid

could be achieved from fructose using 1-H-3-methylimidazolium
chloride as reaction medium and Amberlyst-15 as catalyst in
45 min. Choudhary et al. (2013) achieved 59% yield of 5-HMF
and 46% yield of LA from glucose in water/THF biphasic solvent
systemwithCrCl3 and HCl as catalysts. The microwave-assisted
hydrolysis of bamboo to 5-HMF and furfural is also studied
in a dilute acid (H2O)/methyl isobutyl ketone (MIBK)biphasic
system (Sweygers et al., 2020). Generally, in a biphasic system,
the hydrolysis of cellulose to glucose and the further degradation
of glucose to 5-HMF occur mainly in the aqueous phase, and the
degradation of 5-HMF to LA mainly occurs in the organic phase
(Ghosh et al., 2016; Lang et al., 2020). This separated reaction
medium offers many advantages such as enhancing cellulose
solubility, preventing LA from polymerization and concentrating
products by using a lower volume of solvent. Therefore, using
biphasic solvent systems that contain water and polar aprotic
solvent could promote the intermediates or product transfer
from the aqueous phase to the organic phase, make the reaction
forward, and improve the selectivity and yield of LA, which has
great research significance.

In this work, different catalysts, including homogeneous Lewis
acid and heterogeneous Brønsted acid were employed to catalyze
the conversion of cellulose to LA and their catalytic activities were
compared. The influence of different biphasic solvent systems
that consists of water and a polar aprotic solvent, including GVL,
THF, 1,4-dioxane (DIO), sulfolane and DMSO, and their role in
the hydrolysis of cellulose was also investigated. Furthermore,
the effects of reaction conditions such as reaction temperature
and time, the loading of catalysts, N2 pressure and NaCl dosage
on cellulose conversion and yield of LA were also explored.
We demonstrated a preferable method to easily produce LA
with high yield from cellulose under N2 pressure in H2O/GVL
biphasic solvent system with Amberlyst-15. Overall, this one-pot
directional catalytic strategy is a high-efficiency and eco-friendly
route for conversion of cellulose to high-value chemicals.

EXPERIMENTAL

Materials
Microcrystalline cellulose (96%, 20 µm, Sigma-Aldrich),
glucose (98%), oxalic acid dihydrate, Amberlyst-15 and all
polar aprotic solvents (e.g., GVL, DMSO, THF, DIO, and
sulfolane) were supplied by TCI Chemicals Co. Ltd (Shanghai,
China). 5-Hydroxymethylfurfural (HMF, 99%) and fructose were
purchased from Adamas-beta Inc. (Shanghai, China). HZSM-5
(SiO2/Al2O3 = 25) was obtained from Nankai University Catalyst
Co., Ltd. (Tianjin, China). Other catalysts such as metal salts
were purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). All chemicals were of analytical grade and
directly used without any further pre-treatment.

Catalytic Conversion of Cellulose
All reactions were carried out in an autoclave with a total volume
of 30 mL. A typical run was performed as follows: Firstly,
microcrystalline cellulose, solvent, and catalyst were added into
the reactor. The reactor was then sealed and heated. After cooling

to room temperature, the reaction mixture was pumped to
separate the solid from the solution. The liquid part was filtered
with a 0.22 mm membrane filter before HPLC analysis, while the
solid residues were washed with deionized water for three times
to remove soluble products and remaining solvent. The catalyst
Amberlyst-15 and humins were separated from the washed solid
residues by a 60-mesh sieve and then dried overnight at 105◦C for
further microscopic and spectroscopic characterizations.

The conversion of the cellulose was calculated from
the equation:

Cellulose conversion =
weight of cellulose reacted
weight of initial cellulose

∗

100%

The yields and selectivity of products were determined by the
following formulas:

Products yield

=
weight of glucose, fructose, 5−HMF, LA and FA

weight of initial cellulose

∗

100%

Products selectivity =
products yield

cellulose conversion

∗

100%

Product Analysis
The reaction intermediates and products including glucose,
fructose, 5-HMF and levulinic acid were analyzed on an Agilent
1200 series HPLC using a Bio-Rad AminexHPX-87H column
(300 m × 7.8 mm) operating at 55◦C with a refractive index (RI)
detector. H2SO4 aqueous solution (5 mM) was used as the mobile
phase with a flow rate of 0.6 mL/min and the injection volume of
the sample was 5 µL.

The FT-IR analysis of the reaction residues was performed on
an IS-10 Fourier transform infrared spectrometer from Nicolet
Company (America). To prepare solid testing samples, the
residual powder and potassium bromide powder were mixed at
a certain mass ratio and ground in a mortar. Mixed powder was
then pressed into a sample tablet with a thickness of about 1 mm.
The scanning range was 4,000∼400 cm−1 with a resolution
of 4 cm−1. The scanning signal was accumulated 16 times,
and the interference of water and carbon dioxide was deducted
during the scanning.

Powder X-ray diffraction patterns (XRD) were gained with
a Rigaku powder X-ray diffractometer using Cu Kα radiation
(λ = 0.1542 nm). The scan range is from 5 to 45◦. Nitrogen
physisorption was conducted at -196◦C on a Micromeritics ASAP
2020 M apparatus.

RESULTS AND DISCUSSION

Catalyst Screening
The conversion from cellulose to LA needs both Lewis acid for
the isomerization of glucose to fructose and Brønsted acid for
dehydration of fructose to HMF and rehydration of HMF to LA
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(Tang et al., 2015; Huang et al., 2018). The catalysts with Lewis
acid or/and Brønsted acid sites were selected in this study for the
cellulose conversion. Moreover, it has been reported that excess
catalysts would lead to the generation of humins and reduce
the yield of LA (Ji et al., 2019). Therefore, the amounts of the
catalysts were firstly optimized (Supplementary Tables S1–S3)
and Table 1 lists the cellulose conversion, yield and selectivity
of LA using selected catalysts with their optimized dosages. HCl
is a strong mineral acid and could convert cellulose to LA with
high yield as expected. However, it could corrode equipment and
is difficult to be recycled and reused owing to its high-water
miscibility. And so does the purification of reaction products in
the homogeneous reaction medium. Oxalic acid only gave 1.57l%
yield of LA due to its weak acidity. Preview literature studied
that when the sulfonic acid group (SO3-H) was successfully
grafted onto zeolite structure, maximum LA yield of 31.15% was
obtained with 3% S-βcatalyst using fructose as material (Bisen
et al., 2020). Amberlyst-15 could obtain a LA yield of 29.91% and
cellulose conversion of 71.29%. Although its yield of LA is slightly
lower than that of FeCl3, Amberlyst-15 has higher selectivity of
target product LA. In addition, Amberlyst-15 is a heterogeneous
Brønsted acid catalyst, which offers an environmental advantage
because it can be easily separated and recycled compared to other
tested homogenous metal salt catalysts. Therefore, Amberlyst-15
was selected in this study for further investigation.

Effect of Different Solvent Systems
To further evaluate the effect of reaction medium on the cellulose
conversion to LA, different solvent systems were tested and the
results are shown in Table 2 and Supplementary Table S6.The

TABLE 1 | Effect of different catalysts on cellulose conversion and LA yield.

Entry Catalyst LA/% Conversion/% Selectivity of LA/%

1a HCl 50.81 94.7 53.65

2a Oxalic acid 1.57 37.22 4.22

3b Amberlyst-15 29.91 71.29 41.96

aReaction condition: cellulose 100 mg, catalyst 100 mg, H2O 12 mL, 180◦C,
180 min. bCellulose 100 mg, catalyst 300 mg.

TABLE 2 | Effect of different biphasic solvent systems on cellulose conversion and
LA yielda.

Entry Solvent Temp./◦C LA/% Conversion/% Selectivity of
LA/%

1 H2O 180 29.91 71.29 41.96

2 GVL/H2O 180 36.90 93.83 39.33

3 GVL/H2O 200 50.40 83.54 60.33

4 THF/H2O 180 47.73 94.25 50.64

5 THF/H2O 200 34.80 87.16 39.93

6 DIO/H2O 180 32.18 81.04 39.71

7 Sulfolane/H2O 180 22.58 83.71 26.97

8 DMSO/H2O 180 5.69 42.33 13.44

aReaction condition: cellulose 100 mg, Amberlyst-15 300 mg, 180 min, solvent
12 mL, ratio of biphasic solvents: 1:1.

yields of intermediate products were very low and the main
product is the target products, LA. In general, the cellulose
conversion and yield of LA were all improved when an aprotic
solvent was introduced to pure water system except for sulfolane
and DMSO. Biphasic reaction medium is believed to have many
advantages for biomass hydrolysis as reported in literature:
(1) target products such as LA and HMF were extracted to
the organic layer during the reaction, which could prevent
degradation or polymerization in the aqueous layer (Wang et al.,
2012); (2) the intermediate product glucose in the aqueous phase
can be continuously converted to LA as the target products
were extracted to organic phase (Mellmer et al., 2019); (3) a
water-rich local solvent domain could be formed around the
hydroxyl group in reactant (cellulose) and main intermediates
(glucose, 5-hydroxymethylfurfural) in biphasic solvent systems,
where reactant and main intermediates can be easily rehydrated
and therefore promote the formation of LA (He et al., 2017).
Therefore, using biphasic systems could lead to less solid residues
after reaction and potentially accelerate the rate of reactions
(Yu et al., 2017).

In the DMSO/H2O biphasic solvent system, the yield of LA
is only 5.69% and the conversion is 42.33%. Similarly, the yield
of LA and conversion of cellulose in the sulfolane/H2O biphasic
solvent system were 22.58 and 83.71%, respectively. Accounting
for DMSO has a higher polarity and dipole moment in
comparison with the other solvents (Cao et al., 2015). Meanwhile,
although DMSO and sulfolane, as polar aprotic solvents with
high boiling points (Supplementary Table S5), contribute to
the isomerization of glucose to fructose, DMSO especially has
catalytic effect on the dehydration of fructose to HMF, but does
not have much effect on the hydrolysis of cellulose to LA (Sim
et al., 2012; Chen et al., 2017). Therefore, the lower yield of LA
happened in the DMSO/H2O and sulfolane/H2O though they do
play a role in the formation of biphasic solvent systems.

The THF/H2O and GVL/H2O reaction mediums
demonstrated relatively better performance among these
biphasic solvent systems in terms of the yield of LA and
conversion of cellulose. THF could protect and transfer the
cellulose-derived products to organic phase by forming hydrogen
bonding between oxygen atom in THF and hydrogen atom of C4-
O-H in glucose or aldehyde group in 5-HMF, which can increase
the yield of LA (Jiang et al., 2018). However, THF is toxic and
may cause environmental pollution, while GVL is a green and
environmentally friendly solvent. One particular advantage of
GVL/H2O system is that lower acid concentrations were used to
produce LA compared to pure water as the solvent. Additionally,
GVL/H2O solubilized both cellulose and humins to prevent
solid accumulation in the reactor, which could help implement
continuous flow reactors and eliminate the filtration of solids
(Alonso et al., 2013). Besides, the hydrolysis reaction is 100 times
faster in GVL than in water (Mellmer et al., 2014). Increasing
reaction temperature from 180 to 200◦C could further promote
the yield of LA from 36.90 to 50.40% (entry 3) in GVL/H2O and
from 47.73 to 34.80% in THF/H2O (entry 5). Furthermore, the
conversion of cellulose was decreased both in THF/H2O and
GVL/H2O system, which may result in higher temperatures,
causing the formation of humin. Meanwhile, selectivity of LA in
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GVL/H2O (60.33%) is higher than that in THF/H2O (39.93%)
under 200◦C. Hence, the GVL/H2O biphasic solvent system was
chosen for the following optimization experiment.

Effect of Other Experimental Parameters
The effect of other reaction conditions was investigated and
the figures were shown in Supplementary Tables S7–S10.
The yields of intermediate products were very low under
above reaction conditions and the main product is the
target products, LA. Except at the temperature of 160◦C,
the yield of glucose is obvious (28.32%), because this is
the suitable temperature for glucose production. In general,
a proper reaction temperature is the key to prevent most
side-reactions and therefore the yields of desirable products
(Yan et al., 2008). The influence of reaction temperature on
cellulose conversion in GVL/H2O biphasic solvent system is
shown in Figure 1A. The LA yield increased significantly
from 8.94 to 50.40% as the reaction temperature increased
from 160 to 200◦C. Then it gradually decreased when the
reaction temperature further increased. The yield of LA
reduced dramatically to 46.31% as the reaction temperature
reached 240◦C. This result should be due to the reason that
LA might decompose to by-products at higher temperatures
(Weingarten et al., 2012).

Similarly, reaction time can also affect the yield of products
and the conversion of cellulose. Figure 1B demonstrates the
influence of reaction time on cellulose conversion and the
production of LA in GVL/H2O. As the reaction time prolonged
from 120 to 180 min, the conversion of cellulose and the yield
of LA increased from 72.04 and 37.56% to 83.54 and 50.40%,
respectively. Then the yield of LA began to gradually decrease
as the reaction time further increased beyond 180 min. With
the reaction time of 240 min, the yield of LA declined to
39.48% and the conversion of cellulose rose to 99.01%. Excessive
reaction time may lead to polymerization of the products and
result in lower yield of target products. Moreover, humins may
be formed from the cellulose if the reaction time is too long
(Yan et al., 2008).

The effect of N2 pressure on cellulose conversion in GVL/H2O
was investigated with the range from 0 to 5 MPa (Supplementary
Figure S1) and 4 MPa was the best level of pressure, under
which the LA yield was 54.21% and the cellulose conversion was
97.17%. It is obvious that with the increasing of N2 pressure, the
yield of LA and the conversion of cellulose have risen up, which
rose slightly (54.51 and 99.9%) when it reached 5 MPa, however.
Considering the cost of the experiment and the production
yield, 4 MPa N2 pressure was the best condition of pressure.
Figure 1C shows the influence of N2 pressure in different biphasic
solvent systems on cellulose conversion. It can be seen that
with the introducing of 4 MPaN2 pressure, the yields of LA
increased obviously in all three investigated reaction mediums
of GVL/H2O, THF/H2O, and DMSO/H2O. In addition, in situ
pressure changes of both reaction systems w/o N2 pressure were
monitored during the reaction. It showed that, without the
introducing of N2, around 1 MPa pressure was generated due
to the vaporization of the solvents during the reaction process.
When adding 4 MPaN2 to the autoclave, the maximum pressure
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FIGURE 1 | Effect of reaction temperature (A), reaction time (B) in GVL/H2O,
N2 pressure (C) and catalyst loading(D) on cellulose conversion. Reaction
condition: (A) cellulose 100 mg, Amberlyst-15 300 mg, H2O 6 mL, GVL 6 mL,
180 min; (B) cellulose 100 mg, Amberlyst-15 300 mg, H2O 6 mL, GVL 6 mL,
200◦C; (C) cellulose 100 mg, Amberlyst-15 300 mg, 180 min, 200◦C, ratio of
biphasic solvent: 1:1, 4 MPaN2; (D) cellulose 100 mg, H2O 6 mL, GVL 6 mL,
180 min, 200◦C, 4 MPaN2.
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FIGURE 2 | Overall reaction pathway for acid-catalyzed production of LA from cellulose in biphasic solvent systems. The main intermediate compounds and target
products are detected by HPLC.
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FIGURE 3 | FTIR spectra of cellulose and solid residues after reactions with different biphasic solvent systems.

in the reactor could reach 7 MPa during the reaction. Additional
N2 pressure could contribute to the improved conversion of
cellulose and the yield of LA by limiting the reactant to a local
area, therefore increasing the association between the reactant
and protons, and also stabilizing the carbon transition state in the
acid-catalyzed reaction (Duan et al., 2019).

Figure 1D displays the influence of catalyst loading on
cellulose conversion and the yield of LA, which can be seen
that when the ratio of cellulose and catalyst was 1:2, the yield
of LA and conversion of cellulose reached the maximum, 59.24
and 99.70%, respectively. Then they began to slightly decrease as
catalyst loading further increased to 1:3, which were 54.21 and
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FIGURE 4 | X-ray diffraction patterns of cellulose and solid residues after
reactions with different biphasic solvent systems.

97.17%, respectively. This may because of the excess Lewis acid
sites which would lead to more side-reactions such as formation
of more humins (Zhou et al., 2019).

Overall, the optimum reaction condition is 100 mg cellulose
and 200 mg Amberlyst-15 in 12 ml GVL/H2O (1:1) at 200◦C,
180 min, 4 MPaN2, under which the maximum yield of LA is
59.24% and the conversion of cellulose is 99.70%.

Previous research reported that NaCl could promote the
depolymerization of cellulose and improves the generation of
acidic products by pushing protons to the surface of cellulose and
increasing surface acidity (Potvin et al., 2011; Jiang et al., 2019).
The effect of different dosage of NaCl on cellulose hydrolysis
was explored and the results are shown in Supplementary
Figure S3. However, in this reaction, the addition of NaCl did
not improve the yield of LA and conversion of cellulose. This
may be attributed to the fact that NaCl could help the hydrogen
atoms of the hydroxyl group on C1 and C6 in glucose form
hydrogen bonds and promote the dehydration of glucose to
form LA. Excessive ion dispersion in the reaction solvent reduces
the chance of contact of the protons in the solvent with the
reactants, thereby reducing the reactivity of the catalyst. What
is more, salt can lead to corrosion of the reactor and create
an additional waste stream, leading to an unsustainable process
(Sener et al., 2018).

The recycling of Amberlyst-15 was evaluated and shown in
Supplementary Figure S4. It can be seen that both the cellulose
conversion and the LA yield obviously decreased from 97.17 to
82.78% and from 54.21 to 48.21%, respectively, when the catalyst
was used twice. It indicated that in the GVL/H2O biphasic
solvent system, Amberlyst-15 was unrecoverable because of N2
pressure, while in other biphasic solvent systems, the catalyst was
deactivated after just one reaction.

Some methods of separation and purification of LA from
preview literature could be applied in our experiments.
A granular activated carbon (GAC) adsorption method for
separation of lanthanum and formic acid was studied (Liu et al.,
2012). Kim et al. also confirmed that LA could be effectively

separated from 5-HMF by ED (Kim et al., 2013). What is
more, Habe et al. (2017) found that the application of desalting
electrodialysis (ED) to purify LA may be a favorable method for
recovering LA from cedar-based LA solutions.

Intermediate compounds were investigated to determine the
reaction route. Moreover, owing to verify the reaction process,
different substrates (glucose, fructose and 5-HMF), the main
intermediate products of cellulose conversion to LA, were used
for comparative experiments to detect the distribution of the
reaction products (Supplementary Table S5). It is apparent
that the yield of LA reached the maximum (52.93%) when 5-
HMFwas used as the substrate. When the substrate was glucose,
the yield of LA was 31.88%, which was lower than that of fructose
(38.92%). And during the reaction of glucose, fructose (2.90%)
was generated as the mid-product. Thus, the reaction route
has been investigated, which is shown as Figure 2. Firstly, as
cellulose has better solvation in GVL than in water (Mellmer
et al., 2014), an improved conversion of cellulose in GVL/H2O
mixture could be attributed to higher solubility of cellulose
and faster mass transfer of the hydrolyzed glucose, which is
produced by cellulose initially hydrothermally broken down
due to the strong interaction between Amberlyst-15 and β-
1,4-glycosidic bonds in cellulose. The competition for protons
is weaker between glucose and GVL than glucose and water.
Hence, the presence of GVL is more conducive to glucose
protonation at C2-OH group by increasing the accessibility of
its hydroxyl groups to more protons (Qian, 2011; Qian and Liu,
2014). Then there are three parallel pathways for the glucose
reaction: (1) decomposition to form humins; (2) fructose the
isomerization of glucose is produced by isomerization reaction,
and (3) Brønsted acid-catalyzed formation of HMF is initiated
by protonation of glucose at O5 position (Yang and Pidko
Hensen, 2012). The reversion and epimerization products can
also decompose to the formation of humins. Fructose can also
dehydrate to form HMF. Subsequently, HMF is rehydrated
to form LA and formic acid. Besides glucose polymerization
into humins, HMF is also known to form humins under acid
catalysis via aldol condensation with an intermediate of 2,5-
dioxo-6-hydroxyhexanal, and through the loss of formaldehyde
to produce trace furfural (Patil et al., 2012; Tsilomelekis et al.,
2016). In contrast, LA is less likely to be transformed to humins
and remains steady with the reaction time during acid catalysis.
Formic acid is also a by-product of furfural by hydrolysis
and fission (van Zandvoort et al., 2015). Yet, in this reaction,
the products degraded in the aqueous layer would transfer to
the organic layer (GVL), such as HMF and LA, due to the
difference in hydrophobicity between the reactants and the
products, while the sugars and acids remain in the aqueous
layer, which lead to the efficient separation of products and
the recovery of solvents (Mellmer et al., 2019; Lang et al.,
2020). What is more, the proton transition states of acidic
protons in polar aprotic solvents, such as GVL and THF, are
unstable relative to water, where destabilization of the acidic
protons could lead to the increased reactivity of acid-catalyzed
reactions (Wang et al., 2012; Mellmer et al., 2019). The higher
selectivity of LA in GVL/H2O illustrates the solvent effect. In
GVL/H2O, the hydrogen bonding between the Brønsted acid site
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on Amberlyst-15 and GVL (polar aprotic solvent) is not as strong
as that in aqueous medium. Furthermore, in the GVL/H2O
mixture, the rehydration rate of HMF to LA is faster because
GVL dissolves HMF preferably over water, which can maximize
the degradation of HMF by promoting nucleophilic attack at
its carbonyl group (Tsilomelekis et al., 2016). In addition, GVL
lowers not only the activation energy for glucose dehydration via
C2-OH protonation, but also the activation energy for humins
formation via C1-OH protonation. Therefore, the formation of
humins remains a major hurdle in GVL/H2O, which is more
significant than that in aqueous medium.

Products Characterization
Figure 3 displays the FTIR spectra of original cellulose and
the solid residues from the reactions with different solvent
systems. For a typical FTIR spectrum of cellulose, the absorption
peaks at 3,421 and 1,316 cm−1 correspond to the stretching
and bending of hydroxyl groups, respectively; the peak at
2,907 cm−1 is ascribed to C-H stretching; the absorption at
1,632 cm−1 is attributed to the bond of water in samples
(Zhao et al., 2018). It is notable that all solid residues from
different reaction mediums exhibit similar FTIR spectra as
that of original cellulose. The above absorption peaks could
also indicate the fundamental framework of polysaccharides
remained in the humins (Zhao et al., 2018). This fact might be
the result of insufficient hydrolyzation of cellulose, as well as
the further condensation of the degraded intermediates (Wang
et al., 2012). Hence, it is speculated that the residue is humins
including cellulose which has not been hydrolyzed and polymer
of the intermediates.

Figure 4 shows the X-ray diffraction patterns of cellulose
and the solid residues from different reaction systems. For
the original cellulose, three main peaks located at 15.5, 22.4,
and 34.4◦ assigned to the (101), (002), and (040) planes,
respectively, of cellulose I can be clearly identified (Xie et al.,
2016). Nevertheless, none of the XRD pattern of the solid
residue displays such peaks of cellulose I. Instead, all of the
solid residues from different solvent systems show similar
amorphous structures, indicating the loss of crystallinity of
cellulose after the reaction. Previous literature claim that
hydrolysis of cellulose could result in the broadening and
shifting of the characteristic peaks of its crystal structure
(Weingarten et al., 2012). What is more, crystallinity of cellulose
could be destructed under the high temperature such as this
reaction. Therefore, it is further confirmed that residue is
humins formed bypure cellulose that lost crystallinity and
polymerization of the intermediates, which is consistent with
the result of FTIR.

CONCLUSION

In summary, Amberlyst-15 identified as an efficient catalyst and
GVL/H2O as a biphasic solvent system was investigated in the
acid-catalyzed conversion of cellulose into LA, where 59.24%
yield of LA was achieved at 200◦C, 180 min under 4 MPa N2
pressure. During the reaction process, LA products that might
degrade from the aqueous layer division to the organic layer
while the intermediate product (such as sugars) and acids remain
in the aqueous layer. This could promote the production of
levulinic acid, help the purification and isolation of the product
as well. Therefore, the conversion of cellulose and the yield of
LA in the biphasic solvent system such as GVL/H2O (99.70 and
59.24%, respectively) are higher than those in the pure water
system (71.29 and 29.91%). NaCl also has some impact on the
conversion of cellulose, which promotes the depolymerization
of cellulose and enhances the solubility of cellulose, but has no
positive effect on the yield of LA. The results illustrated that
cellulose, as a renewable material, can be used to produce a high
value-added chemical with the acid-catalyzed conversion under
pressure reaction process in a biphasic solvent system.
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The purification of hydroxycinnamic acids [p-coumaric acid (pCA) and ferulic acid (FA)]
from grass cell walls requires high-cost processes. Feedstocks with increased levels
of one hydroxycinnamate in preference to the other are therefore highly desirable.
We identified and conducted expression analysis for nine BAHD acyltransferase
ScAts genes from sugarcane. The high conservation of AT10 proteins, together with
their similar gene expression patterns, supported a similar role in distinct grasses.
Overexpression of ScAT10 in maize resulted in up to 75% increase in total pCA content.
Mild hydrolysis and derivatization followed by reductive cleavage (DFRC) analysis
showed that pCA increase was restricted to the hemicellulosic portion of the cell wall.
Furthermore, total FA content was reduced up to 88%, resulting in a 10-fold increase in
the pCA/FA ratio. Thus, we functionally characterized a sugarcane gene involved in pCA
content on hemicelluloses and generated a C4 plant that is promising for valorizing pCA
production in biorefineries.

Keywords: BAHD acyltransferases, biomass engineering, biorefineries, ferulic acid (FA), p-coumaric acid (pCA)

INTRODUCTION

Grasses have great importance to worldwide agriculture, as huge volumes are used as food, animal
feed, and bioenergy sources. The processing of grasses in agroindustry generates several non-grain
products, such as stover or straw. The composition of these lignocellulosic materials makes them
suitable feedstocks for the production of second-generation fuels and other value-added products,
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in a biorefinery concept (Chandel et al., 2012; Jin et al., 2018).
Hydroxycinnamic acids, both ferulic acid (FA) and p-coumaric
acid (pCA), are high-value chemicals that could be produced in
this context. These phenolic acids present several health benefits
due to their antioxidant, anti-inflammatory, and antimicrobial
properties, being widely used in food, pharmaceutical, and
cosmetics industries (Ou and Kwok, 2004; Pei et al., 2016).
Currently, FA is often extracted from rice bran oil (20-25%
wt of rice bran), which contains 0.9-2.9% of esters of trans-
ferulic acid. pCA can be extracted from plants, such as Hedyotis
diffusa, an herb used in Chinese medicine (Ou and Kwok, 2004;
Cheung et al., 2006; Lerma-García et al., 2009; Karlen et al.,
2020). Nonetheless, the production of these acids is limited by the
amount of hydroxycinnamate esters in the feedstock, by the plant
productivity, and by the extraction and purification processes.
Using even part of the massive agroindustry grass biomass
leftovers to isolate these phenolic acids could significantly
decrease the costs of production (Karlen et al., 2020).

Grass cell walls are excellent sources of FA and pCA (Harris
and Hartley, 1980; Hatfield et al., 2017). Glucuronoarabinoxylans
(GAX) are mainly substituted with FA on arabinosyl units
(FA-Ara), although pCA linked to arabinosyl units (pCA-Ara)
has also been found at lower levels (Mueller-Harvey et al.,
1986; Lapierre et al., 2018). In contrast, pCA is predominantly
ester-linked to lignin, mostly to S units (Ralph et al., 1994a;
Hatfield et al., 2009; Ralph, 2010). Among widely cultivated
crops, Saccharum spp., sorghum, and maize are particularly
good sources of pCA, as they have high levels of pCA in their
culms, ranging from 3 to 6% of the dry weight, predominating
over (releasable) FA (0.5–2% weight) (Masarin et al., 2011;
del Río et al., 2015; Hatfield et al., 2017; Fanelli et al.,
2020). Furthermore, these are C4 grasses, with highly efficient
photosynthetic rates, having great potential as bioenergy crops
(Carpita and McCann, 2008; van der Weijde et al., 2013;
Hoang et al., 2015).

In biorefinery designs, commonly used pretreatment methods
are autohydrolysis, acid catalysis, or alkaline processes (Galbe
and Wallberg, 2019). When these treatments are applied to
grass biomass, such as sugarcane bagasse or corn stover,
part of the ester-linked pCA and FA is released into the
pretreatment liquors (Gómez et al., 2014; van der Pol et al.,
2015). Nevertheless, purification of pCA and FA from these
pretreatment liquors requires high-cost processes that are
especially complex when both acids are present together (Saboe
et al., 2018; Karlen et al., 2020). Genetically engineered feedstocks
with increased levels of one hydroxycinnamate in preference to
the other are therefore highly desirable (Karlen et al., 2020).
In this context, there is considerable potential in targeting
high levels of ester-linked pCA onto hemicelluloses, as it
has been shown in grasses that an increase in GAX-pCA
is usually accompanied by a decrease in FA (Hartley, 1972;
Bartley et al., 2013; Li et al., 2018). Another advantage of
diminishing FA levels is improving biomass digestibility by
reducing cell wall recalcitrance (Himmel et al., 2007), as some
grass cell wall components are cross-linked by ferulates (Grabber
et al., 1998a, 2000; Ralph et al., 1998, 2004; Ralph, 2010;
Hatfield et al., 2017).

The genes encoding enzymes involved with hydroxy-
cinnamate incorporation into grass cell walls belong to a specific
clade, namely, the Mitchell clade, of the BAHD acyltransferases
family (Mitchell et al., 2007; Cesarino et al., 2016; Zhong
et al., 2019). Phylogenetic analysis revealed 20 rice genes in this
clade, which were named AT1 to AT20 (AT = acyltransferase)
(Bartley et al., 2013). Expression levels of genes belonging to
this clade from several grasses have been associated with pCA
and FA levels in lignin and GAX. It has been shown that AT3
and AT4 enzymes (also known as PMT) have a p-coumaryl-
CoA monolignol transferase activity and are involved with pCA
incorporation into lignin in rice, maize, and Brachypodium
(Withers et al., 2012; Marita et al., 2014; Petrik et al., 2014). More
recently, it was shown that an increase in expression levels of
OsAT5 (OsFMT) was followed by an increase in FA specifically
ester-linked to lignin in rice (Karlen et al., 2016). Regarding
hydroxycinnamate incorporation into hemicelluloses, silencing
of AT9 resulted in decreased FA-Ara levels in Setaria viridis and
sugarcane cell walls (de Souza et al., 2018, 2019), and there is
evidence that BdAT1 expression levels are also associated with
FA content in Brachypodium cell walls (Buanafina et al., 2016).
Nonetheless, more recently, a study involving the suppression of
SvAT1 in S. viridis has evidenced a main role for this gene in
the p-coumaroylation of arabinose in xylans. The silenced lines
had a significant decrease in pCA-Ara levels, but also exhibited
a small decrease in FA-Ara content in leaves, suggesting that
SvAT1 enzyme could participate in GAX feruloylation as well, to
a lesser extent (Mota et al., 2020). Furthermore, overexpression
of a rice gene (OsAT10) influenced pCA levels in rice, resulting
in pCA increase and FA decrease in xylans from mature straw
(Bartley et al., 2013). A similar effect was observed for the
heterologous overexpression of OsAT10 in switchgrass, which
resulted in increased levels of total ester-linked pCA, but only
in the green leaves (Li et al., 2018). Recently, an ortholog
of OsAT10 in barley, HvAT10, was shown to influence the
pCA and FA levels in the whole grain (Houston et al., 2020).
Therefore, there is considerable potential in manipulating the
expression of the Mitchell clade genes to generate biomass
feedstocks that are simultaneously less recalcitrant and more
suitable for hydroxycinnamic acid generation in biorefineries.
In this context, manipulating AT10 genes seems suitable for
pCA production.

Although BAHD acyltransferases enzymes were shown
to be involved with hydroxycinnamate incorporation in
grasses, several aspects still need to be investigated, especially
in large-statured crops, such as sugarcane and maize. For
sugarcane, the gene encoding an enzyme related to pCA
incorporation into its GAX is yet to be identified and
characterized. This would allow a better understanding of
pCA incorporation into grass cell walls and could have
applications in biorefineries, in which both biofuels and
this high-valued chemical could be produced. In this work,
genomic, transcriptomic, and expression analyses permitted
to identify sugarcane genes belonging to the Mitchell
clade. Overexpression of sugarcane ScAT10, an ortholog
of OsAT10, in maize allowed to functionally characterize
this gene, which affected hydroxycinnamate levels of
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arabinoxylan hemicelluloses increasing up to 10 times the
total pCA/FA ratio in culms.

MATERIALS AND METHODS

Identification, Annotation, and
Phylogenetic Analysis of Mitchell Clade
BAHD Family Members
To identify putative sugarcane BAHD acyltransferases from
the Mitchell clade, we searched in different databases of both
genomic and transcriptomic sequences. Two sugarcane genomes
were used, from cultivars SP80-3280 (Riaño-Pachón and
Mattiello, 2017) and R570 BAC (bacterial artificial chromosome),
as well as R570 STP (single tilling path) (Garsmeur et al.,
2018). Transcriptomics data used were SUCEST (Sugarcane
EST project) dataset (Vettore et al., 2003; Vicentini et al.,
2012) and RNA-seq from internodes (Vicentini et al., 2015)
and leaves (Cardoso-Silva et al., 2014). We performed a
BLASTp (Altschul et al., 1990) search into predicted protein
databases, using Mitchell clade sequences from other grasses
as a query (Bartley et al., 2013). For transcriptomic databases
that consisted of DNA sequences only, we performed BLASTn
search, and the DNA annotated sequences were then translated
to protein using the Expasy translate tool1. To obtain higher
sensitivity in the identification of sequences belonging to the
BAHD acyltransferases family, we also conducted HMMER
searches in the above-mentioned datasets, using hmmsearch and
jackhmmer algorithms (Eddy, 2011). Furthermore, we updated
the annotation of sorghum Mitchell clade proteins, performing
BLASTp and HMMER searches into a more recent version of the
genome, S. bicolor 313 v3.1 (McCormick et al., 2018), which was
downloaded from Phytozome 122. The proteins containing the
Pfam transferase domain (PF02458) were annotated and aligned
with previously published proteins in the Mitchell clade from
rice, maize, Brachypodium, S. viridis, and Arabidopsis (Bartley
et al., 2013; de Souza et al., 2018). A maximum likelihood
phylogenetic analysis was performed using PhyML 3.0 (Guindon
et al., 2010). Parameters were JTT + G + F substitution model,
selected using smart model selection (Lefort et al., 2017), and
aLRT as the test method. The phylogenetic tree was visualized
using the iTOL software3. After identification of sugarcane
and sorghum proteins belonging to the Mitchell clade, a new
phylogeny of specifically this clade was performed, selecting one
sugarcane representative sequence for each ortholog group, using
the same parameters. Proteins identified as belonging to the AT10
sub-clade were aligned using ClustalW, and an identity matrix
was generated in the BioEdit R© software. We also analyzed the
expression profile of AT10 orthologs in rice (Jain et al., 2007),
Brachypodium (Winter et al., 2007; Sibout et al., 2017), and maize
(Hoopes et al., 2019) using the eFP Browser tool4.

1https://web.expasy.org/translate/
2https://phytozome.jgi.doe.gov/pz/portal.html
3https://itol.embl.de/
4http://bar.utoronto.ca

Mitchell Clade Gene Expression Analysis
in Sugarcane H321 by RT-qPCR
Sugarcane hybrids (Masarin et al., 2011) were cultivated from
May 2015 to May 2016, in an experimental field located at
Lorena, São Paulo, Brazil (22◦43′51′′ S, 45◦07′29′′ W). Plants
were grown in 0.60 m × 1.0 m rows with 3.0 m × 2.0 m
spacing between hybrids. Culms from 1-year-old first ratoon
hybrid H321 plants were harvested. For each culm, the first
internode (from top to bottom), in which superior and
inferior nodes were clearly identified, was sampled as previously
described (Collucci et al., 2019). These internodes were cut in
25 mm circles. The first 2 mm external section, containing
epidermal cells, was removed. The remaining material was
divided into three fractions corresponding to the rind, pith–
rind interface, and pith (Costa et al., 2013). All leaves were
sampled from 3-month-old H321 sugarcane plants, collected in
2015. The harvested tissues were immediately frozen in liquid
nitrogen and then stored at −80◦C until use. All samples
were ground in a cryogenic grinder (2010 Geno/Grinder R©,
Spex SamplePrep R©), always keeping the material in touch
with liquid nitrogen. RNA was extracted using Concert™ Plant
RNA Reagent (Invitrogen™). RNA quantity and quality were
accessed using Biodrop duo (Biochrom), whereas integrity
was checked with electrophoresis in 0.8% agarose gel. RNA
samples were treated with DNAse RQ1 RNAse-free DNAse R©

(Promega Co.), and the first-strand cDNA was synthesized
using SuperScript III Reverse Transcriptase R© (Invitrogen R©)
following the manufacturer’s instructions. Primers specific for
each of the nine sugarcane genes identified in the Mitchell
clade were designed in the last exon and 3′UTR region, using
both genomic and transcriptomic sequences (Supplementary
Table 1), except for the GAPDH reference gene previously
characterized (Bottcher et al., 2013). All quantitative real-time
PCR (qRT-PCR) reactions were conducted in 96-well plates
with SYBR™ GREEN PCR master mix (Applied Biosystems™,
ThermoFisher Scientific™), in a 7,500 Fast Real-time PCR
system (Applied Biosystems™, ThermoFisher Scientific™) using
the program 95◦C (20 s)/95◦C (3 s)/40 cycles 60◦C (30 s). Primer
specificity was accessed through melting curve analysis, with
program 95◦C (20 s)/60◦C (1 min)/95◦C (15 s)/60◦C (15 s)
(Supplementary Figure 1A). For expression quantification,
the efficiency of each primer pair was estimated using the
LinRegPCR software (Ramakers et al., 2003; Ruijter et al., 2009;
Supplementary Table 2A). Relative expression was calculated
including efficiency correction and normalization with reference
genes (Pfaffl, 2001; Vandesompele et al., 2002), using the Relative
Quantification software (Thermo Fisher Cloud™).

Generation of Ubi:ScAT10 Maize Lines
A plant transformation construct whereby ScAT10 would be
expressed from the strong constitutive maize ubiquitin promoter
was made as follows. The identified ScAT10 coding sequence
(1362 bp) flanked by attb1/attb2 recombinant regions (25 bp
each) was synthesized in the puc57 vector (FASTBIO). Following
Gateway cloning R© instructions (Invitrogen™), a PCR product
consisting of ScAT10 CDS flanked by attb regions was generated
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(Supplementary Table 1), gel purified, and recombined with
plasmid pDONR221 in a BP reaction (BP clonase, Invitrogen™).
The generated entry vector was confirmed by restriction enzyme
digestion (New England BioLabs™) and recombined with
destination vector Ox:pzp221b (Ox—overexpression) (Marita
et al., 2014), through LR reaction (LR clonase, Invitrogen™).
The resulting pzp221b:Ox:ScAT10 was confirmed by restriction
enzyme digestion, and ScAT10 CDS insert was confirmed
by sequencing (Eurofins) (Supplementary Figure 2). Maize
HiII lines were transformed with the pzp221b:Ox:ScAT10
construct, using Agrobacterium tumefaciens, at the Plant
Transformation Facility, Iowa State University5, following their
standard procedures. Ten biological independent transgenic
events were received and regenerated in Petri dishes with
selective media containing Bialaphos. These plantlets were
transplanted to 5 cm pots in a growth chamber with a 24 h
light regime. After a month, they were transplanted to larger
pots (11.5 liters) in a greenhouse with a 16 h light regime
(Supplementary Figure 3). Plants were periodically watered
and fertilized with soluble fertilizer (nitrogen–phosphorus–
potassium 18–2–18). The 10 independent lines were further
analyzed, both genotypically and phenotypically. DNA was
isolated from the 4th leaf (before complete expansion) of
transgenic plants after a month of growth, as previously
described (Marita et al., 2014). PCR genotyping was conducted
using specific primers targeting ScAT10 (Supplementary
Table 1). To avoid annealing with endogenous maize ZmAT10
genomic sequences, we designed primers in the exon–exon
junction, specifically targeting the inserted sugarcane CDS
(Supplementary Figure 4).

Maize Ubi:ScAT10 Lines Gene
Expression Levels by RT-qPCR
The base of the first fully developed leaf after ear development
was harvested from 3-month-old greenhouse-grown plants. RNA
was extracted from these tissues using Spectrum™ plant total
RNA kit (protocol A; Sigma Aldrich R©). RNA quantity/quality
was inferred via spectrophotometry, and integrity was checked
by electrophoresis on a 0.8% agarose gel. One microgram
of RNA was treated with RNAse-free DNAse (Promega Co.).
First-strand cDNA was synthesized with GoScript Reverse
Transcription System (Promega Co.), using 400 ng of DNAse-
treated RNA and OligodT primers, following the manufacturer’s
instructions. For RT-qPCR analysis, primers were designed
for target gene ScAT10, as well as for reference genes
ZmLUG and ZmMEP (Manoli et al., 2012) using Primer3plus
(Supplementary Table 1). ScAT10 primers were designed in a
region encompassing part of ScAT10 CDS and the T-DNA insert
before the NOS transcriptional termination site (Supplementary
Figure 2), conferring specificity. Maize reference gene primers
were designed in the last exon and 3′UTR region. All RT-
qPCR reactions and relative expression calculations were
conducted as described above (Supplementary Figure 1B and
Supplementary Table 2B).

5http://www.biotech.iastate.edu/ptf/

Plant Cell Wall Isolation for Chemical
Compositional Analysis
The whole culms of 4-month-old senescent plants (age
determined as after transferring from tissue culture) were
harvested. Samples were ground in a UDY mill (Udy Corp.,
Fort Collins, CO., United States) with a 1 mm screen and dried
overnight at 55◦C. Cell wall was extracted as previously described
(Hatfield et al., 2009). Ground tissue (5-10 g) was incubated
in Nalgene centrifuge bottles with 50 mM tris acetate buffer
(pH 6), shaken, and centrifuged (6,500 rpm for 20 min) three
times. Samples were then extracted three times with 80% ethanol,
using the same procedure. Pellets were extracted another three
times with acetone and one time with chloroform:methanol
(2:1 v/v). Samples were then washed with acetone to remove the
chloroform:methanol mix. Final cell wall residues were air-dried
in a fume hood, fully dried, and stored in a 55◦C oven until
further use for assays.

Ester-Linked pCA and FA Released by
Mild Alkaline Treatment
The dried cell walls (100 mg) were incubated in 3 ml vials with
100 µl of 1 mg/l 2-hydroxycinnamic acid (oCA) as internal
standard and 2.4 ml 2 M NaOH, at room temperature for about
20 h (Grabber et al., 1995). Samples were acidified to pH 2 with
12.1 M HCl. Phenolics were then extracted three times with 2.0 ml
diethyl ether. Released phenolics were identified and quantified
as trimethylsilyl derivatives (40 µl TMSI and 10 µl pyridine)
by GLC-FID (Agilent Technologies 7890 GC system) on a ZB-
1 column (Phenomenex, Zebron 100% dimethylpolysiloxane;
30 m × 0.25 mm, 0.25 µm film). The GLC conditions were
injector 315◦C, detector 300◦C, and a temperature program of
200◦C 1 min and 4◦C min−1 to 248◦C held for 2 min, followed
by 30◦C min−1 to 300◦C before holding for 20 min. All GC
temperature programs were run at 20 psi constant pressure and
split ratio 30:1. Standards of FA and pCA were used to identify
and quantify phenolic products.

Mild Acid Hydrolysis
The dried cell walls were treated by mild acidolysis according
to a previous report (Lapierre et al., 2018). Hydrolysates were
analyzed by HPLC. For this, the samples were quantified on
a Shimadzu Nexara X2 HPLC equipped with a Phenomenex
Kinetex C18 column (2.6 µm × 2.1 mm × 150 mm, P/N: 00F-
4462-AN). The mobile phase was a binary gradient of solvent A:
water + 0.1% formic acid and solvent B: acetonitrile + 0.1%
formic acid. The detector was a photo-diode array scanning from
λ = 250–600 nm, quantification was performed at λ = 270 nm,
and a 5-point calibration curve was determined using authentic
MeAra-pCA, MeAra-FA, and oCA (54 µg/ml, internal standard).

Cell Wall Total Neutral Sugars
Total neutral sugars in the cell walls were released according
to a previous report (Rancour et al., 2012). Monosaccharides
were converted to their alditol acetate derivatives following the
protocol described by Blakeney et al. (1983). Sugar derivatives
were quantified by GLC-FID on a Shimadzu GC-2010 using a
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007-225 methylpolysiloxane column (30 m × 0.25 mm with
0.25 µm film thickness; Quadrex Corporation). GLC conditions
were injector 220◦C, detector 240◦C, and a temperature program
of 215◦C for 2 min, 4◦C min−1 to 230◦C before holding for
11.25 min run at a constant linear velocity of 33.4 cm.s−1, and
split ratio 25:1.

Derivation Followed by Reductive
Cleavage (DFRC)
The derivatization followed by reductive cleavage (DFRC)
analysis was performed on maize samples as described for the
optimized DFRC protocol (Regner et al., 2018). The maize sample
(50 mg) was stirred in a two-dram vial, with PTFE pressure
release cap (Chemglass CG-4912-02), in acetyl bromide/acetic
acid (1/4 v/v, 3 ml) at 50◦C for 2.5 h. The solvent was removed
on a SpeedVac (Thermo Scientific SPD131DDA, 50◦C, 35 min,
1.0 Torr, 35 Torr/min). The crude film was suspended in absolute
ethanol (0.5 ml), and the ethanol was then removed on the
SpeedVac (50◦C, 15 min, 6.0 Torr, 35 Torr/min). The residue was
suspended in 1,4-dioxane:acetic acid:water (5/4/1 v/v/v, 5 ml),
and nano-powder zinc (150 mg) was added. The reaction was
then sealed and sonicated for 1 h at room temperature. The
reaction was spiked with a mixture of isotopically labeled internal
standards (H-d8, G-d8, S-d8, G-DDpCA-d10, S-DDpCA-d10,
G-DDFA-d10, and S-DDFA-d10) and quantitatively transferred
using dichloromethane (DCM, 2 × 2 ml) to a separatory
funnel charged with saturated ammonium chloride (10 ml).
The organics were extracted with DCM (3 ml × 10 ml),
combined, dried over anhydrous sodium sulfate, and filtered
through qualitative filter paper, and the solvent was removed on
a rotary evaporator (water bath at <50◦C). The free hydroxyl
groups were then acetylated for 30 min in pyridine and acetic
anhydride (1/1 v/v, 5 ml), after which the solvent was removed
by rotary evaporation to give a crude oily film. To remove most
of the polysaccharide-derived products, the crude DFRC product
was loaded onto an SPE cartridge (Supelco Supelclean LC-Si
SPE tube, 3 ml, P/N: 505048) with DCM (3 ml × 1.0 ml).
The products were eluted with n-hexane:ethyl acetate (1:1, v:v,
8 ml), and the combined solvents were removed on a rotary
evaporator and transferred with DCM to a GC–MS vial for a final
sample volume of ∼1 ml. The samples were analyzed on a triple-
quadrupole GC–MS/MS (Shimadzu GCMS-TQ8030) operating
in multiple-reaction-monitoring (MRM) mode using synthetic
standards for authentication and calibration. Calibration curves
were determined from the ratio of peak areas of the synthetic
trans-product to the corresponding isotope-labeled internal
standard vs. the ratio of their concentrations.

Enzymatic Digestibility of Ubi:ScAT10
Maize Lines
Approximately 50 mg of cell wall material was suspended
in buffer [30 mM citrate/NaOH pH 4.5, 0.01% (w/v) NaN3]
containing 5 U/ml of cellulase (Celluclast, Novozymes R©) and
5 U/ml xylanase (Sigma-Aldrich, St. Louis, MO, United States),
adjusting the volume to 1 U/mg of cell wall. Samples were
incubated at 40◦C in a shaker for 48 h. Tubes were centrifugated,

and an aliquot of the supernatant was analyzed for total
carbohydrate using the phenol-sulfuric method (DuBois et al.,
1956). Percent of conversion was estimated by the ratio of sugars
released and the sum of xylose, arabinose, and glucose in the cell
walls determined for each event.

Statistical Analysis
For sugarcane expression profiling, RT-qPCR experiments were
performed in technical triplicate for each biological duplicate,
and statistically significant differences were determined using
the unpaired Student’s t-test (α = 0.05). For maize transgenics
characterization, RT-qPCR and mild acidolysis were performed
in technical triplicate, whereas determination of ester-linked
phenolics released by mild alkaline treatment, total cell wall
neutral sugars, DFRC, and digestibility analysis was performed
in technical duplicate. Statistically significant differences were
determined using the unpaired Welch’s t-test (α = 0.05)
comparing the mean of analyzed biological individuals for each
group (Ubi:ScAT10 transgenic lines, n≥ 4 and B73/empty vector
control lines, n≥ 3). All statistical analyses were conducted in R6.

RESULTS

Identification and Phylogenetic Analysis
of BAHD Family Members From Mitchell
Clade A
We used a bioinformatics approach to identify sugarcane genes
belonging to the Mitchell clade A (Mitchell et al., 2007; Molinari
et al., 2013) of BAHD acyltransferases. BLAST (Altschul et al.,
1990) and HMMer (Eddy, 2011) searches against genomic and
transcriptomic sugarcane datasets, followed by a phylogenetic
analysis for sugarcane, sorghum, Brachypodium, Setaria, rice,
maize, and Arabidopsis (Figure 1A) revealed nine sugarcane
unigenes in this clade with complete open reading frames
(ORFs), which were named as ScAT1 to ScAT10 lacking of
ScAT4, based on the nomenclature of Bartley et al. (2013)
(Supplementary Tables 3A,B). We constructed a phylogenetic
tree in which, for each sub-clade containing AT1 to AT10
ortholog genes, only one sugarcane identified sequence (unigene)
was represented, prioritizing those from R570 and SP8032-80
genomes whenever possible (Figure 1A and Supplementary
Tables 3A,B). Nonetheless, for the sub-clade containing AT7
orthologs, only sugarcane transcript sequences were identified
in the analyzed datasets (Supplementary Table 3B). Therefore,
the currently available sugarcane genomic sequences do not yet
cover the full transcriptome for this crop, and thus RNA-seq
remains a powerful tool to provide additional information for the
identification of new genes in sugarcane.

Expression Analysis of Sugarcane Genes
From the Mitchell Clade A
To investigate the expression profile of sugarcane genes
identified in Mitchell clade A, we analyzed EST data from

6https://www.r-project.org/
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FIGURE 1 | Evolutionary relationship and expression profile of sugarcane Mitchell clade A genes. (A) Unrooted maximum likelihood phylogeny of sugarcane, related
grasses, and Arabidopsis. Topology support shown was obtained with the aLRT method, and values below 0.4 were not represented. Species and branches are
colored in dark green (Saccharum spp.), red (Sorghum bicolor), yellow (Zea mays), orange (Setaria viridis), light blue (Brachypodium distachyon), dark blue (Oryza
sativa), and black (Arabidopsis thaliana). (B) Heatmap of RT-qPCR relative expression levels of Mitchell clade A genes in sugarcane rind and pith sections of a young
internode. Dendrogram represents a neighbor-joining phylogenetic analysis of the sugarcane genes, with topology support shown as the ratio of bootstrap runs.
Relative expression was normalized with the reference gene ScGAPDH (2−1Ct) (Pfaffl, 2001). Values with * were significantly different between tissues by Student’s
t-test, p < 0.05.

distinct libraries of SUCEST (Vettore et al., 2003; Vicentini
et al., 2012; Supplementary Figure 5). All nine genes
were expressed, indicating that they are functional in at
least one tissue at a stage of sugarcane development. In
the internode tissues, ScAT3, ScAT8, ScAT9, and ScAT1
had the highest levels of expression. All these genes
were also expressed in a reproductive (inflorescence)
stage. On the other hand, ScAT5 and ScAT10 showed
low and restricted expression in root and inflorescence
tissues, respectively.

Considering the importance of sugarcane bagasse as a
feedstock for biorefineries, RT-qPCR analysis was conducted in
culm tissues. We selected the young internode one (below the
uppermost node) from a hemicellulose-rich sugarcane hybrid
H321 (Masarin et al., 2011), which was separated into the
rind (outermost part) and pith (inner part) regions. It has
been shown that the sugarcane rind and pith have distinct
chemical compositions, with the rind having more lignin and
hemicellulose than the pith (Costa et al., 2013). Overall, five
genes (ScAT1, ScAT6, ScAT7, ScAT8, and ScAT9) had significantly

Frontiers in Plant Science | www.frontiersin.org 6 April 2021 | Volume 12 | Article 62616830

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-626168 April 15, 2021 Time: 19:10 # 7

Fanelli et al. Sugarcane ScAt10 Alters Hydroxycinnamate Content

higher expression levels (p < 0.05) in the rind than in the pith
(Figure 1B). The predominant cell types in the rind are vessels
and sclerenchyma fibers, whereas in the pith, parenchyma cells
are more abundant (Costa et al., 2013; Ferraz et al., 2014). The
vessels and fibers present a higher content of hydroxycinnamates
and lignin (Siqueira et al., 2011). Therefore, a higher expression
in the rind corroborates the hypothesis that the enzymes encoded
by these genes are related to FA or pCA incorporation into
secondary cell walls.

Both ScAT10 and ScAT5 expressions, on the other hand,
were not detected in the internode (Figure 1B), as found for
EST data. However, they were expressed in young sugarcane
leaves at low levels (Supplementary Figure 6). This expression
pattern of ScAT10 supports a potential role of this gene in pCA
incorporation into hemicelluloses, considering that pCA-Ara was
detected at low levels in cell walls from grasses and in a higher
proportion in leaves than in internodes (Mueller-Harvey et al.,
1986; Lapierre et al., 2018).

Protein Identity and In silico Expression
Pattern of AT10 Orthologous Genes
The sugarcane ScAT10 full-length amino acid sequence shares
a high percentage of identity with the AT10 amino acid
sequences of Brachypodium (79%), rice (80%), Setaria (87%),
maize (86%), and sorghum (93%) (Supplementary Table 4A). In
the transferase domain region, which contains motifs associated
with BAHD acyltransferase function, the degree of identity is
even higher, having more than 81% identity with proteins in the
C3 photosynthetic pathway species (rice and Brachypodium) and
more than 90% for C4 species (sorghum, maize, and Setaria)
(Supplementary Table 4B and Supplementary Figure 7). This
suggests that AT10 enzymes may have a similar role in a variety
of C3 and C4 plant species.

We analyzed the AT10 orthologs’ expression patterns among
different organs and tissues in silico using available data with
the eFP browser tool (see text Footnote 4) (Winter et al.,
2007) for rice, Brachypodium, and maize (Supplementary
Figure 8). For rice, OsAT10 expression levels were higher in
the inflorescence (Supplementary Figure 8A; Jain et al., 2007),
similar to sugarcane EST data (Supplementary Figure 5). In
Brachypodium, expression was higher in young leaf tissue, root,
and young internode (Winter et al., 2007; Sibout et al., 2017;
Supplementary Figure 8B). For maize, ZmAT10 showed higher
expression in one specific immature leaf stage, followed by
meiotic tassel and seeds in different stages (Hoopes et al., 2019;
Supplementary Figure 8C). Similarly to ScAT10 (Figure 1B and
Supplementary Figure 5), the expression pattern of OsAT10
and ZmAT10 consisted of relatively high expression levels in
less lignified tissues, such as reproductive organs and immature
leaves (Jung and Casler, 2006; Rancour et al., 2012; Bottcher
et al., 2013), and lower or no expression in analyzed internodes
(Supplementary Figures 8A,C). This profile provided further
evidence that AT10 enzymes may share a conserved role, at least
in rice, maize, and sugarcane. This expression pattern is also
consistent with this AT10’s role in pCA levels of hemicellulose,
and not lignin, as already shown for OsAT10.

ScAT10 is, therefore, a strong candidate for studies aiming
at functional characterization of genes encoding enzymes
involved with cell wall p-coumaroylation. Taken together, the
undetected ZmAT10 expression in internodes, maize’s close
evolutionary relationship with sugarcane, and its relative ease of
transformation (Joyce et al., 2010), all make maize a suitable plant
for ScAT10 functional characterization.

Overexpression of ScAT10 in Maize Lines
To conduct the functional characterization of ScAT10, maize
HiII lines were transformed with the sugarcane ScAT10 full-
length cDNA under control of the maize ubiquitin promoter
(Supplementary Figure 2), generating 10 independent lines, 8
confirmed as positives for the presence of the transgene (named
with prefix Ubi:ScAT10 followed by -2, -4, -6, -7, -11, -13, -14,
and -15) and 2 negatives for the presence of the transgene
(named escape-2 and escape-3 empty vectors), which were used
together with wild-type B73 as controls in further analyses
(Supplementary Figure 9). RT-qPCR in the first leaf blade above
the ear of maize plants showed a high expression level of ScAT10
in all positive transgenic lines, especially Ubi:ScAT10-14, whereas
the controls wild-type and escape lines did not show expression of
ScAT10 (Figure 2A). We also analyzed the expression levels of the
endogenous ZmAT10 in both transgenic and control lines, and
no expression was detected, confirming data from eFP analysis
(Supplementary Figure 8C).

Impact of ScAT10 Overexpression on
Maize Cell Wall Hydroxycinnamate
Content
To assess the impact of the overexpression of ScAT10 in maize
cell walls from mature stems, we first measured ester-linked
pCA and FA released by mild alkaline treatment (Figure 2 and
Supplementary Table 5). The comparison of the mean values of
Ubi:ScAT10 transgenic lines (29.13 g/kg) with the mean of control
lines (23.30 g/kg) using a Welch’s t-test showed a significant
increase in pCA content (p = 0.027), corresponding to an increase
of 75% for Ubi:ScAT10-11 (Figure 2B). Transgenic lines also
showed a significant decrease in FA (p = 0.0002), reaching 88%
decrease for line Ubi-ScAT10-14 (Figure 2C). The effect of the
overexpression of ScAT10 on both pCA and FA contents can
be better visualized by examining the pCA/FA ratio, which had
a significant increase (p = 0.013) when comparing the means
of transgenic with control lines (Figure 2D). Independent lines
Ubi-ScAT10-2, Ubi:ScAT10-6, Ubi:ScAT10-11, and Ubi:ScAT10-
14, which had the greatest pCA/FA ratios, were selected for
further analysis.

Hydroxycinnamate Content Specifically
Attached to GAX or Lignin
As pCA and FA are attached to both GAX and lignin in grass
cell walls (Ralph, 2010; Wilkerson et al., 2014; Karlen et al.,
2016; Hatfield et al., 2017), we used two orthogonal methods
available to diagnose the hydroxycinnamates on each. To access
hydroxycinnamate content specifically from the hemicellulosic
component, we used a mild acidolysis procedure (HCl/dioxane)
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FIGURE 2 | Impact of overexpressing ScAT10 in maize lines. (A) Relative expression levels of ScAT10 gene in maize independent transgenic lines (Ubi:ScAT10),
empty vector lines escape-2 and escape-3, and wild-type (WT) B73. Expression levels calculated by the 11Ct method (Pfaffl, 2001; Vandesompele et al., 2002)
using ZmMEP and ZmLUG as reference genes and escape-2 as the reference sample. Columns represent the means, and error bars represent the superior and
inferior limits determined by standard deviation (n = 3 technical replicates). (B) p-Coumaric acid content (pCA), (C) Ferulic acid (FA) content, and (D) Ratio of pCA/FA
content from culms, released by mild alkaline treatment. Red boxes represent the distribution of values for transgenic lines (Ubi:ScAT10-2, -4, -6, -7, -11, -13, -14,
and -15, total n = 8 plants). Blue boxes represent the distribution of values for control lines (empty vector escape-2 and escape-3 and wild-type (WT) B73, total
n = 6 plants, one for each empty vector and four B73). Each box delimits values within the first and third quartile ranges. The horizontal black lines in the boxes
represent the median values. Whiskers represent the data range. Outliers were represented by black dots, and the #numbers identify the number of the line for
Ubi:ScAT10 lines. * represents the significant difference at p < 0.05, and *** represents the significant difference at p < 0.001 between the mean of transgenics and
the mean of controls using Welch’s t-test. See Supplementary Table 5 for actual values for each line.

(Lapierre et al., 2018; Figure 3 and Supplementary Table 6).
This method cleaves GAX arabinosyl glycosidic bonds while
leaving most esters intact, allowing the determination of pCA-
Ara and FA-Ara contents. Transgenic lines showed a very large
(around 160-fold) and significant (p = 0.004) increase in pCA-
Ara (Figure 3A). Overexpression of ScAT10 resulted in modified
cell wall composition, promoting pCA incorporation into the
xylan, a characteristic that was nearly non-existent in the cell

wall from the culms of the wild-type maize. The FA-Ara levels
in those same tissues were significantly (p = 0.012) reduced in
transgenic lines (Figure 3B), which had 75% less FA than controls
on average. To determine the fraction of pCA specifically attached
to lignin, we used the derivatization followed by the DFRC
method, which cleaves lignin β-aryl ether bonds and preserves
ester bonds, releasing monolignol ester conjugates, such as S-pCA
(sinapyl p-coumarate, from syringyl units) and G-pCA (coniferyl
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FIGURE 3 | Hydroxycinnamates specifically attached to GAX in culms cell
walls, released by mild acidolysis, from transgenic Ubi:ScAT10 and control
lines. (A) p-Coumaric acid linked to arabinose (pCA-Ara). (B) Ferulic acid
linked to arabinose (FA-Ara). Red boxes represent the distribution of values for
transgenic lines (Ubi:ScAT10-2, -6, -11, and -14, total n = 4 plants). Blue
boxes represent the distribution of values for control lines (empty vector
escape-2 and escape-3 and wild-type (WT) B73, total n = 3 plants). Each box
delimits values within the first and third quartile ranges. The horizontal black
lines in the boxes represent the median values. Whiskers represent the data
range. Outliers were represented by black dots, and the numbers identify the
number of the line for Ubi:ScAT10 lines. ** represents the significant difference
at p < 0.01, and *** represents the significant difference at p < 0.001
between the mean of transgenics and the mean of controls using Welch’s
t-test. See Supplementary Table 6 for actual values for each line.

p-coumarate, from guaiacyl units) (Lu and Ralph, 1999; Regner
et al., 2018; Figure 4 and Supplementary Table 7). No significant
difference was detected in the means of S-pCA levels of transgenic
lines and controls (p = 0.164), showing that the overexpression of
ScAT10 had no effect on pCA content in the lignin. G-pCA levels
were also not significantly different (p = 0.483) and very low in
transgenic and control lines, corroborating that pCA is mostly
attached to S units in grasses as has been noted previously (Ralph
et al., 1994a; Hatfield et al., 2009; Ralph, 2010). DFRC data also

reveal no significant difference for non-acylated H (p = 0.417),
G (p = 0.453), and S (p = 0.176) unit contents, suggesting
that ScAT10 overexpression had no impact on the proportion
of non-acylated lignin units. In summary, the perturbation of
pCA levels on the arabinoxylans had insignificant effect on the
lignin component.

Cell Wall Total Neutral Sugars Content
Modification in hydroxycinnamate levels attached to GAX was
not accompanied by significant changes in cell wall neutral sugars
composition. Xylose and arabinose, the main components of
GAX, had similar levels in transgenic and control lines (p = 0.258
and p = 0.120, respectively). Furthermore, no significant effect
was observed in glucose content (p = 0.253) (Figure 5 and
Supplementary Table 8).

Enzymatic Digestibility of Maize Lines
Overexpressing ScAT10
Grass cell wall polymers present cross-linked ferulates and
diferulates, forming structures, such as GAX-diFA-GAX and
GAX-FA-Lignin (Jung et al., 1983; Ralph et al., 1994b, 1998;
Grabber et al., 1998b, 2000). Several studies have shown that
the content of FA can be inversely correlated with biomass
digestibility (Lam et al., 2003; Bartley et al., 2013; de Souza
et al., 2019). Considering the decrease of FA content in maize
Ubi:ScAT10 lines (Figures 2C, 3B), the enzymatic digestibility
of the isolated cell walls was investigated (Supplementary
Figure 10 and Supplementary Table 9). In all evaluated samples,
polysaccharide conversion ranged from 15 to 31%, which is a
low digestibility associated with the direct enzymatic digestion
of lignified cell walls without pretreatment (Bhutto et al., 2017).
Direct in vitro digestibility of the transgenic lines did not
differ significantly from control, suggesting that the levels of FA
decrease observed in the transgenic lines were not enough to
affect their digestibility without using sample pretreatment.

DISCUSSION

In this study, the use of distinct sugarcane genomic and
transcriptomic datasets associated with a robust bioinformatics
and phylogenetic analysis allowed the identification of nine
BAHD acyltransferase sugarcane unigenes that were identified in
the Mitchell clade A (Figure 1A), including three (ScAT10, ScAT7,
and ScAT5) genes not identified previously (de Souza et al., 2019).
Overall, the expression profile of the identified Mitchell clade
A sugarcane genes (Figure 1B and Supplementary Figure 5)
supports the potential involvement of the enzymes encoded by
them in hydroxycinnamate incorporation into cell walls. In both
the EST and RT-qPCR data, the genes ScAT3, ScAT9, and ScAT1
were highly expressed in internode tissues, whereas ScAT5 and
ScAT10 were not expressed. A previous study analyzing the
expression profile of Mitchell clade A genes in stems of S. viridis
and Brachypodium distachyon (de Souza et al., 2018) showed a
similar pattern in these grasses, with AT9 and AT3 genes being
highly expressed in both species, and very low expression levels
found for AT5 and AT10. However, in contrast with the profile
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FIGURE 4 | (A) S-pCA units, (B) S non-acylated units, (C) G non-acylated units, (D) G-pCA units, and (E) H units amounts in lignin from transgenic Ubi:ScAT10 and
control lines as determined by DFRC in culms cell walls. Red boxes represent the distribution of values for transgenic lines (Ubi:ScAT10-2, -6, -11, and -14, total
n = 4 plants). Blue boxes represent the distribution of values for control lines (empty vector escape-2 and escape-3 and wild-type (WT) B73, total n = 3 plants). Each
box delimits values within the first and third quartile ranges. The horizontal black lines in the boxes represent the median values. Whiskers represent the data range.
Outliers were represented by black dots, and the numbers identify the number of the line for Ubi:ScAT10 lines. See Supplementary Table 7 for actual values for
each line.

in sugarcane, they also found that SvAT7 had high expression
levels in Setaria stems, second only to SvAT9. This data suggests a
few differences among grasses in the expression pattern for some
genes in this clade, which could indicate specific function.

In our profiling analysis, ScAT3 showed high expression in
internode tissues, in which secondary cell wall deposition and
lignification are high (He and Terashima, 1990; Collucci et al.,
2019). These results support a potential role of this gene in pCA
incorporation into lignin, as observed for its orthologous genes
in Brachypodium (BdPMT), maize (ZmpCAT), and their closest
homolog in rice (OsPMT) (Withers et al., 2012; Marita et al.,
2014; Petrik et al., 2014). The gene ScAT1 was highly expressed
in the internode as well as in other vegetative and reproductive
tissues, similarly to ScAT9. The role of ScAT9 (SacBAHD01/AT9)
in feruloylation of xylans has already been demonstrated (de
Souza et al., 2019), and ScAT1 could have a similar role, which
was suggested for its Brachypodium ortholog BdAT1 (Buanafina
et al., 2016). Nonetheless, it has been recently shown that the
ortholog in S. viridis, SvAT1, has a role in p-coumaroylation of
GAX, similarly to rice OsAT10 and sugarcane ScAT10 (Bartley
et al., 2013; Mota et al., 2020). The study also predicted that
BdAT1 enzyme has higher affinity for FA, differently from
SvAT1, which could accept both pCA and FA, suggesting that
these enzymes are functionally distinct, despite their sequence
similarity. Considering that in sugarcane and maize, pCA content
is mainly associated with lignin, especially in the stems (Ralph,
2010; del Río et al., 2015), ScAT1 expression pattern suggests a
similar role to BdAT1, more likely related to FA-Ara levels than to
pCA-Ara levels, although further investigations are required.

On the other hand, ScAT5 low and tissue-specific expression
levels (Supplementary Figures 5, 6) are consistent with this
gene likely encoding a feruloyl-CoA monolignol transferase that
participates in FA incorporation into lignin as suggested for
its rice ortholog (OsAT5), because monolignol ferulates were
detected in low levels in some grass species (Karlen et al.,
2016). These results open the possibility of further studies on

functional characterization of the identified genes and ultimately
their use to achieve cost-effective hydroxycinnamate production
in biorefineries.

Considering that it has been shown that rice OsAT10 is
involved with pCA levels in the cell wall (Bartley et al., 2013),
we sought to investigate whether there is a conserved role of
AT10 in other grasses and the potential of using sugarcane
ScAT10 to generate C4 plants for biorefining purposes, with the
goal of producing both bioenergy and pCA as a high-value co-
product. The ScAT10 protein sequence similarity to that from
other grasses (Supplementary Figure 7 and Supplementary
Table 4A) and the general conserved expression pattern of AT10
orthologous genes observed among sugarcane, maize, and rice
(Supplementary Figure 8) supported the contention that AT10
enzymes likely have a similar role, at least in these grasses.

We have shown that ScAT10 has a similar function to rice
OsAT10 (Bartley et al., 2013), associated with the content of both
pCA and FA specifically linked to GAX. The effect observed for
the overexpression of ScAT10 in senescent tissues of maize (up to
75% pCA increase in senescent culms) (Figure 2) was similar to
that observed for OsAT10 overexpression in rice straw (80% pCA
increase) (Bartley et al., 2013). However, it contrasted with that
observed for the overexpression of OsAT10 in senescent leaves
of switchgrass, in which pCA released had a slight decrease of
15%, whereas the less lignified green leaves showed an increase
in pCA (∼30%) (Li et al., 2018). Nonetheless, as pCA linked to
GAX or lignin fractions was not distinguished in the switchgrass
study (Li et al., 2018), it is possible that lignin pCA, not GAX,
could have specifically decreased (possibly due to changes in the
phenylpropanoid pathway), resulting in an overall slight decrease
in the pCA levels of the more lignified senescent leaf.

Our data on neutral sugars measured in cell walls of transgenic
lines indicate the absence of any compensatory effect in glucose
and GAX sugar contents of the maize culms (Figure 5), similar to
findings for the overexpression of OsAT10 in switchgrass (Li et al.,
2018). In contrast, OsAT10 overexpression in rice resulted in a
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FIGURE 5 | Total neutral sugars in culms cell walls from transgenic
Ubi:ScAT10 and control lines. (A) Cell wall glucose content. (B) Cell wall
xylose content. (C) Cell wall arabinose content. Red boxes represent the
distribution of values for transgenic lines (Ubi:ScAT10-2, -6, -11, and -14,
n = 4 plants). Blue boxes represent the distribution of values for control lines
(empty vector escape-2 and escape-3 and wild-type (WT) B73, total n = 3
plants). Each box delimits values within the first and third quartile ranges. The
horizontal black lines in the boxes represent the median values. Whiskers
represent the data range. Outliers were represented by black dots, and the
numbers identify the number of the line for Ubi:ScAT10 lines. See
Supplementary Table 8 for actual values for each line.

20% increase in cell wall glucose (Bartley et al., 2013), suggesting
that the effect observed in rice was specific for this species.

As previously discussed (Bartley et al., 2013), the observed
decrease in FA could be a result of the competition of pCA and
FA for arabinose, so that an increase in pCA-Ara resulted in fewer

arabinose sites available for FA linkage. It is also possible that
an increase in pCA incorporation into the cell wall could result
in less feruloyl-CoA available for xylan modification, as pCA is
a precursor in the phenylpropanoid pathway that leads to FA
biosynthesis. Nevertheless, as for OsAT10, a characterization of
ScAT10 enzyme activity is still needed. It is unknown if the pCA
is transferred to monomeric arabinose (or an activated form, such
as UDP-Ara) or directly into the arabinoxylan polymer. As most
BAHD acyltransferases are cytoplasmatic and xylan synthesis
occurs in the Golgi, ScAT10 could be transferring pCA to a
cytoplasmatic precursor (Buanafina, 2009; Li et al., 2018).

Although there was a decrease in FA, we did not find
significant increase in biomass digestibility of transgenic lines
(Supplementary Figure 10), without using pretreatment. This
suggests that even with less FA-Ara, other characteristics,
such as high lignification of secondary cell walls, restrain
direct polysaccharide hydrolysis of the samples. Pretreatment
is required to release significant amounts of hemicellulose
and/or lignin to allow proper enzymes access to cellulose
(Himmel et al., 2007).

The impact of overexpressing ScAT10 in the pCA and FA
contents can be properly explored in biorefineries producing both
bioenergy and pCA as a high-value product. Biofuels could be
produced by fermentation of the cell wall sugars. Although the
digestibility of non-pretreated cell walls was not enhanced in the
maize transgenic lines (Supplementary Figure 10), there is great
potential for further evaluation of AT10 overexpressed plants
under selected pretreatments. Decreased FA content can result in
less cell wall cross-linked components, which could allow using
milder than usual pretreatment conditions. Some studies have
already described beneficial effects of genetically engineered lines
with decreased FA contents associated with biological (Bartley
et al., 2013) and chemical pretreatments (de Souza et al., 2019).

In the biorefinery context, pCA could be recovered from
the pretreatment liquors (Timokhin et al., 2020). However,
a techno-economic analysis showed that the production of
hydroxycinnamic acids from biomass processed in alkaline
conditions is currently not viable as purification yields are
too low with current methods (Karlen et al., 2020). To
achieve cost-effective hydroxycinnamate production, the authors
suggested genetic engineering of the feedstock to produce high
concentrations of a single type phenolic acid. Expression levels
of several BAHD genes could be altered in order to manipulate
the hydroxycinnamate content in biomass, and the best strategy
would probably involve more than one gene in conjunction.
Among BAHD genes, ScAT10 is one of the best candidates to that
end, as its overexpression is related not only to increased pCA
but also to a significant decrease in FA levels. Our results indicate
that for maize lines overexpressing ScAT10, from the total mean
content of pCA and FA in the cell wall, 93% corresponds to
pCA, against 79% in control lines. This suggests high pCA/FA
ratios in pretreatment liquors of autohydrolysis, acid catalysis,
and alkaline processes (van der Pol et al., 2015), which opens
the possibility for pCA recovery at high yields and purity.
Therefore, we have generated a C4 plant that is promising for
the achievement of cost-effective production of biofuels and pCA
in a biorefinery.
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Fiber Cell-Specific Expression of the 
VP16-Fused Ethylene Response 
Factor 41 Protein Increases Biomass 
Yield and Alters Lignin Composition
Miyuki T. Nakata 1†, Shingo Sakamoto 1,2, Nuoendagula 3†, Shinya Kajita 3 and 
Nobutaka Mitsuda 1,2*

1 Plant Gene Regulation Research Group, Bioproduction Research Institute, National Institute of Advanced Industrial Science 
and Technology (AIST), Tsukuba, Japan, 2 Smart CO2 Utilization Research Team, Global Zero Emission Research Center, 
National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba, Japan, 3 Graduate School of 
Bio-Applications and Systems Engineering (BASE), Tokyo University of Agriculture and Technology (TUAT), Koganei, Japan

Arabidopsis thaliana transcription factors belonging to the ERFIIId and ERFIIIe subclade 
(ERFIIId/e) of the APETALA 2/ethylene response factor (AP2/ERF) family enhance primary 
cell wall (PCW) formation. These transcription factors activate expression of genes 
encoding PCW-type cellulose synthase (CESA) subunits and other genes for PCW 
biosynthesis. In this study, we show that fiber-specific expression of ERF035-VP16 and 
ERF041-VP16, which are VP16-fused proteins of ERFIIId/e members, promote cell wall 
thickening in a wild-type background with a concomitant increase of alcohol insoluble 
residues (cell wall content) per fresh weight (FW) and monosaccharides related to the 
PCW without affecting plant growth. Furthermore, in the ERF041-VP16 lines, the total 
amount of lignin and the syringyl (S)/guaiacyl (G) ratio decreased, and the enzymatic 
saccharification yield of glucose from cellulose per fresh weight improved. In these lines, 
PCW-type CESA genes were upregulated and ferulate 5-hydropxylase1 (F5H1), which is 
necessary for production of the S unit lignin, was downregulated. In addition, various 
changes in the expression levels of transcription factors regulating secondary cell wall 
(SCW) formation were observed. In conclusion, fiber cell-specific ERF041-VP16 improves 
biomass yield, increases PCW components, and alters lignin composition and deposition 
and may be suitable for use in future molecular breeding programs of biomass crops.

Keywords: Arabidopsis thaliana, ERFIIId/e transcription factors, primary cell wall, fiber cell, lignin,  
syringyl (S)/guaiacyl (G) ratio, ferulate 5-hydroxylase1 (F5H1)

INTRODUCTION

Advancing technologies that reduce greenhouse gas emissions is an important goal for sustainable 
development of our society. As the largest terrestrial biomass, lignocellulose has attracted 
attention in recent decades as a substitute to fossil fuels for the production of energy and 
chemical substances (FitzPatrick et  al., 2010; Anwar et  al., 2014). Lignocellulose is an ideal 
material that does not compete with food supplies unlike other plant materials such as sucrose 
and starch. Lignocellulosic biomass is primarily composed of cellulose (approximately 40–50%), 
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hemicellulose (approximately 20–30%), and lignin (approximately 
10–25%), which are building blocks of the plant cell wall 
(Anwar et  al., 2014; Loqué et  al., 2015). All three components 
exist as polymers in plant cell walls and are associated with 
each other, resulting in a complex architecture. This complexity 
interferes degradation of cell-wall constituents by enzymatic 
and physicochemical approaches. Extraction of each component 
of lignocellulose with a high degree of purity is required for 
their use in industrial processes; however, cost-demanding 
pretreatment of the lignocellulosic biomass hampers industrial 
use. Thus, an important task for expanding the use of 
lignocellulosic biomass is the invention of new plants with an 
ideal cell wall that keeps its stiffness as a timber but enables 
more efficient isolation of cell wall materials.

To this end, strategies can be  roughly categorized into two 
groups: (1) manipulation of biosynthetic and modifying enzymes 
of the cell wall components, and (2) introduction or modification 
of transcription factors (TFs) that broadly control cell wall 
formation. Lignin, a biopolymer of monolignols, has been 
studied mainly as a target for modifying cell wall properties. 
Coniferyl and sinapyl alcohols are major components of 
monolignols in dicot species and correspond to the lignin 
polymer guaiacyl (G) and syringyl (S) units, respectively (Whetten 
and Sederoff, 1995; Vanholme et  al., 2012a). Altering the 
deposition and/or composition of lignin has been demonstrated 
to affect the enzymatic saccharification yield in a variety of 
studies using transgenic plants with lignin-modifying genes 
(Chen and Dixon, 2007; Fu et al., 2011), lignin-deficient mutants 
(Van Acker et  al., 2013), and natural variants (Studer et  al., 
2011). Moreover, modification of a TF that controls cell wall 
formation is also an effective way to influence the saccharification 
yield (Yang et  al., 2013; Sakamoto and Mitsuda, 2015; Gui 
et al., 2020). Activation of a wide range of cell wall-biosynthetic 
pathways can be  more readily achieved by activation or 
suppression of TF function. We  have succeeded in increasing 
the amount of cell wall components and creating a drastically 
rigid stem by expressing a TF derived from rice [a homolog 
of the NAC secondary wall thickening promoting factor (NST) 
described in detail below] in Arabidopsis thaliana and poplar 
(Sakamoto et  al., 2016).

The primary cell wall (PCW) and secondary cell wall (SCW) 
are the two major structures that form the plant cell wall. 
The PCW surrounds all plant cells and primarily consists of 
cellulose, xyloglucan, and pectin, whereas the SCW is mainly 
composed of cellulose, lignin, and hemicelluloses like xylan 
and glucomannan depending on species (Albersheim et  al., 
2010). In the PCW and SCW, different sets of cellulose synthase 
(CESA) subunits are present in general. In Arabidopsis, the 
PCW-type subunits are CESA1/3/6 (Arioli et al., 1998; Scheible 
et  al., 2001), whereas the SCW-type subunits are CESA4/7/8 
(Turner and Somerville, 1997; Taylor et  al., 2000). The SCW 
is formed beneath the PCW in particular tissues, including 
xylem vessels and fiber cells. Control of SCW formation is 
achieved through a complex network that involves a number 
of TFs, and the network structure is a hierarchical cascade 
(Nakano et  al., 2015). The most upstream master regulators 
are the vascular-related NAC-domain protein (VND) TFs (VND6 

and VND7  in Arabidopsis) that control SCW formation and 
programmed cell death in xylem vessels, and the NST TFs 
[NST1, NST2, and NST3/SCW associated NAC domain protein 
1 (SND1) in Arabidopsis] that control SCW formation in xylem 
fibers (Kubo et  al., 2005; Mitsuda et  al., 2005, 2007; Zhong 
et  al., 2006). Transcription factors MYB46 and MYB83  in 
Arabidopsis are the second-tier master switches, which activate 
the expression of many of the biosynthetic genes for cellulose, 
xylan, and lignin that constitute the SCW (Zhong et  al., 2007; 
Ko et  al., 2009; McCarthy et  al., 2009). Expression of MYB46 
and MYB83 is induced by these NAC TFs (Zhong et  al., 2007, 
2010; McCarthy et al., 2009; Ohashi-Ito et al., 2010; Yamaguchi 
et  al., 2010). Several other NAC, MYB, and other TFs were 
reported to positively or negatively regulate SCW formation 
(Nakano et  al., 2015).

In previous study, we  implemented the new strategy to 
reconstruct lignocellulose in fibers of the A. thaliana nst1-1 
nst3-1 double knockout mutant that lacks the SCW typically 
in xylem fibers (Mitsuda et  al., 2007; Sakamoto and Mitsuda, 
2015). The SCW in xylem vessels is normal in this A. thaliana 
double knockout mutant, and the growth rate is comparable 
to that of the wild-type A. thaliana, whereas the enzymatic 
saccharification rate is higher than the wild-type plant (Iwase 
et  al., 2009). We  searched for factors that synthetically add 
cell wall components to the xylem fibers of the nst1-1 nst3-1 
mutant. For this purpose, genes encoding chimeric activators 
and repressors for >300 TFs that are driven by the NST3 
promoter, which predominantly induces expression in the 
fascicular and interfascicular fibers, were introduced into the 
nst1-1 nst3-1 mutant, and the candidates were selected based 
on the phenotype of the inflorescence stem. In this screening, 
we  identified TFs belonging to the ERFIIId and IIIe subclades 
(ERFIIId/e) of the AP2/ERF family that gave unique traits 
such as a high enzymatic saccharification rate despite a similar 
level of cell wall deposition to that of the wild-type plant 
(Sakamoto et al., 2018). The AP2/ERF family is a plant-specific 
large TF family involved in various biological phenomena, 
including ethylene signaling (Fujimoto et  al., 2000), wax 
deposition (Aharoni et  al., 2004; Broun et  al., 2004), drought 
response (Liu et al., 1998), callus formation (Iwase et al., 2011), 
flower architecture (Kunst et  al., 1989), root stem cell 
establishment (Aida et  al., 2004), and many others (Nakano 
et al., 2006). Cell wall analysis of the transgenic lines expressing 
ERFIIId/e-VP16 in the nst1-1 nst3-1 mutant strongly suggested 
that these TF groups have the ability to produce PCW components 
(Sakamoto et  al., 2018). However, the stem strength of the 
transgenic lines (NST3p:ERFIIId/e-VP16 nst1-1 nst3-1) was 
restored only partially and still showed a pendent phenotype 
(Sakamoto et  al., 2018). On the other hand, constitutive 
overexpression of ERF IIId/e genes by CaMV 35S promoter 
in wild-type plant induced semi-dwarf phenotype with root 
growth inhibition (Wilson et  al., 1996; Sakamoto et  al., 2018; 
Saelim et  al., 2019). From the perspective of industrial 
applications, enough stem strength and normal growth habit 
are necessary for the transgenic lines. In this study, we expressed 
ERFIIId/e-VP16 transcription factor genes under the control 
of the NST3 promoter with the wild-type background to maintain 
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normal stem strength. We  observed over-accumulation of the 
PCW with an unexpected concomitant change of SCW formation. 
Interestingly, a marked reduction of lignin and its compositional 
change were found in addition to the expected increase of 
cell wall residues. Herein, we propose a new strategy to increase 
cell wall production without increasing its recalcitrance 
to degradation.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used as 
the wild-type plant. To generate wild-type-background 
NST3pro:ERF035-VP16 and NST3pro:ERF041-VP16, previously 
described vectors (Sakamoto et  al., 2018) were introduced into 
the wild-type plant by Agrobacterium-mediated floral dip 
transformation (Clough and Bent, 1998). “ERF-VP16” represents 
the ERF protein fused with the transcription activation domain 
of the herpes simplex virus VP16 protein. The 
NST3pro:VAMP722-VP16 line described previously (Sakamoto 
et  al., 2016) was used as a control line. First and second 
generation transformants (T1 and T2, respectively) were selected 
on MS plates (1x Murashige and Skoog salt, 0.5% sucrose, 
0.5  g/L MES, 0.8% agar, and adjusted to pH 5.7 with KOH) 
with 30  mg/L hygromycin for 2  weeks and transferred onto 
soil. Seeds of T3 and wild-type plants were sowed on soil 
directly. Transgenic plants of the T1 and T2 generations were 
used for experiments presented in Figures  1–4, respectively. 
The experiments listed in Table  1 and presented in Figures  5, 
6 were performed by using the T3 homo lines of 
NST3pro:ERF041-VP16. Plants were grown under the long-day 
condition (16  h light, 8  h dark) at 22°C.

Microscopic Observation
Micro-slice (50  μm) transverse sections were prepared as 
described previously (Sakamoto and Mitsuda, 2015). The 
1.5–2.5 cm basal position of the inflorescence stem was embedded 
in 5% agar, and the agar block was sliced with a vibrating 
microtome (HM-650 V, Thermo Fisher Scientific, Inc., Waltham, 
MA, United  States). The thin sections were fixed in FAA 
solution (50% ethanol, 10% formaldehyde, and 5% acetic acid). 
All bright-field and fluorescence images were captured with 
an Axioskop2 Plus microscope (Zeiss Inc., Oberkochen, Germany) 
equipped with UV filters (excitation filter: 365-nm short pass; 
dichroic mirror: 395-nm; emission filter: 400-nm long pass) 
and AxioCam HRC. For visualization of lignin, staining with 
phloroglucinol and Mäule reagent was performed as described 
previously (Yoshida et  al., 2013; Sakamoto et  al., 2016). For 
pectin staining, the stem sections were immersed in a 0.02% 
ruthenium red solution for 1  min. Subsequently, the sections 
were rinsed with distilled water several times until the supernatant 
turned transparent. The sections were then placed on a glass 
slide and observed under a microscope in the bright field.

The width of the cell wall of interfascicular fiber cells was 
measured in bright-field images of agar sections of the 
inflorescence stems at the T2 generation with ImageJ/Fiji software 

(Schindelin et al., 2012). Sample preparation and the procedure 
for agar sections were described above. Two and three independent 
lines of ERF035-VP16 and ERF041-VP16, respectively, were 
selected based on the phenotype reproducibility for this analysis. 
Three independent NST3pro:VAMP722-VP16 lines were used as 
a control. The cell wall between the outermost fiber cells and 
the adjacent inner cells was used as the measurement site.

Cell Wall Component Analysis
The 10-cm basal position of the >25-cm inflorescence stem 
was harvested for cell wall component analysis. Preparation 
of cell wall residues and monosaccharide composition analysis 
were performed by methods described previously (Sakamoto 
et  al., 2015; Sakamoto and Mitsuda, 2015). Lignin content was 
measured using the acetyl bromide method according to Kajita 
et  al. (1997) and Kim et  al. (2014). Briefly, 5  mg of alcohol 
insoluble residue (AIR) material in a glass tube was dissolved 
in 2.5  ml of 25% (w/w) acetyl bromide in acetic acid. An 
empty tube was used as the blank. Samples were shaken gently, 
inverted until the samples were completely dissolved, and 
incubated at 70°C for 30  min. After cooling on ice, samples 
were transferred to 50  ml volumetric flasks and 10  ml 2  M 
NaOH and freshly prepared 0.35  ml 0.5  M (34.75  mg/ml) 
hydroxylamine hydrochloride were added. The volumetric flasks 
were then made up to 50  ml with acetic acid, capped and 
inverted several times to mix. The lignin content was quantified 
using the known extinction coefficient (23.35  g−1  cm−1) and 
absorbance at 280  nm.

For lignin composition analysis, thioacidolysis of plant samples 
was performed according to the method described by Rolando 
et  al. (1992). Briefly, a freshly made thioacidolysis reagent 
consisting of 87.5% dioxane, 10% ethanethiol (97%, Alfa Aesar, 
Haverhill, MA, United States), and 2.5% boron trifluoride diethyl 
etherate (>47.5% BF3, Sigma-Aldrich, St Louis, MO, 
United  States) by volume were added to a 1  ml screw-cap 
reaction vial containing AIR material (approximately 5–10 mg). 
The vial cap was screwed tightly and placed in a heating block 
at 100°C for 4 h with gentle shaking. After the vial was cooled 
in ice water for 5  min, 200  μl product mixture solution was 
transferred into a new vial and 100  μl 1  M sodium hydrogen 
carbonate was added to adjust the pH to 7. Then, 130  μl 1  M 
HCl was used to adjust the pH to below 3. The resultant 
solution was extracted with diethyl ether (250  μl) three times, 
and the combined organic phase was washed with saturated 
NaCl and evaporated after drying over anhydrous sodium 
sulfate. The residues were redissolved in ~250  μl diethyl ether, 
and 10  μl of the solution was silylated by adding 8  μl 
N,O-bis(trimethylsilyl)acetamide and incubated at 50°C for 
40 min. The resultant solution was analyzed by GC-FID (GC-2010 
Plus, Shimadzu Inc., Kyoto, Japan) equipped with a DB-5 
capillary column (25 m × 0.25 mm I.D., 0.25 μm film thickness, 
Agilent Technologies Inc., Santa Clara, CA, United States). The 
column oven temperature was maintained at 160°C for the 
first 1  min, and then increased at 10°C/min to 300°C. The 
split injector (1:10) was maintained at 220°C and the FID 
was maintained at 300°C. The flow speed of the carrier gas 
(nitrogen) was 30  cm/s.
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Enzymatic saccharification analysis was performed by a 
slightly modified method described previously (Sakamoto et al., 
2015). After cellulase digestion, the reacted suspension was 
centrifuged at 20,000 x g for 5  min. The supernatants were 
transferred to 0.2  ml PCR tubes and placed for 2  min at 95°C 
for inactivation of the cellulase. Liberated glucose in the 
supernatant was determined with the Glucose test kit (FUJIFILM 
Wako Pure Chemicals Industries, Ltd., Osaka, Japan).

Gene Expression Analysis
RNA samples were harvested from the 5-cm basal position 
of 15-cm inflorescence stems (wild-type and transgenic plants 
of the T3 generation) and immediately soaked in liquid nitrogen. 
The RNeasy Plant Mini Kit (QIAGEN, Hilden, Germany) was 
used for extraction of total RNA, and first-strand cDNA was 
synthesized by the PrimeScript™ RT reagent Kit (TaKaRa, 
Shiga, Japan). Quantitative PCR was performed using the Power 
SYBR Green PCR Master Mix or PowerUP SYBR Green PCR 
Master Mix (Thermo Fisher Scientific) with an ABI 7300 Real-
Time PCR system or ABI StepOnePlus Real-Time PCR system. 
Each gene expression was estimated by standard curve methods 
and normalized by the geometric mean of the expression level 
of ACT2, PP2AA3, and UBQ1. Primer sequences are shown 
in Supplementary Table  1.

RESULTS

ERF035-VP16 and ERF041-VP16 Alter Cell 
Wall Properties of Fiber Cells
In a previous study, we  reported that VP16-fused proteins of 
the AP2/ERF transcription factor family ERFIIId/e (ERFIIId/
e-VP16) promote the formation of thickened cell walls with 
properties of the PCW in the nst1-1 nst3-1 background (Sakamoto 
et  al., 2018). ERF035 and ERF041 belong to the ERFIIId and 
e subfamilies, respectively, and their abilities to induce cell 
wall thickening are relatively high among members of these 
subfamilies (Sakamoto et al., 2018). In this study, we transformed 
NST3pro:ERF035-VP16 (termed “ERF035-VP16” hereafter) and 
NST3pro:ERF041-VP16 (termed “ERF041-VP16” hereafter) into 
wild-type to investigate whether ERFIIId/e-VP16 also induces 
similar cell wall thickening in the wild-type background. 
Expression of these genes was confirmed not to cause any 
change to growth habit in wild-type plants (Figure  1A) and 
there is no statistical difference in the growth of inflorescence 
stems (Figure  1B).

The phenotype of fibers was observed by taking transverse 
sections of the inflorescence stem. In the control lines, SCWs 
spread without gaps among fiber cells (Figures 2A,D). In contrast, 
the layer between two fiber cells, middle lamella, appeared to 
be  thicker than wild-type and SCWs of two fiber cells were 
clearly separated by the layer in ERF035-VP16 (Figures  2B,E) 
and ERF041-VP16 (Figures  2C,F). The cell wall of fibers was 
thicker in ERF035-VP16 [4.85 ± 0.91 μm (mean ± SD); n = 299; 
p  <  0.001 by Dunnet’s test] and ERF041-VP16 (7.05  ±  1.13  μm; 
n  =  383; p  <  0.001) when compared with that of the control 
lines (3.45  ±  0.76  μm; n  =  319). UV autofluorescence, which 

reflects the presence of lignin, was stronger in the middle 
lamella of the control lines (Figure  2G) when compared 
with the UV positive SCWs of both ERF035-VP16 and 
ERF041-VP16 lines (Figures  2H,I). In addition, ruthenium 
red-stained pectin was detected predominantly at the corner 
area in the control lines (Figures  2J,M), whereas pectin 
staining was detected more widely in the middle lamella 
of ERF035-VP16 (Figures  2K,N) and ERF041-VP16 lines 
(Figures 2L,O). These phenotypes indicate that ERF035-VP16 
and ERF041-VP16 have a positive effect on PCW components 
and a negative effect on lignin.

ERF035-VP16 and ERF041-VP16 Increase 
Cell Wall Components Constituting the 
PCW
ERFIIId/e-VP16s promote the deposition of PCW components 
in the nst1-1 nst3-1 background (Sakamoto et  al., 2018). To 
investigate whether ERFIIId/e-VP16s have the same effect in 
the wild-type background, the cell wall components were isolated 
from the inflorescence stem of the wild-type-background 
ERF035-VP16 and ERF041-VP16 lines, and the amount of cell 
wall residue and monosaccharides present in the cell wall was 
measured. The AIR per fresh weight (AIR/FW) corresponding 

A

B

FIGURE 1 | Plant growth of ethylene response factor (ERF) IIId/e-VP16. 
(A) Whole image of the aerial part of T1 plants. (B) Plant height of primary 
stems 42 days after sowing. Data represent mean ± SD.
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to the cell wall amount of ERF035-VP16 and ERF041-VP16 
was 1.2-fold higher than the control lines, and this difference 
was significant (Figure  3A). Among the monosaccharides 
isolated from samples digested completely with concentrated 
sulfuric acid and heat, L-rhamnose (Rha), D-mannose (Man), 
and D-galactose (Gal) amounts increased significantly in both 
transgenic lines. In addition, the amounts of D-galacturonic 
acid (GalA), 4-O-methyl-D-glucuronic acid (mGlcA), L-arabinose 
(Ara), and L-fucose (Fuc) were significantly higher in 
ERF041-VP16 than in the control line (Figure  3B). Rha and 
GalA are major components of pectin, and Fuc is derived 
from xyloglucan. Therefore, these data showed that ERF035-VP16 
and ERF041-VP16 also increased the deposition of cell wall 
components predominantly found in the PCW in a wild-type 
background, which is in agreement with that observed previously 
for the nst1-1 nst3-1 background (Sakamoto et  al., 2018). The 
results also indicated that ERF041-VP16 has a severer effect 
than ERF035-VP16.

ERF041-VP16 Alters Lignin Deposition and 
Composition
Results presented in Figure  2 showed that the intensity of 
UV autofluorescence decreased in the middle lamella of 
interfascicular fiber cells of ERF041-VP16. For a deeper 
understanding of the change in lignin, we  performed 
phloroglucinol staining and Mäule staining of inflorescence 
stems. In wild-type, typical red staining by phloroglucinol 
was observed in interfascicular fibers, vessels, and fascicular 
fibers (Figure  4A), and red purple staining by the Mäule 
stain was detected in all phloroglucinol-stained cells 
(Figure  4C). In contrast, in ERF041-VP16, a similar staining 
pattern of phloroglucinol to that observed in wild-type was 
detected in the interfascicular fibers and vessels, but the 
staining was weak or absent in fibers from the fascicular 
region (Figure 4B, Supplementary Figure 1A). Interfascicular 
fibers stained with the Mäule stain were orange in ERF041-VP16, 
which makes a striking contrast to the wild-type results 

FIGURE 2 | Phenotype of fiber cells of inflorescence stems. Bright field 
images (A–F), UV autofluorescence images (G–I), and ruthenium red staining 
(J–O) of transverse sections of stems in the control (A,D,G,J,M), ERF035-
VP16 (B,E,H,K,N), and ERF041-VP16 (C,F,I,L,O) lines. Numbers in (A–C) 
indicate the number of independent lines harboring an altered cell wall from 
the obtained T1 lines. Bars, 50 μm (A–C,G–L), 10 μm (D–F,M–O).

A B

FIGURE 3 | Quantitative analysis of cell wall residues and cell wall-derived monosaccharides. (A) Cell wall contents of inflorescence stems as alcohol insoluble 
residues (AIRs) per fresh weight (FW; AIR/FW). (B) Monosaccharide content of individual cell wall samples. Glc, D-glucose; Xyl, D-xylose; GalA, D-galacturonic acid; 
Rha, L-rhamnose; Man, D-mannose; Gal, D-galactose; mGlcA, 4-O-methyl-D-glucuronic acid; Ara, L-arabinose; GlcA, D-glucuronic acid; and Fuc, L-fucose. Data 
represent mean ± SD performed by biological quadruplicates. *p < 0.05, **p < 0.01, and ***p < 0.001 by Dunnett’s test.
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(Figure 4D, Supplementary Figure 1B). The hypocotyl section 
was also investigated to further understand this observation. 
The wild-type hypocotyl exhibits secondary growth after 
flowering. Well-developed fibers emitted blue autofluorescence 
of lignin under UV illumination (Figure  4E) and showed 
red coloration by Mäule staining (Figure  4G). However, in 
the hypocotyl of ERF041-VP16, the xylem cells, except for 
sparsely embedded vessels, showed weak or no autofluorescence 

of lignin and staining by Mäule reagent even though clear 
thickness of cell wall was observed (Figures  4F,H, 
Supplementary Figures  1C,D). These results indicated that 
ERF041-VP16 inhibits the normal deposition of lignin in 
general and may also affect the S/G ratio of lignin of the 
cell wall in the interfascicular region.

We performed biochemical assays of lignin to further clarify 
these results. Two of the T3-homo lines of ERF041-VP16, 
#21 and #23, were selected based on phenotypic reproducibility 
by microscopic observation. The over-accumulation of ERF041 
transcripts, which was derived from ERF041-VP16, was 
confirmed by quantitative RT-PCR analysis (1,179-fold and 
144-fold higher in lines #21 and #23, respectively, when 
compared with that of wild-type). We  then determined the 
total lignin content, S and G units of lignin, and the S/G 
ratio. In the #21 and #23 lines, the total amount of lignin 
was reduced significantly to 81 and 94% of the wild-type, 
respectively (Table  1). In the higher-expression line #21, S 
and G units were reduced to 17 and 78% of the wild-type, 
respectively, and these changes were significant (Table  1). In 
the moderate-expression line #23, the S unit was reduced 
significantly to 43%, but no significant change in the G unit 
content was detected (Table  1). The S/G ratio of both lines 
was significantly lower than that of the wild-type (Table  1). 
In summary, these results strongly indicate that ERF041-VP16 
suppresses lignin deposition, especially S units, resulting in 
a change in lignin composition.

A decrease in lignin deposition has been reported to have 
a positive effect on saccharification yields by cellulase treatment 
(Chen and Dixon, 2007). We investigated saccharification yields 
per AIR from inflorescence stems of the two ERF041-VP16 
lines. In the higher-expression line #21, the saccharification 
yield increased significantly, whereas no significant change was 
detected in the moderate-expression line #23 (Figure  5A). 
Furthermore, saccharification yields per fresh weight were 1.71-
fold and 1.40-fold higher than that of the wild-type in lines 
#21 and #23, respectively (Figure  5B). ERF041-VP16 improves 
the saccharification yield per fresh weight mainly by increasing 
the ratio of AIR, but in the line where the lignin content is 
sufficiently reduced, higher cell-wall digestibility may also 
contribute to the improvement.

ERF041-VP16 Induces Expression of  
PCW-Type CESAs and Suppresses F5H1 
Expression
Our results suggest that ERF041-VP16 activates thickening of 
the PCW in the wild-type background. Expression levels of 
PCW-type CESAs, i.e., CESA1/3/6, were reported to increase 
in stems of nst1 nst3-background NST3pro:ERFIIId/e-VP16, 
ERFIIId/e-expressed protoplasts, and estrogen-induced ERFIIId 
overexpression lines (Sakamoto et al., 2018; Saelim et al., 2019). 
Our quantitative PCR analyses showed that expression levels 
of CESA1 and CESA3 also increased significantly in the wild-
type-background ERF041-VP16 (Figure  6). In addition, the 
expression level of the CESA6 gene showed a significant increase 
in line #21 (Figure  6). Among the SCW-type CESA genes, 

FIGURE 4 | Histological analysis of lignin deposition. (A,B) Phloroglucinol-
stained sections of the inflorescence stems of wild-type (A) and a line (#23) of 
ERF041-VP16 (B). (C,D) Mäule-stained sections of the inflorescence stems of 
wild-type (C) and #23 of ERF041-VP16 (D). (E,F) Autofluorescence of lignin 
under UV illumination overlayed onto bright field image for wild-type (E) and 
#23 of ERF041-VP16 (F) hypocotyl sections. (G,H) Mäule-stained sections of 
the hypocotyls of wild-type (E) and #23 of ERF041-VP16 (F). Bars, 50 μm.
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i.e., CESA4/7/8, expression levels of CESA4 and CESA7 decreased 
significantly in the higher-expression line #21 but did not 
change in the moderate-expression line #23 (Figure  6).

According to our data, ERF041-VP16 suppresses the deposition 
of the S unit of lignin. The S unit and the G unit of lignin 
are derived from sinapyl alcohol and coniferyl alcohol, 
respectively. Ferulic acid 5-hydroxylase (F5H) and caffeic acid/5-
hydroxyferulic acid O-methyltransferase (COMT) mediate the 
reaction from coniferaldehyde, the precursor of coniferyl alcohol, 
to sinapaldehyde, the precursor of sinapyl alcohol. The F5H1 
gene and the COMT1 gene are essential for the deposition of 
the S unit of lignin (Meyer et  al., 1998; Franke et  al., 2000; 
Goujon et al., 2003; Weng et al., 2010; Vanholme et al., 2012b). 
In both lines of ERF041-VP16, a significant reduction in the 
expression level of F5H1 to less than half that of the wild-
type was observed (Figure  6). In the higher-expression line 
#21, the expression of COMT1 was also reduced by approximately 
50% when compared with that of the wild-type, whereas no 
significant change in the moderate-expression line #23 was 
observed (Figure  6). These results suggest that the reduced 
levels of the S unit of lignin in ERF041-VP16 were caused 
primarily by the downregulation of the F5H1 gene.

Next, we  investigated the expression levels of eight 
SCW-regulatory genes (NST1, NST2, NST3, MYB46, MYB58, 
MYB63, MYB83, and MYB103). SCW-regulatory genes showed 
inconsistent changes between two lines of ERF041-VP16.  

In the higher-expression line #21, MYB46 was upregulated but 
NST2 and MYB103 were downregulated significantly (Figure 6). 
In the moderate-expression line #23, NST1, NST2, MYB46, 

TABLE 1 | Lignin content and S/G ratio of the inflorescence stems.

Wild-type
  ERF041-VP16

#21 #23

Lignin (%AIR) 16.59 (0.05) 13.46 (0.33)*** 15.53 (0.14)**

Monomer composition (μmol/g AIR) S 81.95 (21.53) 13.81 (6.10)*** 34.93 (4.10)**

G 184.58 (17.08) 143.32 (19.21)* 174.38 (11.51)
Monomer composition (μmol/g lignin) S 494.03 (131.34) 102.29 (43.05)*** 224.51 (28.87)**

G 1112.46 (105.05) 1069.34 (173.42) 1122.59 (69.03)
S/G ratio 0.45 (0.14) 0.10 (0.03)*** 0.20 (0.02)**

Data represent mean ± SD performed by biological quadruplicates. *p < 0.05; **p < 0.01; ***p < 0.001 by Dunnett’s test.

A B

FIGURE 5 | Enzymatic glucose yield of ERF041-VP16. (A) Saccharification 
yields per AIR and (B) per FW. Data represent mean ± SD performed by 
biological quadruplicates. **p < 0.01 and ***p < 0.001 by Dunnett’s test.

FIGURE 6 | ERF041-VP16 affects primary cell wall (PCW)- and secondary 
cell wall (SCW)-related genes. Fold changes of PCW- or SCW-related genes. 
Data represent mean ± SD performed by biological triplicates (CESA6, 
MYB83, and MYB103) or quadruplicates (the other genes). *p < 0.05, 
**p < 0.01, and ***p < 0.001 by Student’s t test. Blue asterisks show 
significant differences that are also detected using values of p adjusted by 
Benjamini-Hochberg method (p < 0.05; Benjamini and Hochberg, 1995). 
Each expression level was normalized by the normalization factor, estimated 
from ACT2, PP2AA3, and UBQ1 data, and the mean of the wild-type.
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MYB58, and MYB63 were upregulated but MYB83 and MYB103 
were downregulated (Figure  6). Only MYB46 and MYB103 
showed common changes between the two lines.

In summary, the results showed that ERF041-VP16 commonly 
upregulates the expression of PCW-type CESAs and downregulates 
the expression of F5H1. The expression of SCW-regulatory genes 
may be  affected differently depending on the expression level 
of ERF041-VP16.

DISCUSSION

In a previous report, we  successfully replaced the SCWs of fibers 
with cell wall components similar to those found in the PCW 
by a combination of nst1 nst3 mutations and ERFIIId/e-VP16 
(Sakamoto et  al., 2018). In this study, we  clarified that fiber cell-
specific expression of ERFIIId/e-VP16, in particular ERF041-VP16, 
improves biomass yield in the wild-type background. Fiber-specific 
expression of ERFIIId/e-VP16 did not induce any growth defects, 
such as constitutive expression to yield a dwarf phenotype or 
root growth inhibition (Wilson et al., 1996; Sakamoto et al., 2018; 
Saelim et al., 2019). Histological analysis showed that ERFIIId/e-VP16 
promotes cell wall thickening and over-accumulation of cell wall 
components, including pectin in the area outside the SCW. 
Furthermore, the monosaccharide assay revealed over-accumulation 
of PCW components, which may be  the major cause of the 
increased biomass yield. We  confirmed that PCW-type CESAs 
were upregulated by fiber-specific ERF041-VP16 even in the wild-
type background and as observed in the nst1 nst3 background 
or as in the case of constitutive expression (Sakamoto et  al., 
2018; Saelim et  al., 2019). Importantly, saccharification yield 
by cellulase treatment per fresh weight was higher than the 
wild-type. Our strategy is easily applicable to industrial crops 
because ERF041-VP16 can be used in the wild-type background.

In addition to improved biomass yield, we  found that 
ERF035-VP16 and ERF041-VP16 altered lignin properties. 
ERF041-VP16 suppressed lignin deposition, especially in the 
fascicular region of the inflorescence stems. In two independent 
lines of ERF041-VP16, total lignin and the S unit of lignin were 
reduced significantly. In the higher-expression line #21, the amount 
of the G unit in lignin also decreased significantly and the 
saccharification yield increased, whereas in the moderate-expression 
line #23, the amount of G unit did not change and no significant 
increase in the saccharification yield was observed. The F5H1 
gene was downregulated in the two independent ERF041-VP16 
lines. COMT1 was also downregulated in the higher-expression 
line #21. Therefore, we  concluded that downregulation of F5H1 
is the major cause of the reduced amount of the S unit, and 
the downregulation of COMT1 also plays a role. Because ERF 
IIId/e transcription factors are transcriptional activators (Sakamoto 
et al., 2018; Saelim et al., 2019) and the transcriptional activation 
domain, VP16, further enhances transcriptional activation capability 
(Fujiwara et al., 2014a,b), the downregulation of F5H1 and COMT1 
must be  indirectly triggered. Moreover, in the higher-expression 
line #21, lignin deposition was drastically inhibited and an 
improvement in the saccharification yield was observed. Because 
a loss-of-function mutant of F5H1 (fah1) and COMT1 (Atomt1) 

did not caused a decrease in lignin content (Meyer et  al., 1998; 
Goujon et  al., 2003), there must be  other factors responsible for 
the observed decrease in the total lignin content. Since carbon 
supply is limited, increased production of PCW components 
may indirectly suppress lignin biosynthesis. The result of 
monosaccharide composition analysis (PCW-related sugars were 
increased but SCW-related sugars were unchanged) supports 
the hypothesis that there is such a balancing effect between 
PCW components and lignin. Although some points remain 
to be  clarified, a plant with appropriate lignin content and 
better saccharification yield should be obtained through proper 
selection from some ERF041-VP16 lines.

In our analyses, expression changes of SCW-related genes did 
not show consistent results between the two ERF041-VP16 lines. 
Interestingly, expression of SCW-type CESA genes decreased in 
the higher-expression line #21. In A. thaliana and rice, ERFIIId 
genes, including ERF035, are co-expressed with SCW-related genes 
(Saelim et  al., 2019). Overexpression of the ERFIIId genes by 
more than 50-fold when compared with that of wild-type caused 
a decrease in the expression of SCW-type CESAs (Saelim et  al., 
2019), which is consistent with our results for ERF041-VP16. 
Additionally, in the moderate-expression line #23, SCW-regulatory 
transcription factors were generally upregulated, except for MYB83 
and MYB103. The regulatory network of the SCW consists of 
a large number of components and complex interactions (Taylor-
Teeples et al., 2015). Our results suggest that the SCW regulatory 
network has multiple different stable states that are dependent 
on the expression level of ERF041-VP16. Taken together, these 
findings indicate that ERFIIId/e genes affect the SCW pathway 
through activation of some factor(s), but their effects vary and 
are dependent on their expression levels. To clarify how the 
downstream pathway is affected by the expression levels of 
ERFIIId/e and which factors mediate control, comprehensive 
genetic, and/or biochemical analysis are/is required.

According to Loqué et  al. (2015), there are the following 
plant biotechnological approaches to address the recalcitrance of 
lignocellulosic biomass: (1) reduce or alter the lignin polymer 
network; (2) reduce processing inhibitors derived from the plant 
biomass; and (3) increase the abundance of fermentable sugars 
(e.g., cellulose and hemicellulose). As genetic modifications that 
simultaneously satisfy the first and the third approaches, coordinated 
changes to lignin and cellulose/hemicellulose have been reported 
(Hu et al., 1999; Li et al., 2003; Ambavaram et al., 2010; Vermerris 
et  al., 2010). Downregulation of 4-coumarate:coenzyme A ligase 
in transgenic aspen (Populus tremuloides) trees increased and 
decreased the abundance of cellulose and lignin, respectively (Hu 
et  al., 1999; Li et  al., 2003). Additional expression of CALd5H 
in these transgenic trees increased the S/G ratio and caused 
further changes to lignin and cellulose levels (Li et  al., 2003). 
Maize brown midrib mutants displayed reduced content of lignin 
and increased content of hemicellulose (Vermerris et  al., 2010). 
Overexpression of the A. thaliana SHINE transcription factor 
(AtSHN) gene in rice caused a 34% increase in cellulose, 45% 
reduction in lignin content and improved digestibility (Ambavaram 
et  al., 2010). This gene has been suggested to be  involved in 
biosynthesis of both lignin and cellulose via control of NST1/2/3, 
VND6, and MYB transcription factor genes in rice (Ambavaram 
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et  al., 2010). Its overexpression in A. thaliana altered expression 
of biosynthetic pathway genes of lignin and cellulose/hemicellulose 
but caused no visible change in cross sections (Ambavaram et al., 
2010). Because ERF041-VP16 affects both the PCW component 
and lignin cooperatively, ERF041-VP16 represents a potentially 
effective method for improving saccharification yields following 
investigation of its applicability to trees and crops. However, 
how the balance among PCW, SCW, and other types of cell 
walls (e.g., the G layer formed in tension wood) is genetically 
controlled and what is the ideal proportion of them remains 
unresolved. Given the versatile function of ERFIIId/e in PCW 
thickening, revealing how ERFIIId/e affects the lignin pathway 
should provide insights into the regulatory mechanism for balancing 
different types of cell walls in plant.
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Converting agriculture and forestry lignocellulosic residues into high value-added liquid 
fuels (ethanol, butanol, etc.), chemicals (levulinic acid, furfural, etc.), and materials (aerogel, 
bioresin, etc.) via a bio-refinery process is an important way to utilize biomass energy 
resources. However, because of the dense and complex supermolecular structure of 
lignocelluloses, it is difficult for enzymes and chemical reagents to efficiently depolymerize 
lignocelluloses. Strikingly, the compact structure of lignocelluloses could be effectively 
decomposed with a proper pretreatment technology, followed by efficient separation of 
cellulose, hemicellulose and lignin, which improves the conversion and utilization efficiency 
of lignocelluloses. Based on a review of traditional pretreatment methods, this study 
focuses on the discussion of pretreatment process with recyclable and non-toxic/low-toxic 
green solvents, such as polar aprotic solvents, ionic liquids, and deep eutectic solvents, 
and provides an outlook of the industrial application prospects of solvent pretreatment.

Keywords: lignocellulose, cellulose, hemicellulose, lignin, green solvent, pretreatment

INTRODUCTION

Environmental problems due to the lack and excessive exploitation of globalized fossil energy 
resources have drawn more and more attention to green and renewable energy resources that 
can replace fossil energy (Zhang et  al., 2017, 2020a). Lignocellulosic biomass is believed as one 
of the most promising renewable carbon resources that could be  converted into liquid fuels and 
chemicals. Agricultural and forestry wastes, such as corn cob, bagasse, hay, straw, rice husk, wood 
chips, and other biomass, are abundant, low-cost, and easy to access. By the bio-refining process, 
they can be  massively produced into bio-ethanol, butanol, and other liquid fuels, or be  used to 
prepare high value-added chemicals and degradable materials, etc. (Cherubini, 2010; Rinaldi et al., 
2016; Rastogi and Shrivastava, 2017). It is effective to promote the process of energy security, 
energy conservation, emission reduction, and environmental protection for economic and social 
benefits by carrying out bio-refinery research on lignocellulosic agricultural and forestry residues.

Lignocellulosic biomass is mainly composed of three major components, namely, 40–55% 
cellulose, 25–35% hemicellulose, and 15–30% lignin (Mooney et  al., 1999; Jorgensen et  al., 
2007; Kim et  al., 2016). Cellulose is the skeleton part of the biomass structure, encapsulated 
by lignin and hemicellulose (Hokkanen et  al., 2016). In other words, lignin is the protective 
layer of hemicellulose and cellulose. They are connected to each other by hydrogen bonds and 
anisole bonds (Arantes and Saddler, 2011; Du et  al., 2013), forming a lignin–carbohydrate 
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complex structure by intermolecular forces, such as van der 
Waals force, which prevents enzymes and chemical agents from 
directly contacting cellulose (Zhao et  al., 2017). In addition, 
owing to the complex structure of lignocellulosic biomass, the 
efficiency of biorefining is reduced by the inhibitory effect of 
depolymerization products of hemicellulose and lignin on 
lignocellulose hydrolysis (Yat et  al., 2008; Yu et  al., 2014; Yoo 
et  al., 2017). Moreover, studies have shown that the presence 
of lignin has a greater effect on the anti-biodegradation 
characteristics of lignocellulose cell walls (Han et  al., 2020). 
According to reports, lignin can produce unproductive binding 
with cellulase, causing the enzyme to adsorb cellulose ineffectively 
through hydrophobic interaction, electrostatic interaction, and 
hydrogen bonding interaction, which inhibits the 
biotransformation of lignocellulosic biomass (Kapoor et al., 2015; 
Saini et  al., 2016; Li and Zheng, 2017; dos Santos et  al., 2019). 
Therefore, an effective pretreatment process can selectively and 
efficiently remove hemicellulose and lignin, destroy the structure 
of lignocellulose, reduce the degree of cellulose polymerization, 
and increase the effective contact of cellulose and chemical 
reagents on cellulose, which makes the bio-refinery process 
more efficient and environmentally benign (Yang et  al., 2016; 
Syaftika and Matsumura, 2018; Zhang et  al., 2020c).

This review mainly introduces the latest research achievements 
of researchers in recent years on biomass delignification, including 
three major aspects of solvent pretreatment that commonly 
used common solvent (alcohol, ketone, etc.) pretreatment 
method, novel solvent (ionic liquid and eutectic solvent) 
pretreatment method, and recyclable non-toxic/low-toxic green 
solvent pretreatment methods. As compared, the traditional 
pretreatment with biological, physical, chemical and combined 
methods were also introduced here for better understanding 
of the efficient process. Notably, we  significantly discuss the 
pretreatment methods of lignocellulosic biomass with recyclable 
non-toxic/low-toxic green solvents that are not carcinogenic 
or mutagenic to humans and laboratory animals, and degrade 
easily without affecting the environment (Anastas and Eghbali, 
2010; Popek, 2018; Zimmerman et  al., 2020), expecting to 
provide strategy and reference for industrial application prospects.

TRADITIONAL PRETREATMENT 
METHODS

The pretreatment process has been proved to be  an extremely 
important part of the bio-refinery process (Zhai et  al., 2019). 
Various pretreatment methods have been traditionally developed, 
mainly including biological, physical, chemical, and combination 
methods with the advantages and disadvantages shown in Table 1.

Biological Method
The biological method mainly refers to the pretreatment of 
lignocellulose using microbial technology to destroy its structure, 
followed by removing lignin, which significantly improves the 
utilization rate of cellulose (Chen et  al., 2017). Microorganisms, 
such as white rot fungi, brown rot fungi, soft rot fungi, or 
their combinations, are applied into the pretreatment process 

(Dias et  al., 2010; Tian et  al., 2018). Singh et  al. pretreated 
wheat straw with Phanerochaete chrysosporium, which achieved 
30% of total lignin removal rate within 3  weeks, while the total 
sugar content was reduced by about 27% compared with untreated 
wheatgrass (Singh et  al., 2011b). Saha et  al. (2016) pretreated 
corn stover with white rot fungus strain Pycnoporus sanguineus 
NRRL-FP-103506-Sp at 28°C and 74% humidity for 30  days 
and found that the lignin loss rate reached 51  ±  1.2%, and the 
hemicellulose and cellulose loss rates were 50.7  ±  2.1% and 
25.4  ±  0.3%, respectively. Despite the mild and green reaction 
conditions of the biological method, it is still difficult to achieve 
large-scale industrial applications because of extreme long treatment 
time, low efficiency, few types of microorganisms that degrade 
lignin, and strict degradation conditions (Chen et  al., 2017).

Physical and Combination Methods
Physical method mainly includes mechanical comminution (Sun 
and Cheng, 2002), radiation pretreatment (Yang and Wang, 2018), 
microwave pretreatment (Liu et  al., 2021), freeze pretreatment 
(Chang et  al., 2011), etc., which significantly improves the 
enzymatic hydrolysis efficiency and tunes the reaction time. 
However, the physical method still has some disadvantages, such 
as high energy consumption and low lignin removal rate (Aguilar-
Reynosa et  al., 2017). It has been reported that the sugar yield 
of glucose and xylose/mannose was 59.67 and 23.82%, respectively, 
after 30 min of planetary ball milling of Douglas-fir forest residuals 
(Gu et al., 2018). Monschein adopted the steam explosion method 
for pretreatment of wheat straw (Monschein and Nidetzky, 2016). 

TABLE 1 | The advantages and disadvantages of traditional pretreatment 
methods.

Pretreatment 
methods

Advantages Disadvantages References

Biological method Mild treatment 
conditions, high 
efficiency of 
enzymatic 
hydrolysis

Long processing 
time

Chen et al., 2017b

Physical method Increase the 
reaction area

Lignin cannot 
be removed

Aguilar-Reynosa 
et al., 2017

Combination 
method

Improve response 
efficiency, reduce 
energy 
consumption

Complicated 
operation, 
immature 
technology

Teymouri et al., 
2005

Acid pretreatment Degradation of 
large quantities of 
hemicellulose

Corrosion of the 
equipment, 
pollution of the 
environment

Rezania et al., 2020

Alkaline 
pretreatment

Degradation of 
large amounts of 
lignin

Long 
pretreatment 
time

Cheah et al., 2020

Common organic 
solvents

Removing large 
amounts of lignin 
and hemicellulose

High toxicity, 
pollution of the 
environment

Zhang et al., 2016c

ILs High thermal 
stability, low vapor 
pressure

High cost, high 
toxicity

Khan et al., 2021

DES High thermal 
stability, low cost, 
low toxicity

High viscosity, 
not easy to 
recycle

Satlewal et al., 
2018
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Inevitably, only 36% of the removal rate of lignin was achieved, 
accompanying with 24.1 and 38.7% of hemicelluloses and cellulose 
loss rates, respectively. In order to receive effective pretreatment, 
most of the existing physical pretreatment methods are conducted 
in combination with chemical or biological methods (Bals et  al., 
2010). Compared with wet ball milling, the enzymatic hydrolysis 
efficiency of the pretreatment of corn stover by the alkaline 
milling method was increased by 110% (Kumar and Sharma, 
2017). The combination method has the characteristics of greatly 
destroying the structure of lignocellulose, effectively removing 
lignin, improving the efficiency of enzymolysis, and reducing 
the loss of equipment, but there are still some shortcomings 
that limit its industrial application, such as insufficient technology, 
high energy consumption, difficulty to operate, and pollution 
(Teymouri et  al., 2005).

Chemical Method
The chemical method is usually defined as the process of 
destroying lignocellulosic dense cell wall structures with chemical 
reagents, such as acid, alkali, and organic solvent to remove 
hemicellulose or lignin.

Acid Pretreatment
Acid treatment is usually conducted with dilute acid 
(concentration within 5%), concentrated acid (concentration 
above 30%), and organic acid, which could destroy the compact 
structure of lignocelluloses and improve the efficiency of 
enzymatic hydrolysis (Pedersen et  al., 2011; Wettstein et  al., 
2012). When performing dilute and concentrated acid treatment, 
the treatment process may suffer higher reaction temperature 
(generally between 100 and 240°C; Teramoto et  al., 2008; Zhu 
et  al., 2015), high reaction pressure, or longer reaction time 
(2–10  h) under normal pressure (Chen et  al., 2017). Notably, 
organic acids, such as oxalic acid and citric acid, were also 
commonly used in the pretreatment process (Qin et  al., 2012). 
The mechanisms of acid hydrolysis on (i) breaking the lignin–
carbohydrate complex bonds; (ii) cellulose fibrils and 
hemicellulose are dissolved by breaking the ordered hyd
rogen bonds between sugar chains; (iii) weakly hydrolyze 
cellulose and hemicellulose to low degree of polymerization 
fragments; and (iv) the acetyl group is removed from 
hemicellulose to form acetic acid (Zhang et al., 2007). Figure 1 
illustrates the main reaction mechanism in acid catalyzed organic 

A

B

FIGURE 1 | The main reaction mechanism in acid catalyzed organic solvent pretreatment. (A) β-O-4 linkages cleavage to form ω-guaiacylacetone (yellow) and then 
Hibbert’s ketones (purple). (B) The cleavage of β-O-4 linkages and the elimination of formaldehyde.
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solvent pretreatment (Zhou et al., 2018). Teramoto et al. (2008) 
pretreated eucalyptus wood flour with 1% acetic acid and 
treated it at 200°C for 1  h. Only 12% of lignin was removed, 
accompanied with 67% degradation rate of hemicelluloses. 
Besides, the sugar conversion rate of cellulose could reach 
96.6%. However, inevitable equipment corrosion and 
environmental pollution still restrict the industrial application 
of acid pretreated process.

It should be  noted that high temperature liquid water is 
believed as a green acid solvent in the pretreatment process, 
during which the reaction temperature is generally conducted 
between 150 and 350°C with saturated vapor pressure (Lu 
et  al., 2016). Generally, pretreatment with compressed liquid 
water as the reaction medium could effectively remove 
hemicellulose, change the structure of lignin by condensation 
reaction, and thus, change the non-productive binding of lignin 
to cellulase (Ko et  al., 2015). It is has been reported that 
when the Eucalyptus grandis wood powder is pretreated at 
200°C for 20  min with 5  wt% substrate concentration, more 
than 38.2% removal rate of lignin was achieved with up to 
91.5% retention rate of cellulose (Yu et  al., 2010). Despite its 
environmentally benign superiority, the compressed liquid water 
pretreatment process still suffers from high water and energy 
consumption and low lignin removal rate.

Alkaline Pretreatment
The alkaline pretreatment method is one of the most effective 
delignification methods, owing to its effectiveness on breaking 
the anisole bond between lignin and xylan, and ability to 
degrade glycosides (Li et  al., 2010), destroy the structure of 
lignin, and reduce the degree of polymerization and crystallinity 
of cellulose (Zhang et  al., 2020b). Alkaline reagents, such as 
NaOH, Na2CO3, Ca(OH)2, KOH, and ammonia, were reported 
in the alkaline pretreatment process (Sun et al., 2014; de Carvalho 
et al., 2016; Mirmohamadsadeghi et al., 2016; Yuan et al., 2018; 
Júnior et  al., 2020). The mechanism of alkaline hydrolysis is 
that the uronic ester bond that functions as cross-link is broken 
by saponification, and the crosslinks between the xylan chain 
and other polymerization units are broken. Finally, lignin is 
removed and cellulose and hemicellulose are retained (Tarkow 
and Feist, 1969). Figure 2 illustrates the main reaction mechanism 
under alkaline conditions (Rinaldi et  al., 2016). de Carvalho 
et  al. (2016) pretreated bagasse at 175°C for 1.5  h with a 15% 
NaOH solution, and more than 90% lignin removal rate 

was obtained. Meanwhile, the hemicellulose and cellulose removal 
rates were achieved at 45.3 and 11.1%, respectively. Furthermore, 
the yield of glucose could reach up to 51.1% by the saccharification 
of pretreatment liquid for 24  h. In addition, interesting studies 
have shown that under room temperature and normal pressure 
conditions, soaking corn stover in aqueous ammonia for 
10–60  days could remove 55–74% of lignin without stirring, 
retaining 85% of the xylan and with the glucan remaining 
almost unchanged (Kim and Lee, 2005).

Compared with the acid pretreatment method, alkaline 
pretreatment requires milder conditions, is a relatively easier 
process, and has better treatment effect, which can remove most 
of the lignin and part of the hemicellulose, swell the cellulose, 
and improve enzymolysis rate (Sindhu et  al., 2014). However, 
it has disadvantages such as longer treatment time and having 
a more complicated post process (Bali et  al., 2015). Moreover, 
the low purity of lignin separated by alkali pretreatment significantly 
limits its application in actual production (Zhao et  al., 2017).

Organic Solvent Pretreatment Methods
Traditional organic solvent pretreatment methods usually adopt 
alcohols, ketones, phenols, ionic liquids, eutectic solvents, and 
PASs as solvent.

Alcohol and Phenol Pretreatment Methods
Due to its outstanding effect on the breaking of hydrogen bond, 
ether bond and glycoside, organic solvent pretreatment can 
remove large amounts of lignin and almost all hemicellulose, 
thereby improving the efficiency of enzymatic hydrolysis. Moreover, 
the pretreatment effect can be  further improved by adding a 
catalyst (Muurinen, 2000; Koo et  al., 2011; Meng et  al., 2020a). 
Generally, organic solvents adopted during pretreatment are 
ethanol, acetone, phenols, etc. (Zhao et  al., 2009; Espinoza-
Acosta et al., 2014; Vallejos et al., 2015). In recent years, ethanol 
has been favored by a wide range of researchers because of its 
low cost, low toxicity, easy recyclability, and bio-yield (Espinoza-
Acosta et  al., 2014; Zhou et  al., 2018). Liriodendron tulipifera 
was pretreated in a 50% ethanol solvent system with dilute 
sulfuric acid as catalyst at 150°C for 30  min and 80.2% of 
lignin was removed (Jang et  al., 2016). Notably, enzymolysis 
efficiency exceeded 80% after the pretreatment liquid was 
fermented. Wang et  al. pretreated poplar powders with a acid-
catalyzed biphasic water/phenol system under optimized conditions 
(98% sulfuric acid accounts for 3.5% by weight of wood, 1:8 

FIGURE 2 | The cleavage of β aryl ether bonds under alkaline conditions.
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of solid/liquid ratio w/v, 2:3 of phenol/water v/v, 120°C, and 
1  h; Wang et  al., 2020a). The removal rate of original lignin 
was about 90%, the retention rate of original cellulose was 
more than 96%, and the retention rate of xylose was 77%.

Despite the efficiency of organic solvent pretreatment, the 
process still suffers from volatility, flammability, environmental 
pollution, and energy consumption of organic solvents.

Ionic Liquid Pretreatment Method
Defined as a new type of solvent, ILs are generally composed 
of organic cations (imidazolium, piperidinium, ammonium, 
etc.) and organic or inorganic anions (Zhang et al., 2012; Khan 
et  al., 2021), and present as liquid phase at room temperature. 
Due to its efficiency on selective dissolution of lignin and 
cellulose (Muhammad et  al., 2015; Khan et  al., 2016; Xu and 
Wang, 2020), renewability, and biodegradability, ILs are widely 
applied to separate the major components of lignocellulosic 
biomass (Kilpeläinen et  al., 2007; Hou et  al., 2012, 2013; Xu 
et  al., 2018). Compared with ordinary solvents, ILs have the 
characteristics of being less volatile, and having lower vapor 
pressure, higher electrochemical stability, and higher thermal 
stability (Khan et  al., 2021). It is worth noting that researchers 
can design functionalized ionic liquids by the demand of the 
reaction system to improve its selectivity and efficiency. Achinivu 
et  al. reported that [Pyrr]OAc prepared with pyridine, pyrrole, 
N-methylimidazole, and acetic acid could extract more than 
70% of lignin by treating corn stover at 90°C for 24  h, and 
that the recycle rates of glycan, xylan, and arabinan could 
reach 82.17, 65.53, and 68.95%, respectively (Achinivu et  al., 
2014). Despite the outstanding advantages mentioned above, 
ILs still suffer from disadvantages, such as high cost, difficult 
retrieval process, and incompatibility with enzymes and 
microorganisms (Saher et  al., 2018; Keller et  al., 2020; Wu 
et  al., 2020), which significantly affect its large-scale industrial 
application on lignocellulosic biomass pretreatment.

Deep Eutectic Solvent Pretreatment Method
In order to solve the above-mentioned problems for the 
pretreatment process, deep eutectic solvents (DESs) were 
developed as a novel environmentally benign solvent with 
excellent characteristics of both organic solvents and ionic 
liquids (Smith et  al., 2014). DESs are first proposed by Abbott 
as a versatile alternative to ionic liquids (Abbott et  al., 2004), 
and are usually composed of a certain proportion of hydrogen 
bond acceptors (HBAs), such as quaternary ammonium salts 
and betaine, and hydrogen bond donors (HBDs), such as urea, 
multicomponent alcohol, and carboxylic acid (Abbott et  al., 
2001, 2004, 2007), which present properties, namely, low toxicity 
and cost, non-volatility, high thermal stability with excellent 
solubility, and environmental friendliness (Loow et  al., 2017; 
Satlewal et al., 2018; Khan et al., 2021). The chemical properties 
of DESs are adjustable, so a targeted DES can be easily synthesized 
by selecting the appropriate HBD and HBA (Khan et al., 2021). 
Based on the above-mentioned characteristics, DESs can efficiently 
remove lignin (Francisco et  al., 2012; Zhang et  al., 2016a), 
dissolve most of hemicellulose (Xu et al., 2016; Yu et al., 2018), 
and, to a large extent, retain cellulose (Vigier et  al., 2015; 

Ren et  al., 2016), which is beneficial to the selective separation 
of the three major components of lignocellulosic biomass. Chen 
et  al. adopted a DES solvent that is composed of 1:2 molar 
ratio of choline chloride and lactic acid (ChCl:LA) for the 
pretreatment of switch grass, corn stover, and Miscanthus under 
800 W microwave radiation for 45 s, and found that the optimal 
removal rate of lignin, xylan, and dextran could be  obtained 
at 80, 90, and 25%, respectively (Chen and Wan, 2018). Moreover, 
the purity of the recycled lignin could be 84–88% after enzymatic 
hydrolysis of the pretreated substrate. Wang et al. treated hybrid 
Pennisetum with ferric chloride and a DES prepared with 
choline chloride and glycerol at a reaction temperature of 120°C 
for 6  h, and the final lignin and hemicellulose removal rates 
could reach 78.88 and 93.63  wt%, respectively (Wang et  al., 
2020b). Notably, the retention rate of cellulose was 95.2% with 
purity of 80.94%, and the saccharification rate of cellulose was 
up to 99.5%. In addition, the reaction system has good recyclability 
that it can be  reused for four times but the pretreatment 
performance after recycling is still considerable.

Despite having a lot of potential for the separation of 
lignocellulosic components, the high viscosity of DESs is an 
obvious disadvantage (Kumar and Sharma, 2017), and 
hemicellulose is underutilized (Penín et  al., 2020).

Polar Aprotic Solvent Pretreatment
PASs include ketones, N,N-disubstituted amides, nitro hydrocarbons, 
nitriles, sulfoxides, sulfones, etc., and are generally accompanied 
with strong polarity, large dielectric constant, and weak alkaline 
and hydrogen bonding ability (Arnett and Douty, 1964; Reichardt, 
1984). Normally, PASs have high boiling point, stable 
thermochemical properties, and strong dissolving power, and are 
miscible with water and most organic solvents. Therefore, they 
could dissolve lignin well and be easy to separate. The commonly 
used properties are shown in Table 2 (Kappe, 2004; Bak et al., 2018).

According to reports (Araque et  al., 2008), a 50:50 (v/v) 
acetone: water solvent system was adopted for the pretreatment 
of Pinus radiata chips with sulfuric acid as catalyst at a 
temperature of 195°C and pH of 2 for 40  min. It was found 
that the removal rate of lignin and hemicellulose was 45.7 
and close to 100%, respectively, accompanied with a dextran 
recycle rate of 46.3% and an enzymolysis rate of 71.8%. As 
another commonly used solvent, tetrahydrofuran (THF) could 
be  prepared with 1,4-butanediol and furfural and proposed 
for pretreatment process (Hunter et  al., 2006). Notably, after 
an 80/20 (w/w) THF/water mixed solution treated hardwood 
with 0.75  wt% H2SO4 as catalyst at 120°C for 1  h, the removal 
rates of lignin and xylan were around 50 and 70%, respectively, 
and the retention rate of cellulose was about 95% (Shuai et  al., 
2016). However, due to flammability and volatility, acetone 
and THF are rarely used for industrial pretreatment process.

Compared with acetone and THF, dimethyl sulfoxide (DMSO), 
N,N-dimethylformamide (DMF), and N,N-dimethylacetamide 
(DMAC) have higher boiling point, better solubility, stronger 
hygroscopicity, and higher skin permeability (Nishino et  al., 
2004; Wang et  al., 2009; Tilstam, 2012). Li et  al. pretreated 
wheat straw with an alkaline hydrogen peroxide solution containing 
3% hydrogen peroxide twice (solid to liquid ratio of 1:25, g/ml, 

54

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Yin et al. Green Solvents for Lignocellulose Pretreatment

Frontiers in Plant Science | www.frontiersin.org 6 June 2021 | Volume 12 | Article 670061

70°C, 3  h). They then treated the residue (5  g) with lithium 
chloride/DMAC (LiCl/DMAC; 8%, w/w, 200  ml), stirred it at 
110°C for 2.5  h, and then stirred it at room temperature for 
12  h (Li et  al., 2019). The removal rate of klason lignin was 
95.02%, and the recovery rate of cellulose and xylan was 92.59 
and 31.39%, respectively. Wei et  al. pretreated corn stalk with 
0.05  mol/L FeCl3-catalyzed DMSO at 120°C for 45  min (solid 
to liquid ratio of 1/10, kg/L; Wei et  al., 2019). The results 
showed that the removal rate of lignin and xylan was 29.8 and 
93.1%, respectively, and that the recovery rate of glucan was 
91.9%. Chong et  al. pretreated winter bamboo shoot shells by 
continuous extraction with 25  wt% ammonia water at 50°C 
for 24 h, followed by pretreatment with LiCl/DMF (6 wt% LiCl) 
at 50°C for 8  h (Chong et  al., 2017). Notably, the removal rate 
of lignin and xylan could reach 68.8 and 42.4%, respectively, 
and the preservation rate of cellulose was 74.2%. However, due 
to flammability, toxicity, and violent reactivity with concentrated 
sulfuric acid, DMAC, DMSO, and DMF cannot be  conducive 
to industrial application by itself. Moreover, in recent years, 
LiCl/DMAc, LiCl/DMSO, and LiCl/DMF have been mostly 
applied to dissolve cellulose (Wang et  al., 2009, 2012; 
Hasani et  al., 2013; Chong et  al., 2017; Liu et  al., 2019).

1,4-Dioxane has low boiling point (101°C) and strong 
dissolving power, and it can dissolve lignin well (Quesada-
Medina et  al., 2010; An et  al., 2017). Zhang et  al. used a new 
binary solvent system (methanol/dioxane) and p-toluenesulfonic 
acid (p-TsOH) as a catalyst to perform microwave-assisted 
pretreatment of poplar wood powder (Zhang et  al., 2020c). 
The results showed that methanol/dioxane (75/25, V/V) exhibited 
the best performance with the solvent system for pretreatment, 
which could remove 88.3% lignin and 70.4% hemicellulose 
while retaining 83.1% cellulose. Enzymatic hydrolysis of poplar 
cellulose residue after pretreatment showed that the glucan 
conversion rate was close to the theoretical value (over 99%). 
In addition, the recycled lignin contained a small amount of 
condensed structure and narrow molecular weight distribution. 
However, the poor chemical stability performance of dioxane 
limits its application in industrial production.

On the other hand, some of the novel PASs, such as 
hexamethylphosphoramide (HMPA), isosorbide dimethyl ether 
(DMI), and methyl isobutyl ketone (MIBK), have also attracted 
the attention of researchers. HMPA and DMI have extremely 
high boiling point, excellent solubility and stability, large dipole 
moment, strong alkalinity, and low toxicity (Ding and Fang, 
1993). However, due to toxicity, there are fewer applications 
of HMPA in the pretreatment of wood fiber biomass. Hou 
et  al. employed a 3/1 ionic liquid BMIMOAC (1-butyl-3-
methylimidazole acetate)/DMI solvent system to separate 
polysaccharides from wheat bran at 50°C for 3  h (Hou et  al., 
2015). The dissolution rate of wheat bran was 43.5%, accompanied 
with 71.8% extraction rate of polysaccharides. MIBK has a 
boiling point of 116.9°C, and is miscible with most organic 
solvents and slightly soluble in water. Katahira et  al. used an 
MIBK/acetone/water system at 140°C and 0.1  M sulfuric acid 
as a catalyst to pretreat corn stover (Katahira et  al., 2014). 
The results showed that the removal rate of lignin and 
hemicellulose was 18 and 44.7  wt%, respectively, and that the 
retention rate of cellulose was 64.4  wt%. However, MIBK is 
flammable, highly toxic, and irritating, which limits its application 
in industrialization. In addition, same with that of HMPA and 
DMI, the price of MIBK is relatively high and not conducive 
to industrial application.

GREEN SOLVENT PRETREATMENT 
METHOD WITH INDUSTRIAL 
APPLICATION PROSPECTS

According to the concept of green chemistry from the overview 
of “Designing for a Green Chemistry Future in Science” by 
Julie B. Zimmerman and Paul T. Anastas et al., a green solvent 
should have the following characteristics: renewability, 
non-toxicity/low toxicity or low volatility, high thermal and 
chemical stability, degradability, recyclability, easy to separate 
and recycle, high efficiency, economical, not flammable and 
explosive, large scale use, low vapor pressure, and easy to 

TABLE 2 | Properties of usual polar aprotic solvents.

Properties Sulfolane DMSO NMP DMF DMAc THF Dioxane Acetone

Relative molecular mass 120.17 78.13 99.13 73.09 87.12 72.11 88.11 58.08
Density (g/cm3) 1.26 1.10 1.03 0.94 0.94 0.89 1.03 0.78
Boiling point (°C) 287.3 189.1 201.9 153.1 166.2 66 101.3 56.5
Freezing point (°C) 28.4 18.6 −24.4 −60.4 −20.1 −108 - −94
Dielectric constant (ɛv) 43.4a 46.7b 32.2b 36.7b 37.8b 7.58 2.51b 20.7
Dielectric loss (tanδ) - 0.825 0.275 0.161 - - - -
Dipole moment (debye) 4.69 3.96 4.09 3.8 3.72 1.75 0.45 2.85
Hildebrand parameters 27.2 26.6 23.6 24.1 23.3 - - -
Solvent polarity 
parameters

0.410 0.444 0.355 0.386 0.377 - - -

Viscosity (cP) 10.35a 2.0b 1.67b 0.9c 2.14c 0.55c 1.31c 0.32b

Flash point (°C) 177 89 86 58 63 −20 12 −20
Self-ignition point (°C) 528 302 270 445 445 321 180 465
Vapor pressure (kPa) 0.0091a 0.060b 0.050b 0.37b 0.13b 19.3c 5.33b 24.7c

a30°C.
b25°C.
c20°C.

55

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Yin et al. Green Solvents for Lignocellulose Pretreatment

Frontiers in Plant Science | www.frontiersin.org 7 June 2021 | Volume 12 | Article 670061

store and transport (Anastas and Eghbali, 2010; Zimmerman 
et  al., 2020). However, the above-mentioned solvents that are 
commonly used in the pretreatment process cannot be  on par 
with these characteristics, and thus are limited in terms of 
industrial applications (Martín et  al., 2007; Wang et  al., 2016). 
Based on the above discussion, this review will introduce three 
pretreatment methods based on recyclable, non-toxic/low-toxic 
green solvents to achieve efficient selective separation and full 
component utilization of cellulose, hemicelluloses, and lignin, 
and provide an outlook of their industrial application prospects.

Sulfolane Solvent
Sulfolane is a cheap polar aprotic solvent with high boiling 
and flashing points, extremely low vapor pressure (1.93  kPa at 
150°C), high thermochemical stability, and low level of volatility 
and toxicity, and it is originally used in the extraction of aromatic 
hydrocarbons in the petroleum industry (Singh et  al., 2011a; 
Tilstam, 2012; Huang et al., 2014; Wang et al., 2016). Therefore, 
sulfolane could be  defined as a green solvent according to the 
12 principles. The basic structure diagram of sulfolane is shown 
in Figure  3. Because of the existence of sulfoxide double bond, 
it can be  miscible with water and most organic solvents, etc. 
Notably, its special structure gives sulfolane the selective ability 
to extract aromatic hydrocarbons (Clark, 2000), and its outstanding 
compatibility with lignin instead of carbohydrates. Thus, sulfolane 
has a better industrial application prospect in delignification 
of lignocellulosic biomass (Tilstam, 2012).

Sulfolane is usually applied in the pretreatment of 
lignocellulosic biomass with the presence of water and catalysts. 
Previous studies by this research group have initially put 
forward that sulfolane is an effective and promising solvent 
for pretreatment of lignocellulosic biomass (Wang et al., 2016). 
When shrub willow was pretreated using a sulfolane solvent 
system with a ratio of substrate to solvent of 1:5 at 170°C 

for 1.5  h, the production rate of glucose and xylose could 
reach 78.2 and 56.6%, respectively. Notably, 84.7% of lignin 
removal rate could be  obtained, accompanied with 13.9% of 
hemicellulose loss rate. Meanwhile, we  investigated the effect 
of water and acid on the system and found that the anhydrous 
and acid-free conditions are conducive to the retention of 
cellulose. Finally, 80% of lignin removal rate could still 
be  obtained after reusing sulfolane five times. Zhong et  al. 
pretreated willow by alkaline catalysis with a sulfolane/water 
solvent system and prepared antioxidant lignin with high 
purity. The results showed that the lignin removal rate was 
54% at 170°C with the sulfolane/water solvent system (mass 
ratio of 50/50; Zhong et  al., 2020). Interestingly, when 4  wt% 
of NaOH was added as alkali catalyst, the lignin removal 
rate could gradually increase up to 94%, and the losses in 
glucose and xylose were controlled around 1.62 and 4.08%, 
respectively. The low molecular weight lignins collected by 
this pretreatment system had a phenolic hydroxyl group 
content (0.86–2.02  mmol/g), which was higher than that 
reported in the literature (0.2–0.45  mmol/g), which may 
be  due to the breaking of aryl ether bonds or the phenolic 
hydroxyl group being more stable under relatively mild 
conditions. Furthermore, lignin components with high phenolic 
hydroxyl content had good free radical scavenging ability, 
indicating that they all had high antioxidant performance, 
which further increased the functionality of lignin. The research 
results showed that lignin extracted by sulfolane pretreatment 
has great potential to replace the expensive and relatively 
low efficiency antioxidants on the current market. Barahona 
et al. adopted sulfolane as an organic solvent for the pretreatment 
of bagasse to efficiently convert lignocellulosic biomass into 
hydrolyzed cellulose and high-purity lignin, and allow the 
recovery of valuable byproducts and improve the economic 
feasibility of the whole cellulosic ethanol process (Portero-
Barahona et  al., 2019). This research has shown that a total 
reductive sugar yield of 62.9% could be  obtained with a 1:1 
(v/v) water: sulfolane and 5% NaOH solution for 5  min at 
140°C. The saccharification condition was to use 10 FPU 
cellulase/g for enzymatic hydrolysis of dry substrate at 50°C 
for 72  h, and the final glucose yield was 80.5%. Compared 
with the pretreatment of bagasse with water as medium, which 
also showed lower energy consumption, shorter reaction time, 
and higher glucose yield, the total reducing sugar and saccharinic 
acid production rate of sulfolane-TiO2 increased by 5 and 
33%, respectively.

These studies indicated that sulfolane could selectively remove 
large amounts of lignin during the pretreatment process of 
lignocellulosic biomass. Furthermore, cellulose and hemicellulose 
can be preserved in large quantities by selecting the appropriate 
catalyst and dosage of water, which would also benefit the 
subsequent enzymatic hydrolysis saccharification process. Based 
on the physical and chemical properties and reported 
experimental studies, it is believed that sulfolane can be defined 
as a green solvent with low toxicity, high thermo-chemical 
stability, easy separation and recycling characteristics, high 
efficiency, low cost, and low steam pressure, etc. Therefore, 
sulfolane has broad application prospects in biomass pretreatment.FIGURE 3 | Schematic diagram of sulfolane.
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γ-Valerolactone Solvent
GVL is a well-known renewable organic compound 
(Yang et al., 2020), and it can be directly obtained from cellulose 
and lignocellulosic biomass (Alonso et  al., 2013a,b; Cai et  al., 
2017). As shown in Figure  4, Alonso et  al. introduced the 
general path for the preparation of GVL from lignocellulosic 
biomass by hydrogenation of levulinic acid. GVL is a thermo-
chemical stable solvent with a low melting point of −31°C, 
high boiling point of 207°C, high flash point of 96°C and 
very low vapor pressure even at higher temperatures (0.65  kPa 
at 25°C; Alonso et  al., 2013b). On the other hand, due to 
the following important characteristics, namely, easy and safe 
to store and transport in large quantities on a global scale, 
miscible with water, and contributor to biodegradation, GVL 
does not suffer from environmental problems and most risk 
factors, making it a safe material for large-scale use (Horváth 
et  al., 2008). In addition, in the GVL/water system, it is easy 
to separate and recycle the GVL in pretreated waste liquid. 
By the combination of two-step lignin precipitation and vacuum 
distillation, more than 90% of lignin and GVL could be recycled 
from waste liquid (Lê et  al., 2018).

It has been reported that a 80/20 (w/w) GVL/water composite 
system was used to pretreat hardwood with the presence of 

0.75  wt% H2SO4 at 120°C for 1  h (Shuai et  al., 2016). Up to 
80% of the original lignin and 77% of the xylan could be selectively 
removed. Notably, more than 96–99% of the original cellulose 
can be  retained. An enzyme loading of 15  FPU  g−1 glucan 
was used to quantify the sugar conversion of the pretreated 
substrate, and the total glucose and xylose production rate was 
99 and 100%, respectively. Moreover, by performing liquid 
carbon dioxide extraction on the pretreated slurry, more than 
99% of sugars can be  retained, accompanied with up to 99.5% 
recycle rate of GVL. This study found that most of the dissolved 
xylan was recycled in the form of oligomers in the pretreatment 
liquor, indicating that the hydrolysis of xylose and glycosidic 
bonds was very slow under these reaction conditions, which 
is benefit for reducing the degradation of sugar (Shuai et  al., 
2016). Wu et  al. proposed a GVL/water system to combine 
hybrid pennisetum lignocellulosic biomass pretreatment with 
anaerobic digestion for biogas production and synthesis of lignin 
nanoparticles (LNPs; Wu et  al., 2020). Notably, around 33% 
of lignin could be  selectively removed without acid catalysis 
in the GVL/H2O  =  50/50 (w/w) system at 150°C for 90  min, 
retaining about 92% of dextran and 85% of xylan sugar. 
Subsequently, the pretreated solid was used for anaerobic 
fermentation to produce methane. When the proportion of GVL 
in the solvent system reached 50%, the sample was hydrothermally 
pretreated to obtain the highest methane production (204  ml/g 
VS) because of the increase in solubility of lignin. Finally, a 
simple water sedimentation method was used to collect nearly 
95% of LNPs from the pretreatment solution. After 
characterization, it was proved that LNPs can be prepared from 
the pretreatment waste of lignocellulosic biomass. Furthermore, 
the solvent in this system could be  further recycled efficiently 
and proved that the GVL/H2O system is a sustainable green 
pretreatment method. Interestingly, GVL and the p-TsOH system 
were also adopted by Yang et  al. for the pretreatment of hybrid 
poplar wood powders, and the optimal conditions were confirmed 
by characterizing the enzyme saccharification and lignin residues. 
The removal rates of lignin and hemicellulose reached 86.14 
and 91.67%, respectively (Yang et  al., 2020). Meanwhile, the 
enzymatic saccharification conversion rate of the cellulose residue 
could reach up to 84.84%. Finally, the related characterization 
of the separated lignin confirmed that the basic structure of 
lignin was generally maintained though a certain extent lignin 
was destroyed during the process. As a result, the lignin separated 
by this method has low average molecular weight, narrow 
molecular weight distribution, and high hydroxyl content, and 
can be  easily used to produce fuels and chemicals, especially 
for lignin-phenolic resin synthesis (Pang et  al., 2017).

In conclusion, GVL basically meets all the requirements of 
a green solvent, which could separate the three components 
efficiently and selectively. Though the cost of GVL is relatively 
high (53–80 dollars/kg), which partly limit its industrial 
application, the outstanding thermo-chemical stability endows 
GVL with excellent retrievability (Alonso et al., 2013b), especially 
in the production of value-added chemicals by direct liquefaction 
of lignocelluloses with the presence of a suitable heterogeneous 
catalyst (Liu et al., 2020). Thus, the GVL/H2O system pretreatment 
method has broad prospects in industrial applications.FIGURE 4 | Synthesis path of GVL.
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Dihydrolevoglucosenone (Cyrene) Solvent
Cyrene is a promising novel bio-based solvent derived from 
cellulose through two simple paths, which are shown in 
Figure  5 (Zhang et  al., 2016b). Just like GVL, Cyrene has 
characteristics, such as regeneration and economic feasibility 
and high boiling point (about 203°C). In addition, Table  3 
shows the similarities in the physical properties of N-methyl 
pyrrolidone (NMP), DMF, sulfolane, and Cyrene (Sherwood 
et al., 2014; Zhang et al., 2016b). Moreover, studies also shown 
that Cyrene has no mutagenic properties and is relatively 
non-toxic, which is one of the green organic solvents that 
can replace toxic polar solvents (Sherwood et al., 2014; Zhang 
et  al., 2016b; Camp, 2018). In the pharmaceutical industry 
(Camp et  al., 2020), synthetic chemistry (Zhang et  al., 2016b; 
Bousfield et  al., 2019), materials chemistry and other fields 
(Marino et  al., 2019; Poon and Zhitomirsky, 2020), Cyrene 
has already been used as a sustainable solvent. Previous studies 
have shown that Cyrene has good lignin solubility due to its 
relatively high HBA capacity (0.61) based on the Kamlet–
Abboud–Taft parameter. Furthermore, it is also highly miscible 
with water without forming an azeotrope, so it is possible 
to recycle it from its mixture with water by simple distillation 
(Camp, 2018; Meng et  al., 2020b).

The research group of Meng treated poplar in a Cyrene/
water solution with a solvent ratio of 4:1 at 120°C for 60 min, 
and found that the strong hydrogen bond that formed between 
Cyrene and water is beneficial for the cleavage of lignin–
carbohydrate linkages (Meng et  al., 2020b). Therefore, the 
Cyrene/water ratio played a key role in the solubility of lignin. 
In addition, they also found that the pretreatment process 
could be  conducted under mild conditions to reduce lignin 
condensation and β-O-4 bond breakage without affecting the 
removal and dissolution of lignin during the pretreatment of 

Populus trichocarpa x deltoids with the Cyrene/water system. 
Interestingly, some unwanted inhibitors formed during longer 
pretreatment time because of the high concentration of Cyrene 
in the cosolvent mixture. Subsequent studies have found that 
dilute alkali incubation was a good method to overcome the 
negative effects of high Cyrene concentration or long 
pretreatment time. In order to better understand how Cyrene 
works during the pretreatment of biomass, the researchers 
also tested the degree of polymerization of cellulose and lignin. 
Lignin integrity is well preserved, and the recovery rate of 
original lignin is over 60%. Moreover, all the Cyrene lignin 
has high contents of syringyl units and β-O-4 linkages. At 
present, however, a large amount of water must be  distilled 
to recover pure Cyrene. Therefore, how to effectively recycle 
Cyrene from the cosolvent system and reuse it efficiently still 
needs further study.

Combined with the current research, although Cyrene is 
currently relatively expensive, and the cost of water used during 
the retrieval of Cyrene is comparatively high (Clarke et  al., 
2018; Camp et  al., 2020), its outstanding performance on 
selective degradation of lignin cannot be  ignored. As a 
biodegradable and bio-based green solvent, Cyrene has a great 
prospect in the pretreatment of lignocellulosic biomass (such 
as grass, softwood, and agricultural energy crops), and the 
byproduct of Cyrene lignin can be  used as a high value-added 
product in aromatic compounds, carbon fiber, polyurethane 
precursors, etc (Meng et  al., 2020b).

CONCLUSION

Based on the discussion of traditional pretreatment methods, 
including biological, physical, chemical and combined processes, 

FIGURE 5 | Synthesis path of dihydrolevoglucosenone.

TABLE 3 | Physical properties of some polar aprotic solvents.

Cyrene NMP DMSO DMF DMAc Sulfolane

Dipolarity 0.93 0.90 1.00 0.88 0.85 0.96
δD/MPa0.5 18.8a 18.0 18.4 17.4 16.8 20.3
δP/MPa0.5 10.6a 12.3 16.4 13.7 11.5 18.2
δH/MPa0.5 6.9a 7.2 10.2 11.3 10.2 10.9
MP/°C ﹤-18 −24 18.6 −60.5 −20.1 28.4
BP/°C 203 202 189 153 165 282
ρ/g cm−1 1.25 1.03 1.10 0.94 0.94 1.26
Vm/cm3mol−1 102.5 96.5 - 77.0 - -

aCalculated with HSPiP software.
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this study focuses on the discussion of pretreatment process 
with recyclable and non-toxic/low-toxic green solvents, such 
as PASs, ionic liquids, and deep eutectic solvents. According 
to the classical definition of green solvent, PASs are believed 
to be  one of the most promising green solvent systems with 
extremely high thermo-chemical stability, low skin permeability, 
and low saturated vapor pressure, and they can selectively 
remove lignin and refrain from unwanted loss of hemicellulose 
and cellulose. Notably, bio-derived PASs, such as GVL and 
Cyrene, exhibited excellent properties, namely, renewability, 
degradability, low toxicity, easy recovery, high efficiency, and 
stability. Moreover, their advances in biotechnology, synthetic 
chemistry, and chemical engineering, which are in line with 
the concept of sustainable development, are leading to a new 
concept of “closed-loop” biorefinery when using biomass-derived 
solvents to convert biomass into liquid fuels and valuable 
products (Meng et  al., 2020b),. Briefly, this minor review 
proposed considerable pretreatment methods with green solvents, 

indicating a promising application prospect for industrial 
bio-refinery process.
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Arundo donax, Cortaderia selloana and Phragmites australis are high-biomass-
producing perennial Poalean species that grow abundantly and spontaneously in warm
temperate regions, such as in Mediterranean-type climates, like those of Southern
Europe, Western United States coastal areas, or in regions of South America,
South Africa and Australia. Given their vigorous and spontaneous growth, biomass
from the studied grasses often accumulates excessively in unmanaged agro-forestry
areas. Nonetheless, this also creates the demand and opportunity for the valorisation of
these biomass sources, particularly their cell wall polymers, for biorefining applications.
By contrast, a related crop, Miscanthus × giganteus, is a perennial grass that
has been extensively studied for lignocellulosic biomass production, as it can grow
on low-input agricultural systems in colder climates. In this study Fourier transform
mid-infrared spectroscopy (FTIR), high-performance anion-exchange chromatography
(HPAEC) and lignin content determinations were used for a comparative compositional
characterisation of A. donax, C. selloana and P. australis harvested from the wild,
in relation to a trial field-grown M. × giganteus high-yielding genotype. A high-
throughput saccharification assay showed relatively high sugar release values from
the wild-grown grasses, even with a 0.1M NaOH mild alkali pretreatment. In addition
to this alkaline pretreatment, biomass was treated with white-rot fungi (WRF), which
preferentially degrade lignin more readily than holocellulose. Three fungal species were
used: Ganoderma lucidum, Pleurotus ostreatus and Trametes versicolor. Our results
showed that neutral sugar contents are not significantly altered, while some lignin is lost
during the pretreatments. Furthermore, sugar release upon enzymatic saccharification
was enhanced, and this was dependent on the plant biomass and fungal species
used in the treatment. To maximise the potential for lignocellulose valorisation, the
liquid fractions from the pretreatments were analysed by high performance liquid
chromatography – photodiode array detection – electrospray ionisation tandem mass
spectrometry (HPLC-PDA-ESI-MSn). This study is one of the first to report on the
composition of WRF-treated grass biomass, while assessing the potential relevance of
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breakdown products released during the treatments, beyond more traditional sugar-
for-energy applications. Ultimately, we expect that our data will help promote the
valorisation of unused biomass resources, create economic value, while contributing
to the implementation of sustainable biorefining systems.

Keywords: Arundo donax, biomass, cell wall, Cortaderia selloana, marginal lands, Miscanthus × giganteus,
Phragmites australis, white-rot fungi

INTRODUCTION

Horizon 2020, a European Union (EU) research and innovation
framework programme has generously funded research toward
a sustainable bio-based economy. This is a recognition of the
importance of reducing the dependency on fossil fuels in Europe,
and a substantial contribution to the EU’s ambitious climate and
energy aims for 2030, which includes an EU-wide target for
renewable energy of at least 27% of final energy consumption
(European Comission, 2017).

Lignocellulosic biomass and its main constituent cell wall
polymers represent the most abundant renewable resource on
Earth (Pauly and Keegstra, 2008). Biomass can be derived from
dedicated biomass crops, such as perennial herbaceous crops,
which are being evaluated as biomass feedstocks throughout
the world (Zegada-Lizarazu et al., 2010). Factors such as low
production cost, fast-growth, high biomass production, relative
low water and nutrient requirements account for the advantage
of using these crops as feedstocks for second generation
biorefineries (Zegada-Lizarazu et al., 2010; Alzagameem et al.,
2019). One of these herbaceous crops is Miscanthus × giganteus
J.M.Greef, Deuter exHodk., Reuvoize, a vigorous inter-specific
hybrid between M. sinensis and M. sacchariflorus, which has been
well researched in terms of its use as a dedicated lignocellulosic
crop in Europe (Lewandowski et al., 2000; Heaton et al., 2008;
Clifton-Brown et al., 2016; da Costa et al., 2019). Dedicated
biomass crops do, however, raise concerns related to land use
competition against food production or long-term soil health
(Mitchell et al., 2016). Nonetheless, high quantities of biomass
from perennial grasses are accumulated from wild vegetation.
The abandonment of rural landscapes throughout the 20th

century has led to the emergence of many derelict, underused
and abandoned spaces, which in turn are colonised by vegetation
traditionally not considered of great use (Millard, 2004). In
this study, the term “marginal land” refers to these types of
spaces, while “spontaneous” refers to the vegetation that emerges
without the need for cultivation. In the Centro Region of
Portugal, Arundo donax L. (giant cane), Cortaderia selloana
(Schult. and Schult.f.) Asch. and Graebn. (Pampas grass) and
Phragmites australis (Cav.) Trin. ex Steud. (common reed), are
three abundant and spontaneous grass species, which remain
unharvested or become agroforestry waste, squandering potential
opportunities for economical gain, and creating land and waste
management issues.

Lignocellulose is a highly attractive material for bio-based
applications such as fermentation processes to produce a
wide range of industrial relevant products. Three groups of
polymers constitute lignocellulosic biomass: cellulose, lignin

and hemicelluloses. For the latter, in grass cell walls, the
most abundant hemicelluloses are arabinoxylans (Carpita, 1996).
Besides cellulosic ethanol (Liu et al., 2019), other potential
products from cellulose bioconversion include biogas via
fermentation with anaerobic bacteria (Cheng et al., 2010),
and butyrate and acetate as by-products of the hydrogen
fermentation (Pan et al., 2010). Non-biofuel related products
such as lactic, citric, acetic, and succinic acids, may also be
produced from cellulose fermentation (Watanabe et al., 1998;
Ravinder et al., 2001; Kim et al., 2004; Mussatto et al., 2008).
Although the bioconversion of hemicelluloses presents its own
set of challenges, there is also a range of products that may be
derived from this fraction. Examples include the use of pentoses
in hemicellulose hydrolysates for ethanol fermentation (Silva
et al., 2010), acetone-butanol-ethanol fermentation (Qureshi
et al., 2010a,b), or even for xylitol production via fermentation
of xylose (Mussatto and Roberto, 2004). Moreover, processing
breakthroughs have created the opportunity to dramatically
increase the transformation of lignin to value-added products, by
improving the yield of low molecular weight aromatic monomers
with potential industrial value (Ragauskas et al., 2014; Nguyen
et al., 2018; Song et al., 2018). One of these strategies relies on
lignin-first biomass fractionation, which uses mild fractionation
approaches to prevent lignin recondensation, ensuring a wider
range of applications (Renders et al., 2017; Korányi et al., 2020).

Nonetheless, efficient biorefinery conversion of lignocellulosic
biomass is hampered by an intrinsic recalcitrance to enzymatic
degradation, an evolutionary adaptation aimed at resisting biotic
attacks and abiotic stress (Alam et al., 2019). The main cause
of this recalcitrance is cell wall complexity and architecture
(McCann and Carpita, 2015; Park and Cosgrove, 2015). This
results in very high conversion processing costs, making it
essential to develop improved biomass processing technologies
for optimal biorefining of lignocellulosic biomass.

A commonly employed approach to reduce biorefinery costs
is to apply biomass pretreatments which are conducted up-
stream in the biomass processing pipeline to enhance the
efficiency of down-stream enzymatic hydrolysis and fermentation
processes (Mosier et al., 2005). Among diverse pretreatments that
have been characterised, mild alkali conditions are particularly
promising, as they primarily break ester bonds that cross-link
polysaccharides with each other and with lignin, thereby making
cellulose more accessible to hydrolytic enzymes (Hendriks and
Zeeman, 2009; Xu et al., 2012; Li et al., 2013; Wyman et al., 2013).

The pretreatment of biomass with white-rot fungi (WRF)
represents another mild method approach to biomass
fractionation, which may allow an increase in the recovery
of fermentable sugars, the isolation of reactive lignins and the
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release of valuable small molecules (Salvachúa et al., 2011; Sun
et al., 2011). Biological pretreatments have been less studied
than thermochemical ones, possibly because industry often finds
slower processing rates unattractive. However, this problem can
be addressed by continuous flow processing systems (Scott et al.,
1998). Lignin polymers represent the main barrier to degradation
due to their large, stereo-irregular structures, and the presence
of inter-unit carbon-carbon and ether bonds. Lignin degradation
mechanisms require oxidative rather than hydrolytic processes,
and ligninolytic agents must have wide substrate specificity and
act synergistically. WRF have developed ligninolytic enzymatic
machineries, including a wide range of peroxidases and laccases
(Ruiz-Dueñas and Martínez, 2009; Dashtban et al., 2010; López
et al., 2017). These diverse enzymatic pools allow WRF to
deal with different compositional and structural aspects and
depolymerise lignin.

The primary focus of our work was to assess the biorefinery
potential of wild-grown spontaneous grass biomass from
marginal lands and characterise the mechanism of action of
innovative processing methodologies, by combining chemical
and biological approaches (Figure 1). For biomass pretreatment,
we employed three WRF species, which preferentially degrade
lignin rather than holocellulose (Taniguchi et al., 2005; Abidi
et al., 2014; López et al., 2017): Pleurotus ostreatus, Ganoderma
lucidum and Trametes versicolor. These were applied alone
or in combination with a mild alkali pretreatment. The
purpose of this approach was to determine whether these
would act synergistically on the biomass and release potentially
valuable molecules, while reducing recalcitrance. Subsequently,
a multidimensional analytical approach, followed by biomass
conversion assays was employed. We consider that by identifying
economic opportunities for spontaneous vegetation valorisation,
landowners would have a monetary incentive to cull excessive
vegetation more frequently and employ more efficient land
management practices.

MATERIALS AND METHODS

Poalean Lignocellulosic Biomass
Biomass from 3 wild-grown spontaneous grasses was
collected at two locations in Central Portugal. Montemor-
o-Velho (40.171679◦N, 8.671122◦W): Arundo donax (ADO),
Phragmites australis (PHA). Serra da Boa Viagem (40.186115◦N,
8.903903◦W): Cortaderia selloana (CTS). Additionally, biomass
from Miscanthus × giganteus (MXG; genotype Mb311) was
harvested from a field trial near Aberystwyth, United Kingdom
(52.437848◦N, 4.026688◦W). Sampling for the Portuguese-
harvested biomass was done during later summer (September),
whereas M. × giganteus was harvested by late May. All samples
consisted in whole tillers cut at soil level from non-senesced
plants. For each species, to account for the heterozygosity of the
biomass, two biological replicates were collected. The choice
of two biological replicates was made to ensure the feasibility
of the study. All seed, seed-bearing or flowering structures,
were discarded when present. Within a maximum of 5 h from

collection, all samples were stored at −80◦C until being freeze-
dried. Once dry, stems were separated from leaves (including
sheath), individual organs were ground using a Retsch SR3
Rotor Beater Mill and passed through a perforated plate screen
containing 2 mm diameter holes.

Preparation of Alcohol Insoluble Residue
A procedure based on a protocol reported by da Costa et al.
(2020), was carried out to produce the alcohol insoluble residue
(AIR) used in the subsequent analyses. For each sample,
approximately 1 g of ground plant biomass was extracted
sequentially as follows: with 30 mL 70% (v/v) aqueous ethanol,
first for 12 h and then twice more for 30 min in a shaking
incubator set at 40◦C/150 rpm; three times with 20 mL
chloroform/methanol (1:1 v/v), for 30 min incubation at 25◦C
and 150 rpm; and finally, three times with 15 mL acetone, for
30 min, at 25◦C/150 rpm. Between each step of the extraction, the
material was collected by centrifugation at 25000 × g for 10 min
and the supernatants were discarded. Following the third acetone
step, the samples were left to dry overnight in a fume hood.

Inoculum Preparation and Fungal
Pretreatment
Ganoderma lucidum (GAN), Trametes versicolor (TRA) and
Pleurotus ostreatus (PLE) were used as white-rot fungi (WRF)
for biological pretreatments. As described elsewhere (Paiva De
Carvalho et al., 2019), morphological examination and molecular
analysis, targeting internally transcribed spacer (ITS) regions,
allowed the identification of the fungal species used in this
study. Fungal inocula were prepared by culturing the individual
WRF strains at 23◦C on 2.9% potato dextrose agar (PDA, Oxoid
CM0139, Basingstoke, England). After 10 days of growth, for
each of the three WRF strains, inoculation discs (Ø = 10 mm)
were taken from actively growing mycelium on the PDA plates
and used to inoculate each sample of the poalean lignocellulosic
feedstocks (2 discs per sample), under solid state fermentation
(SSF) conditions. To serve as solid media for WRF growth,
the grass biomass was prepared as follows: approximately 1.5 g
of previously dried and milled but not organic solvent-washed
biomass was added to 5 mL deionised water and autoclaved in
glass culture tubes capped with hydrophobic cotton. This was
performed for each combination of the 3 WRF species, and leaf
or stem from the 4 grass species. Additionally, non-inoculated
biomass samples (non-WRF treated, NF controls) with an equal
volume of deionised water added, were included to serve as
negative controls. All cultures were incubated statically at 23◦C
in the dark for 30 days; with a total of 64 duplicated samples:
4 grass species × 2 organs (leaf or stem) × 4 treatments (3
WRF species plus control). WRF-pretreatment methodologies
were adapted from procedures reported elsewhere (Salvachúa
et al., 2011; Sun et al., 2011). After incubation, the inoculation
discs were removed, 5 mL deionised water were added, and
the samples were thoroughly mixed and incubated at 30◦C
for 24h with constant mixing. Samples were then centrifuged
(2000 × g for 10 min), clarified supernatants were removed
and immediately flash-frozen with N2 and then freeze-dried
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FIGURE 1 | Schematic diagram of the employed experimental study design.

for subsequent chemical characterisation. The solid pretreated
biomasses were washed twice with deionised water, dried at
60◦C, and stored for subsequent analyses and alkali pretreatment.
For neutral sugars and lignin determinations, AIR samples were
produced from this WRF-treated biomass (as described above).

Mild Alkali Pretreatment
A portion of the non-WRF treated (NF) and WRF-treated solid
fractions (approximately 250 mg, dry weight) were subjected to
a mild alkali treatment with 2.5 mL 0.1 M NaOH for 24 h at
150 rpm shaking at 21◦C. This step was performed with the aim of
achieving biomass saponification, and to determine if combined
WRF and mild alkali (WRF-ALK) pretreatments would act
synergistically on the biomass, break ester-linkages, and release
potentially valuable molecules. After the pretreatment, the
samples were centrifuged (2000 × g for 10 min) and aliquots
of the supernatants were flash-frozen with N2, and then freeze-
dried for subsequent chemical characterisation. The pretreated
solids were washed 3 times in 5 mL of 0.025M potassium acetate
buffer (pH = 5.6) and twice with deionised water, dried at 60◦C,
and stored for subsequent assays. For neutral sugars and lignin
determinations, AIR samples were produced as described above
from this alkali (ALK)-treated biomass. Furthermore, the alkali
pretreatment was also employed on AIR samples prepared from
non-pretreated samples, to assess the exclusive effect of 0.1M
NaOH on structural compounds. These samples are subsequently
referred to as AIK.

Fourier-Transform Infrared Spectroscopy
Attenuated total reflectance Fourier transform mid-infrared
(FTIR-ATR) spectroscopy was performed on all samples included
in this study (AIR, WRF-treated and mild alkali-treated samples),
as reported elsewhere (da Costa et al., 2020; Marques et al., 2020).

Duplicate spectra were collected in the range 4000–400 cm−1

using a Bruker Optics Vertex 70 FTIR spectrometer purged by
CO2-free dry air and equipped with a Brucker Platinum ATR
single reflection diamond accessory. A Ge on KBr substrate
beamsplitter and a liquid nitrogen-cooled wide band mercury
cadmium telluride (MCT) detector were used. Spectra were
averaged over 32 scans at a resolution of 4 cm−1, and the 3-
term Blackman-Harris apodization function was applied. The
Bruker Opus 8.1 software was also used to: (i) remove eventual
H2O and CO2 contributions, and (ii) spectral smoothing using
the Savitzky-Golay algorithm (window: 17 pt.). Absorbance
spectra were converted to text files, imported into MatLab (v.
R2014b; MathWorks, Natick, MA, United States) and averaged.
Full spectra, or fingerprint region spectra (1800–800 cm−1),
were vector normalised to unit length and the baseline was
removed according to the automatic weighted least squares
algorithm (polynomial order = 2) prior to statistical analysis,
using the Eigenvector PLS Toolbox (v. 7.9; Eigenvector Research,
Wenatchee, WA, United States).

Saccharification
Non-pretreated, WRF-treated (30-day incubation with G.
lucidum, T. versicolor and P. ostreatus) and mild alkali-treated
biomass samples were included in a saccharification assay, with
four technical replicates for each sample, using an automatic
platform as previously described by Gomez et al. (2010).
Briefly, enzymatic hydrolysis was achieved using Cellic CTec2
(Novozymes, Bagsvaerd, Denmark) in a Na-Acetate buffer
(25 mM; pH = 4.5) at 50◦C. Cocktails were prepared so that
cellulase loadings were 8 filter paper units (FPU) per g of biomass
in the Na-Acetate buffer. Saccharification was measured after
8 h by colorimetric detection of reducing sugar equivalents as
described by Whitehead et al. (2012).
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Neutral Monosaccharides
Acid hydrolysis and neutral monosaccharide determinations
were performed as previously described (da Costa et al., 2017),
on non-pretreated, WRF-treated (30-day incubation with P.
ostreatus) and mild alkali-treated AIR samples. Briefly, 10 mg
of each sample was weighed into 10 mL Pyrex glass tubes and
100 µL H2SO4 (72% w/w) was added. Sealed tubes were left
at 30◦C for 1 h. Samples were diluted to 4% H2SO4 (w/w)
and autoclaved at 121◦C for 1 h. Once at room temperature,
hydrolysates were neutralised using CaCO3, and the tubes were
centrifuged (2000 × g for 10 min) to obtain a clear supernatant.
Carbohydrate separation and detection was achieved using
high-performance anion exchange chromatography with pulsed
amperometric detection (HPAEC-PAD). The ICS-5000 ion
chromatography system (Dionex, Sunnyvale, CA, United States)
was operated at 45◦C using a CarboPac SA10 column with a
CarboPac SA10G guard column. An eluent generator prepared
0.001 M KOH for 14 min isocratic elution at 1.5 mL
min−1. Calibration standards were used for monosaccharide
identification and quantitation.

Lignin Measurement
Acetyl bromide soluble lignin percentages were determined in
duplicate for non-pretreated, WRF-treated (30-day incubation
with P. ostreatus) and mild alkali-treated AIR samples, as
previously reported (da Costa et al., 2014). To approximately
10 mg of each sample, 500 µL of freshly prepared 25% (v/v)
acetyl bromide solution in glacial acetic acid was added, the tubes
were capped and left at 50◦C for a total of 3h. Following lignin
solubilisation, the tubes were cooled, and their contents were
diluted by the addition of 2000 µL of 2 M NaOH. A further
addition of 350 µL of 0.5 M hydroxylamine hydrochloride
to each tube ensured the decomposition of polybromide ions
(Monties, 1989). Final volumes were adjusted to 10 mL with
glacial acetic acid and centrifuged (2000 × g for 10 min)
to produce particulate-free supernatants. From there, 200 µL
of each sample was transferred to UV-transparent 96-well
plates (UV-Star, Greiner Bio-One). Absorbance at 280 nm was
measured with a plate reader (Perkin Elmer, Multimode Plate
Reader 2300 EnSpire). Blank negative controls were included
and their absorbance at 280 nm was set as absorbance baseline.
Lignin dry weight percentages were calculated as follows:
ABSL% = (A280/(SAC × PL)) × (VR/WS) × 100%; where ABSL%
is the acetyl bromide-soluble lignin percentage content; A280
is the absorption reading at 280 nm; PL is the pathlength
determined for the 96-well microplates with a volume of 200 µL
per well used during the analysis (0.556 cm); VR is the reaction
volume (litres); WS is the sample weight (g); and SAC is
the a specific absorption coefficient of 17.78 g−1 L cm−1, as
reported for purified HCl-dioxane lignin from poalean samples
(Lygin et al., 2011).

Characterisation of Pretreatment Liquid
Fractions
The freeze-dried pretreatment liquid fractions from WRF-treated
(30-day incubation with P. ostreatus), mild alkali-treated, and

non-pretreated samples (non-inoculated negative controls with
deionised water) were reconstituted in 100% methanol. These
were then kept at −20◦C for 24 h and then centrifuged
(14,000 × g for 5 min). The resulting supernatants consisted
of clarified methanolic extracts, containing phenols of interest,
but free of most sugars and other water-soluble compounds.
Samples were analysed by reverse-phase HPLC equipped with
a photodiode array detector and coupled with an electrospray
ionisation tandem mass spectrometer (HPLC-PDA-ESI-MSn) on
a Thermo Finnigan system (Thermo Electron Corp., Waltham,
MA, United States), as described elsewhere (Bhatia et al., 2020).
Separation of compounds was carried out on a Waters C18
Nova-Pak column (3.9 × 150 mm, particle size 4 µm) at 30◦C
with a flow rate of 1 mL/min and injection volume of 10 µL.
The mobile phase consisted of water with 0.1% formic and acid
(A) and methanol with 1% formic acid (B) with B increasing
from 5 to 65% in 30min. Eluting compounds were detected
with a Finnigan PDA Plus detector between 240 and 400 nm
and a Finnigan LTQ linear ion trap with an ESI source. MS
parameters were as follows: sheath gas flow 30, auxiliary gas
flow 15 and sweep gas zero (arbitrary units), spray voltage
−4.0 kV in negative and 4.8 kV in positive ionisation mode,
capillary temperature 320◦C, capillary voltage −1.0 and 45 V,
respectively, tube lens voltage −68 and 110 V, respectively,
and normalised collision energy (CE) typically 35%. Data were
acquired and processed using Thermo ScientificTM XcaliburTM

software. Potential compounds of interest were characterised
and/or tentatively identified by their UV and MS spectra or
identified by direct comparison with authentic standards, or with
fragmentation patterns reported elsewhere (Simirgiotis et al.,
2013; Ostrowski et al., 2016). Approximate quantification of
compounds was carried out by comparison of the area under the
curve for selected m/z chromatograms in negative mode.

Statistical Analysis
All univariate descriptive statistics, analyses of variance and
Tukey’s range tests were performed using Statistica (v. 8.0;
StatSoft, Tulsa, Oklahoma). For the t-tests on spectral data
to unveil the underlying chemometric relationships between
FTIR-ATR spectra, an R-based data analysis platform was used
(Chong et al., 2018).

RESULTS

Grass Cell Wall Compositional
Characterisation
Alcohol insoluble residues (AIR) were prepared for the
compositional characterisation of cell wall biomass from A.
donax, C. selloana, P. australis, and M. × giganteus, and
examined by FTIR-ATR spectroscopy. Resulting data underwent
analysis of variance (ANOVA), to find the most significantly
different spectral regions between the different species. A low
p-value threshold (p ≤ 0.00001) was chosen to expose the
most significantly different wavenumbers. Heatmaps in the
most distinct spectral regions highlight the relative chemometric
differences between the different spontaneous grasses, and in
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FIGURE 2 | Attenuated total reflectance Fourier transform mid-infrared (FTIR-ATR) spectra of alcohol insoluble residue (AIR) of leaf and stem biomass from Arundo
donax, Cortaderia selloana, Phragmites australis and Miscanthus × giganteus. Grey shading highlights the most significantly different regions of the spectra, based
on ANOVA (p ≤ 0.00001), while the heatmaps highlight the relative absorption intensities according to the grass species. Spectral bands of interest are marked from
a – l, see text and Table 1 for more information.

relation to M. × giganteus, a prospective dedicated lignocellulosic
crop for biorefining applications (Figure 2).

For leaf cell wall biomass, six contiguous intervals were the
most significantly different spectral regions (cm−1): 1754 – 1695,
1510 – 1489, 1339 – 1311, 1281 – 1256, 1201 – 1140, 995 – 985.
For stem, three intervals showed the most significant differences
(cm−1): 1232 – 1197, 1171 – 1161, 1063 – 809. In the FTIR
spectra of leaves, spectral regions e (1275 – 1256 cm−1) and
d (1322 – 1310 cm−1) have been assigned to lignin structural
features (Table 1). Bands a (1736 – 1730 cm−1), and g (1170 –
1160 cm−1) have been attributed to C = O stretching in acetyl-
xylans, and to O-C-O asymmetric stretching in glycosidic links,
respectively (Table 1). Lastly, spectral region j (993 – 985 cm−1)
includes wavenumbers associated with vibrations in cellulose.

For stems, the spectral regions showing the greatest significant
differences between the species also include bands associated
with cellulose. Specifically, bands h (1060 – 1055 cm−1), i
(1035 – 1030 cm−1) and k (898 – 890 cm−1) which is associated
with amorphous cellulose structures (Table 1). For the spectra
of stem biomass, the most significantly different regions also
included band g (1170 – 1160 cm−1), which has been ascribed
to vibrations in glycosidic links (Table 1), and to vibrations in
non-cellulosic cell wall components. The latter included band f

(1240 – 1235 cm−1), associated with xylans, and band l (840 –
830 cm−1), assigned to lignin structures (Table 1).

Together these results suggest that despite the compositional
similarity between the biomasses of these different poalean
species, key significantly differences may have an impact in their
biorefining performance.

Effect of Mild Alkali and White-Rot Fungi
Pretreatments on Grass Biomass
Composition
To assess the effect of a mild alkali pretreatment on the cell wall
from A. donax, C. selloana, P. australis, and M. × giganteus,
AIR samples were treated with 0.1 M NaOH for 24 h at 21◦C
(AIK). FTIR-ATR was subsequently employed to assess the main
compositional changes effected by the alkali. For leaf and stem of
the four examined grasses, the most marked differences between
the spectra of AIR and AIK samples were observed in the a
(1736 – 1730 cm−1) and f (1240 – 1235 cm−1) spectral regions
(Figure 3). Band a, centred at 1735 cm−1 and assigned to
C = O stretching in xylans (Table 1), showed reduced intensity
in pretreated biomass. Concomitantly, the intensity of band f,
associated to C-O vibrations of acetyl, is also reduced.
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TABLE 1 | Assignment of relevant FTIR-ATR absorption bands characteristic of cell wall biomass from poalean species.

Region Absorption (cm−1) References Assignment Cell wall feature

a 1736 – 1730 1735 (Gwon et al., 2010)
1730 (Sills and Gossett, 2012)

1735 (Bekiaris et al., 2015)
C = O vibrations Xylan

b 1625 – 1635 1630 (Chatjigakis et al., 1998)
1630 (Manrique and Lajolo, 2002)

1630 (Gannasin et al., 2012)
COO− vibrations Non-esterified carboxyl

groups

c 1515 – 1505 1515 (McCann et al., 2001)
1510 (Bekiaris et al., 2015)
1513 (Zhang et al., 2017)

Aromatic ring vibration Lignin and other phenols

d 1322 – 1310 1315 (Pandey, 1999)
1317 (Chen et al., 2010)

1320 (Bekiaris et al., 2015)
Syringyl monomer vibration Lignin

e 1275 – 1256 1270 (Tejado et al., 2007)
1270 (Tan et al., 2009)

1268 (Jiang et al., 2015)
Guaiacyl monomer vibration Lignin

f 1240 – 1235 1240 (Marchessault, 1962)
1235 (Harrington et al., 1964)

1240 (Bekiaris et al., 2015)
C-O vibrations of acetyl Xylan

g 1170 – 1160 1160 (Kačuráková et al., 2000)
1161 (Abidi et al., 2014)

1160 (Szymanska-Chargot and
Zdunek, 2013)

1160 (Bekiaris et al., 2015)

O-C-O asymmetric stretching
(glycosidic link) all residues

Polysaccharides

h 1060 – 1055 1055 (Harrington et al., 1964)
1060 (Wilson et al., 2000)

1060 (Schulz and Baranska,
2007)

C-O, C-C and O-C-H vibration Cellulose

i 1035 – 1030 1035 (Wilson et al., 2000)
1035 (Schulz and Baranska,

2007)
C-O, C-C and C-C-O stretching Cellulose

j 993 – 985 990 (Pastorova et al., 1994)
993 (Gwon et al., 2010)
990 (Marry et al., 2000)

993 (Oh et al., 2005)

C-O stretching Cellulose

k 898 – 890 893 (Oh et al., 2005)
898 (Ciolacu et al., 2011)
898 (Bekiaris et al., 2015)

C-O-C asymmetric stretching Cellulose (amorphous)

l 840 – 830 835 (Harrington et al., 1964)
834 (Faix, 1991)

838 (Zhang et al., 2017)
C-H out-of-plane bending in syringyl
and p-hydroxy-phenyl monomers

Lignin

Another approach to biomass fractionation, which may
lead to an increase in lignocellulosic biodegradability and
the release of valuable molecules, is the pretreatment of
biomass using white-rot fungi (WRF). The WRF-treated
samples were subjected to FTIR-ATR examination to
reveal the main effects of the pretreatments on biomass
composition (Figure 4). Interestingly, the effect of a given
WRF species varies between different biomass species.
Similarly, the same biomass is differently affected by
each WRF species. Leaf biomass composition does not
appear to be greatly affected in M. × giganteus and C.
selloana when only WRF treatments are employed. In
stems, biomass treated with WRF alone generally does not
appear to be modified in relation to the non-WRF treated
(NF) control samples, except in P. australis stems, where
non-pretreated samples showed higher intensities for the
b (1625 – 1635 cm−1).

By contrast, when the combined WRF-ALK treatment is
employed, similar modifications were seen to when AIR and
AIK samples were compared (Figure 3). As previously discussed,
modifications induced by the mild alkali pretreatment are
primarily observed at a (1736 – 1730 cm−1) and f (1240 –
1235 cm−1) spectral regions (Figure 4), which have been credited
to a decrease in acetylation of xylans. In leaf samples treated
with WRF and with the combined WRF-ALK pretreatment,
the grass species with greater compositional modifications
are A. donax and P. australis. In stems, it is noteworthy
that for P. australis the intensity of band a is not reduced
in biomass treated with T. versicolor and 0.1 M NaOH, as
observed with the remaining biomasses after being treated
with alkali. For both leaf and stem, the most striking spectral
modification is in the band centred at 1630 cm−1 (b; Table 1),
which has been assigned to non-esterified carboxyl groups in
polysaccharides.
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FIGURE 3 | Attenuated total reflectance Fourier transform mid-infrared (FTIR-ATR) spectra of untreated alcohol insoluble residue (AIR) and pretreated with 0.1 M
NaOH for 24 h at 21◦C (AIK), for leaf and stem biomass from Arundo donax, Cortaderia selloana, Phragmites australis and Miscanthus × giganteus. The difference
between AIR and AIK biomasses are presented by a red dashed line. Spectral bands of interest are marked as: a (1736 – 1730 cm−1) and f (1240 – 1235 cm−1).

Saccharification Yields of Grass Biomass
To compare biorefining potentials between the different poalean
species, and to investigate the effect of the applied pretreatments,
enzymatic saccharification assays were performed on all samples.
AIR prepared from P. australis biomass showed the highest
saccharification yields in leaves and in stems, respectively
(Figure 5): 541.8 and 375.2 nmol mg−1 after 8h incubation
(Supplementary Table 1). The AIR samples were also treated
with a mild alkali pretreatment (AIK) 0.1 M NaOH (24 h at 21◦C).
In these samples, A. donax showed the highest saccharification
yield among leaf samples (799.2 nmol mg−1), whereas for
stem the highest yield was seen with Cortaderia selloana
(812.1 nmol mg−1). By contrast, M. × giganteus typically showed
comparatively low saccharification yields. Saccharification yields
were also typically higher from leaves than stems, except for C.
selloana, which showed higher sugar yields from stem AIR and
AIK samples (Figures 5A,D; red bars).

For each of the applied pretreatments, the percentage of
recovered solids was calculated (Supplementary Table 2) for
each grass species and organ. From WRF-treated leaf and stem
samples, typically 97% of the biomass is recovered after a 30-day
incubation. When the 0.1M NaOH mild alkali pretreatment alone
is employed, 97% of leaf and 96% of stem biomass is recovered. As
for combined WRF-ALK pretreatments, recovered percentages
drop slightly to 95% from leaves, and 94% from stems.

Biomass treated with WRF showed increased saccharification
yields in certain conditions when compared with NF controls

(Figures 5B,E; green bars). The highest saccharification yield
from samples treated with WRF alone was seen using P. ostreatus
on A. donax leaf biomass (503.7 nmol mg−1; Figure 5), 26.4%
higher than NF controls (p ≤ 0.05). While stem biomass
treated with T. versicolor showed a lower saccharification yield
(331.1 nmol mg−1), these WRF-treated samples yielded 55.2%
more sugars than M. × giganteus samples (213.2 nmol mg−1;
p ≤ 0.05). Stem biomass from A. donax and P. australis treated
with G. lucidum also showed marginally higher saccharification
yields than the NF controls, although, for most samples treated
only with WRF, the saccharification yields were lower than
the NF controls.

A mild alkali pretreatment (0.1 M NaOH; 24 h; 21◦C)
was also employed in sequence with the WRF pretreatment
(Figures 5C,F; blue bars) to extract compounds which may
be of interest from an application perspective. This alkaline
treatment substantially increased saccharification yields. The
highest, significantly different (p ≤ 0.05) saccharification yield in
relation to the controls was seen with A. donax stems treated with
G. lucidum and 0.1M NaOH (589.4 nmol mg−1). However, the
overall highest yield seen in samples treated with this combined
WRF-ALK treatment was with C. selloana stems treated with P.
ostreatus (725.2 nmol mg−1).

For leaves pretreated with WRF alone, the highest
saccharification yield was seen with P. ostreatus-treated A.
donax (503.7 nmol mg−1), whereas with the combined WRF-
ALK approach, the highest yield was also observed with P.
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FIGURE 4 | Attenuated total reflectance Fourier transform mid-infrared (FTIR-ATR) spectra of milled but not organic solvent-washed biomass samples from Arundo
donax, Cortaderia selloana, Phragmites australis and Miscanthus × giganteus, treated with white-rot fungi (WRF; 30 days) and/or in combination with 0.1 M NaOH
(24 h at 21◦C) alkali pretreatment. Three fungal species were used: Ganoderma lucidum, Pleurotus ostreatus and Trametes versicolor. Control samples consist of
biomass incubated only with water, without WRF. Spectral bands of interest are marked as: a (1736 – 1730 cm−1), b (1625 – 1635 cm−1) and f (1240 – 1235 cm−1).

ostreatus-treated biomass, but in C. selloana samples (637.9 nmol
mg−1; Supplementary Table 1 and Figures 5B,C). In stems
treated with the WRF-ALK combination, the highest yield was

once again with P. ostreatus on C. selloana biomass (725.2 nmol
mg−1; Supplementary Table 1 and Figure 5F), although when
only the WRF pretreatment was employed, the highest yield
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FIGURE 5 | Saccharification of leaf and stem biomass from four poalean species measured by a high-throughput saccharification assay: Arundo donax, Cortaderia
selloana, Phragmites australis and Miscanthus × giganteus. Mean nmol of reducing sugar released per mg of biomass material (nmol mg−1) after 8 h incubation in a
hydrolytic enzyme mixture. Red bars (A,D) refer to non-pretreated alcohol insoluble residue samples, without (AIR) or with (AIK) a 0.1 M NaOH mild alkali
pretreatment. Green bars (B,E) refer to samples treated only with one of the following white rot fungi (WRF): Ganoderma lucidum, GAN; Pleurotus ostreatus, PLE;
Trametes versicolor, TRA. Blue bars (C,F) designate treatments where the 0.1 M NaOH treatment was employed subsequently to the WRF pretreatment. Pairwise
t-tests were performed between each treatment and non-pretreated control samples (AIR; or NF, no fungi; striped bars) to evaluate the impact of the pretreatments.
The treatments which are significantly different from the controls are marked with a "*" (p ≤ 0.05). Error bars represent the standard error of the sample replicates.
For the saccharification values see Supplementary Table 1.

was obtained with G. lucidum. Given that three out of the four
highest saccharification yields were obtained from biomasses
treated with P. ostreatus, subsequent cell wall and pretreatment
liquid fraction compositional analyses were performed only for
samples treated with this ligninolytic fungal species.

Grass Cell Wall Neutral Sugars and
Lignin Composition
Main cell wall neutral sugars and lignin contents were determined
for leaf and stem samples from the grass species examined in
this study. In A. donax, C. selloana and P. australis, average
leaf cell wall composition was 29.7% glucose, 18.2% xylose and
3.0% arabinose (Figure 6 and Table 2) of AIR dry weight
(DW) for non-pretreated control samples (only incubated with
water). Glucose content did not vary significantly (p > 0.05)
much between species, but xylose and arabinose were typically
higher in C. selloana leaves (21.1% and 3.7% DW respectively).
In stems, the corresponding values were: 34.5% glucose, 19.1%
xylose and 2.4% arabinose DW, respectively, with highest glucose
and xylose being observed in P. australis (39.4% and 19.2% DW

respectively), while for highest arabinose content was observed in
C. selloana (3.5%).

In biomasses treated with WRF, 0.1M NaOH mild alkali or a
combination of both, in most cases, neutral sugar composition
did not change significantly in relation to the non-pretreated
samples (p > 0.05). The only exceptions were glucose in A. donax
leaf biomass treated with the combined WRF-ALK pretreatment,
where the values were slightly higher than in non-pretreated
biomass (37.6% versus 33.2% DW; p ≤ 0.05). Similarly, for
arabinose, the values were statistically higher than the non-
pretreated samples for C. selloana leaves treated with mild alkali
or the combined WRF-ALK pretreatments (up from 3.7% to 4.2%
and 4.4% DW, respectively; p ≤ 0.05). These slight increases in
neutral sugars in alkali-pretreated samples are likely related to the
pretreatment effect, which improved acid hydrolysis efficiency.
An estimation of arabinoxylan (AX) degree of ramification was
also achieved by calculating arabinose to xylose ratios (Ara/Xyl).
In non-pretreated samples, Ara/Xyl ratios averaged to 0.16 in
leaves, and 0.13 in stems (Figure 6). For both leaf and stem, the
highest values were seen in C. selloana, with an Ara/Xyl ratio of
0.18 (Table 2).
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FIGURE 6 | Mean percentage (%) composition of alcohol insoluble residues (AIR) prepared from previously pretreated biomass from Arundo donax, Cortaderia
selloana, Phragmites australis and Miscanthus × giganteus (no results are shown for M. × giganteus leaves due to sample losses). Pretreatment acronyms: NP,
non-pretreated control samples (incubated only with water; striped bars); WRF, samples pretreated only with Pleurotus ostreatus; ALK, samples pretreated only with
0.1 M NaOH for 24 h at 21◦C; W + K, samples pretreated with P. ostreatus followed by 0.1 M NaOH for 24 h at 21◦C. Ara/Xyl is the ratio of arabinose to xylose
determined in the biomasses. Pairwise t-tests were performed between each treatment and control (NP) samples to evaluate the impact of the pretreatments in
relation to NP samples for each variable, the treatments which are significantly different from the NP controls are marked with a "*" (p ≤ 0.05). Error bars represent
the standard error of the sample replicates.

For lignin in non-pretreated cell wall biomass (Figure 6),
average values across the spontaneous grasses were 22.4% in
leaves (23.8% in C. selloana, 22.9% in A. donax and 20.5%
DW in P. australis; Table 2) and 25.3% in stems (27.8% in A.
donax, 24.9% in C. selloana, and 23.3% DW in P. australis). In
pretreated samples, there was a decrease in lignin content, albeit
only significantly lower in relation to non-pretreated samples in
M. × giganteus treated with 0.1M NaOH and with the combined
WRF-ALK treatments (a decrease from 27.0% down to 24.8% and
23.4%, respectively; p ≤ 0.05; Figure 6).

Analysis of Pretreatment Liquid
Fractions
The liquid fractions derived from the fungal and mild alkali
pretreatments, including the NF control samples (incubated
only with water) were analysed by liquid chromatography

with detection by photodiode array and tandem mass
spectrometry (HPLC-PDA-ESI-MSn). Several negative ions,
corresponding to lignin-derived compounds were detected in
the pretreatment liquid fractions. These included p-coumaric
acid (m/z 163), hydroxybenzoic acid (m/z 121) and ferulic
acid (m/z 193). Other cell wall related compounds that
were tentatively identified include diferulic acid isomers
(m/z 385) and diferulic acid cyclobutane isomers (m/z 387).
Other prevalent ions included m/z 563 and m/z 389, with
the former producing a UV spectrum and MS2 fragment
ions consistent with apigenin-C-hexoside-C-pentoside
(AHP). Multiple forms of m/z 389 ions (Mr 390) were
detected in samples.

Both alkali pretreatment and tissue type showed a relationship
with pretreatment liquid fraction composition. Coumaric acid
and hydroxybenzaldehyde were observed in all samples following
incubation with alkali, irrespective of tissue type or fungal
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TABLE 2 | Mean percentage (%) composition of alcohol insoluble residues (AIR) prepared from previously pretreated biomass from Arundo donax, Cortaderia selloana,
Phragmites australis and Miscanthus × giganteus.

Leaf

Glucose Xylose Arabinose Arabinose to Xylose ratio Lignin

NP 30.0 ± 1.0 17.7 ± 0.3 3.0 ± 0.2 0.17 ± 0.01 22.9 ± 0.4 A. donax

WRF 30.3 ± 0.8 17.9 ± 0.1 2.9 ± < 0.1 0.16 ± < 0.01 22.2 ± 0.5

ALK 31.2 ± 1.7 18.9 ± 0.5 3.2 ± 0.2 0.17 ± < 0.01 20.6 ± 0.9

WRF + ALK 32.5 ± 0.3 18.9 ± 0.5 3.0 ± < 0.1 0.16 ± < 0.01 20.3 ± 0.1

NP 30.2 ± 0.9 21.1 ± 0.8 3.7 ± < 0.1 0.18 ± < 0.01 23.8 ± 0.5 C. selloana

WRF 30.1 ± 1.3 20.3 ± 0.8 3.9 ± 0.1 0.19 ± 0.01 23.4 ± 0.2

ALK 33.6 ± 1.5 21.8 ± 0.5 4.2 ± 0.1 0.19 ± < 0.01 23.3 ± 0.6

WRF + ALK 32.5 ± 2.2 21.8 ± 0.5 4.4 ± 0.1 0.20 ± 0.01 22.4 ± 0.3

NP 28.8 ± 2.4 15.8 ± 0.2 2.2 ± 0.1 0.14 ± < 0.01 20.5 ± 0.1 P. australis

WRF 28.0 ± 2.2 16.2 ± 0.7 2.4 ± 0.1 0.15 ± < 0.01 20.1 ± 0.6

ALK 31.9 ± 1.3 17.5 ± 0.4 2.5 ± 0.1 0.14 ± < 0.01 19.6 ± 0.6

WRF + ALK 30.2 ± 1.1 17.7 ± 0.7 2.5 ± 0.2 0.14 ± 0.01 19.1 ± 1.0

NP 33.2 ± 0.6 18.8 ± 0.3 1.8 ± < 0.1 0.09 ± < 0.01 27.8 ± 2.2 A. donax

WRF 33.2 ± 0.3 18.4 ± 0.2 1.9 ± < 0.1 0.10 ± < 0.01 24.3 ± 0.1

ALK 34.7 ± 0.3 19.6 ± 0.1 2.0 ± 0.1 0.10 ± < 0.01 24.3 ± 0.7

WRF + ALK 37.6 ± 1.0 20.6 ± 0.9 1.9 ± 0.1 0.10 ± < 0.01 24.1 ± < 0.1

NP 31.0 ± 0.5 19.1 ± 0.1 3.5 ± 0.2 0.18 ± 0.01 24.9 ± 0.3 C. selloana

WRF 30.1 ± 0.2 18.6 ± < 0.1 3.4 ± 0.1 0.18 ± 0.01 25.0 ± 0.3

ALK 32.1 ± 0.9 19.2 ± 0.6 3.3 ± 0.1 0.18 ± 0.01 23.7 ± 0.7

WRF + ALK 31.7 ± 1.2 19.7 ± 0.8 3.4 ± 0.1 0.17 ± 0.01 23.3 ± 0.3

NP 39.4 ± 1.4 19.2 ± 0.5 2.0 ± 0.1 0.10 ± < 0.01 23.3 ± 0.4 P. australis

WRF 39.2 ± 2.0 19.3 ± 1.0 2.0 ± 0.1 0.10 ± < 0.01 24.0 ± 0.7

ALK 39.3 ± 1.3 19.5 ± 0.2 1.8 ± < 0.1 0.09 ± < 0.01 22.9 ± 0.3

WRF + ALK 41.4 ± 0.4 19.8 ± 0.4 1.8 ± < 0.1 0.09 ± < 0.01 24.5 ± 0.4

NP 38.3 ± 2.9 16.2 ± 0.4 2.2 ± < 0.1 0.13 ± < 0.01 27.0 ± < 0.1 M. × giganteus

WRF 37.8 ± 1.0 15.7 ± 0.2 1.9 ± < 0.1 0.12 ± < 0.01 27.1 ± 0.3

ALK 39.1 ± 0.3 16.3 ± 0.8 2.0 ± 0.1 0.12 ± < 0.01 24.8 ± 0.5

WRF + ALK 39.4 ± 0.3 16.7 ± 0.3 2.0 ± < 0.1 0.12 ± < 0.01 23.4 ± 0.3

Pretreatment acronyms: NP, non-pretreated control samples; WRF, samples pretreated only with Pleurotus ostreatus; ALK, samples pretreated only with 0.1 M NaOH for
24 h at 21◦C; WRF + ALK, samples pretreated with P. ostreatus followed by 0.1 M NaOH for 24h at 21◦C. Values are the mean ± standard error of the sample replicates.

pretreatment, while levels were negligible with other treatments
(see Table 3). Ferulic acid is relatively abundant in grass
cell wall tissues; however, here the amounts of this acid
were relatively low or even absent, apart from leaf tissue
pretreatment liquid fractions obtained from A. donax and
P. australis. This pattern was also reflected in the content of
diferulic acid and diferulic acid cylobutane. These compounds
were observed in other samples but did not show an
obvious relationship with treatment type or species. Certain
compounds did show greater abundance following fungal
pretreatments, however these were not consistent between
species. AHP levels were raised in P. australis treated with
P. ostreatus. However, this was not evident with other
species. A compound with m/z 436 was also observed in
M. × giganteus samples following fungal pretreatment, but
again this observation was only specific to this species.
AHP (apigenin-C-hexoside-C-pentoside) levels increased in
P. australis treated with P. ostreatus, however this was not
evident with other species. This compound was the only
flavonoid observed in these pretreatment liquid fractions with

the exception of the related compound apigenin-C-pentoside-
C-pentoside in A. donax and tricin in C. selloana pretreatment
liquid fraction.

DISCUSSION

Characterisation of the Biomass From
Wild-Grown Spontaneous Grasses in
Comparison to Miscanthus × giganteus
To determine the biorefining potential of spontaneous A. donax,
P. australis and C. selloana from marginal lands in Portugal, their
biomass composition was studied using a variety of analytical
techniques. Furthermore, Miscanthus × giganteus (MXG), a
potential energy crop was included in the study, for comparison
with the wild biomass species. This crop has been proposed
as a dedicated lignocellulosic crop in Europe (Lewandowski
et al., 2000; Heaton et al., 2008), and has been extensively
characterised from physiological, agronomical and potential
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TABLE 3 | Abundance of compounds observed in pretreatment liquid fractions obtained from leaf and stem plant material.

Leaf Stem

NP WRF ALK W + K NP WRF ALK W + K

Coumaric acid ND ND + + + + + + ND ND + + + + + Arundo donax

Hydroxybenzoic acid ND ND Trace + + + ND ND + + + +

Ferulic acid + + + + + ND ND + ND

Diferulic acid isomers + + + + + + ND + + + + + ND ND ND

Ferulic acid cyclobutane isomers + + + + + + + ND + + + + + Trace ND Trace

Apigenin-C-pentoside-C-pentoside ND + ND + + ND ND +

Apigenin-C-hexoside-C-pentoside + + + + + + +++ + + + + +

Coumaric acid ND ND + + + + + + + ND ND + + + + + + Cortaderia selloana

Hydroxybenzoic acid ND ND + + + + + ND ND + + + + + +

Ferulic acid Trace ND ND ND ND ND ND ND

Diferulic acid isomers + + + + + + + + + + + + + + + +

Ferulic acid cyclobutane isomers + + + + + + + + + + + +

Apigenin-C-pentoside-C-pentoside ND ND ND ND ND ND ND ND

Apigenin-C-hexoside-C-pentoside + + + + + ++ + ++ ++ + + + +++ ++ + +

Compound Mr 436 ND ND ND ND ND ND ND ND

Coumaric acid ND ND + + + + + + ND Trace + + + + + + + + Phragmites australis

Hydroxybenzoic acid ND ND + + Trace ND + + + + + +

Ferulic acid + + + + + + + + Trace Trace ND ND

Diferulic acid isomers + + + + + + + + + + + + + + + Trace +

Ferulic acid cyclobutane isomers + + + + + + + + + + Trace + + +

Apigenin-C-pentoside-C-pentoside ND + + + + ND + + + Trace + + + + + +

Apigenin-C-hexoside-C-pentoside ND + + + + ND + + + ND + + + + ND + + + +

Compound Mr 436 ND ND ND ND ND ND ND ND

Coumaric acid ND ND + + + + + + + + Miscanthus × giganteus

Hydroxybenzoic acid ND ND + + + + + + +

Ferulic acid Trace Trace ND ND

Diferulic acid isomers ND + Trace Trace

Ferulic acid cyclobutane isomers ND + + + +

Apigenin-C-pentoside-C-pentoside ND ND ND ND

Apigenin-C-hexoside-C-pentoside ND ND ND ND

Compound Mr 436 ND + + + + ND + + + +

The apigenin-C-hexoside-C-pentoside (AHP) compound schaftoside is commonly reported in grasses, however there are other flavonoids that are also relatively abundant
in grasses. Furthermore, there are also reports of flavonoid biosynthesis in white rot fungi (Gąsecka et al., 2015). Pretreatments: NP, non-pretreated control samples
(incubated only with water); WRF, samples pretreated with Pleurotus ostreatus; ALK, samples pretreated with 0.1 M NaOH for 24 h at 21◦C; W + K, samples pretreated
with P. ostreatus followed by 0.1 M NaOH for 24h at 21◦C. The symbol “ + ” indicates levels detected, ND, not detected; Trace, very low levels detected.

application perspectives down to its cell wall composition and
structure (de Souza et al., 2015; Clifton-Brown et al., 2016;
Lewandowski et al., 2016; Van Der Weijde et al., 2016; da Costa
et al., 2018; da Costa et al., 2019; Bhatia et al., 2021).

The contribution of leaf biomass to total biomass has not
been determined in the present work. However, these percentages
were previously determined in a range of Miscanthus genotypes
(da Costa et al., 2014). Comparably to what was shown in that
study, as the bauplan of A. donax, C. selloana and P. australis is
similar to that of Miscanthus spp., leaf percentage contributions
should also represent ca. 50% of total biomass in non-senesced
plants (ranging between 40% – 60%). The separate analysis of
leaf and stem, instead of pooled total above-ground biomass, as
each of these types of biomass have very distinct properties in a
biorefinery context.

Alcohol insoluble residues (AIR) were prepared from non-
pretreated biomass samples from leaf and stem from the four
grass species under study. From this material, neutral sugars, and
acetyl bromide soluble lignin contents were determined. In all
spontaneous species glucose and lignin content was higher in
stems than in leaves, whereas for arabinose the amounts were
higher in leaves. These values agree with previously reported
data for grass species (Mann et al., 2009; Shen et al., 2009;
Le Ngoc Huyen et al., 2010; da Costa et al., 2017). Xylose
contents are higher in stems for A. donax and P. australis,
which agree with the values reported elsewhere. However, for
C. selloana, xylose contents are higher in leaves. No reports
could be found in the literature about Cortaderia spp., however
higher xylose percentages in stems would be expected for
a grass species.
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The cell wall molar ratio of arabinose to xylose can be
used as indicator of the degree of arabinose substitution in
arabinoxylans, which are the most abundant hemicellulose
compounds in grass cell walls (Carpita, 1996). Arabinose to
xylose ratios have been positively correlated with enzymatic
saccharification efficiency of glucose (da Costa et al., 2019), and
may be a good indicator of the potential applications of biomass
crops. These ratios are typically highest in leaves and lowest
in stems (Rancour et al., 2012), which agrees with the values
observed for A. donax (0.17 in leaves and 0.09 in stems) and for
P. australis (0.14 in leaves and 0.10 in stems). However, in C.
selloana the arabinose to xylose ratio is the same in leaves and
in stems (0.18).

The AIR from non-pretreated biomass from M. × giganteus
stems contained 38.3% of glucose, 16.2% of xylose, 2.2% of
arabinose and, 27.0% of lignin (Figure 6 and Table 2). These
values are in accordance with previously reported determinations
in 8 miscanthus genotypes harvested from the same location
(da Costa et al., 2019). For each cell wall trait, a comparison
can be made between these values and those of stem biomass
from the spontaneous grasses under study. For glucose, the stems
of P. australis contain higher amounts of glucose (39.4%) than
M. × giganteus, whereas all three spontaneous species contain
higher amounts of xylose (A. donax: 18.8%; C. selloana: 19.1%;
P. australis: 19.2%), whereas lower amounts of lignin are found
in C. selloana and in P. australis (24.9% and 23.3% respectively).

From the FTIR-ATR analysis it was observed that the spectra
of AIR prepared from leaf biomass are mostly significantly
different in regions ascribed to hemicelluloses, namely to acetyl-
xylans (bands a 1736 – 1730 cm−1; g 1060 – 1055 cm−1; Table 1),
to lignin (bands c 1322 – 1310 cm−1; d 1275 – 1256 cm−1

and e 1240 – 1235 cm−1), and to amorphous cellulose (band
j 898 – 890 cm−1). With respect to xylan, bands a and g
are highly positively and significantly correlated to each other
(r > 0.8; p < 0.01). For the lignin-associated bands c, d and
e, the decreasing band intensities across the grass species (C.
selloana > A. donax > P. australis; Figure 2) coincide with
the corresponding lignin determinations (Figure 6 and Table 2)
in non-pretreated leaf biomass: C. selloana (23.8%), A. donax
(22.9%) and P. australis (20.5%). Furthermore, spectral regions e
and d are highly positive and significantly correlated to each other
(r > 0.9; p < 0.01; Supplementary Figure 1). Finally, for band j,
which has been assigned to amorphous cellulose, its decreasing
intensity across the grass species (A. donax > C. selloana > P.
australis; Figure 2) agrees with determined glucose percentages,
as C. selloana and A. donax have the highest glucose values (30.2%
and 30.0% respectively), and P. australis has the lowest (28.8%;
Figure 6 and Table 2).

FTIR-ATR spectral bands showing the greatest significant
differences in AIR from stems, for the different grass species
(Figure 2) include: h (1060 – 1055 cm−1), i (1035 – 1030 cm−1)
and k (898 – 890 cm−1). Although these bands have all
been attributed to cellulose (Table 1), correlation analysis
(Supplementary Figure 1) shows that while h and i band
intensities are highly positively correlated to each other (r > 0.9;
p < 0.01), they are both highly negatively correlated to band k
(r < −0.9; p < 0.01), which has been associated with amorphous

cellulose structures. The intensities of band k decrease across the
grass species in the following order: P. australis > A. donax > C.
selloana. This agrees with the order of their respective glucose
contents (Figure 6 and Table 2): P. australis (39.4%), A. donax
(33.2%) and C. selloana (31.0%). By contrast, the trend in the
intensities of bands h and i are the inverse of those glucose
contents: C. selloana > A. donax > P. australis (Figure 2). It
is plausible that bands h and i are associated with crystalline
cellulose structures, and their abundance varies inversely to that
of amorphous cellulose structures. Concomitantly, given that
the acid hydrolysis performed for the determination of glucose
content does not hydrolyse 100% of crystalline cellulose (Torget
et al., 2000), more glucose may be released from biomasses
with higher amorphous cellulose content. Furthermore, band
g (1170 – 1160 cm−1), which has been assigned to vibrations
in glycosidic links (Table 1), is also a significantly different
spectral region between the grass species. This also agrees with
the interpretation that there are significant alterations in the
structure of the main cell wall polysaccharides, which may be
related to the crystalline arrangement of cellulose.

Lastly, bands f (1240 – 1235 cm−1) and l (840 – 830 cm−1),
which have respectively been ascribed to vibrations in xylan
and lignin structures, are significantly different between the
stem biomass of grass species, despite not being reflected in the
xylose and lignin percentage determinations made for the stem
biomasses of these species (Figure 6 and Table 2). Nonetheless,
these associations made for leaf and stem biomass provide strong
evidence that the bands assigned according to the literature
are indeed strongly correlated with the corresponding cell wall
compounds in the grasses being studied.

Mild Alkali Pretreatment and Impact on
Saccharification
Alkaline pretreatments have been considered to increase
the biodegradability of lignocellulosic feedstocks (Jackson,
1977; Sharma et al., 2013). Mild alkali pretreatments
are known to result in a controlled de-esterification
of the biomass samples, minimising lignin and
carbohydrate losses (Kong et al., 1992; Chen et al., 2013;
Chen et al., 2014).

To further understand the potential of the studied grass
biomasses for applications in biorefining, AIR samples
were treated with a mild alkali pretreatment followed by
enzymatic saccharification. The alkali pretreatment had a
significant effect on saccharification (p ≤ 0.05; Figure 5),
as AIK yields were on average 2-fold higher than AIR.
However, the increase varied between the species and organs
(Supplementary Table 1). The most substantial effect of the
alkali pretreatment was seen in C. selloana, as AIK yields
were 3.3-fold higher in leaves, and 2.5-fold higher in stems. In
stems of A. donax the increase was 2.7-fold in AIK samples,
whereas for the remaining samples, saccharification yield
increases ranged between 1- and 2-fold. In comparison to
M. × giganteus, all spontaneous grass species showed higher
saccharification yields.

Frontiers in Plant Science | www.frontiersin.org 14 July 2021 | Volume 12 | Article 67996677

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-679966 June 29, 2021 Time: 16:6 # 15

da Costa et al. Biorefining Potential of Wild-Grown Species

FTIR-ATR analysis (Figure 3) showed clear differences
between AIR and AIK samples at spectral regions a (1736 –
1730 cm−1; assigned to C = O stretching in acetyl-xylans) and
f (1240 – 1235 cm−1; attributed to C-O vibrations of acetyl
(Table 1). The intensity of these bands is reduced in pretreated
biomass and is observed across all grass species. However, the de-
acetylation effect appears to be more complete in stem biomass
than in leaves. This is presumably due to the presence of higher
amounts of secondary metabolites in leaves, given their more
diversified physiological roles, when compared to stems.

It has been reported that alkaline saponification during mild
alkali pretreatment is able to release acetylester substituents
from heteroxylans in grass cell walls (da Costa et al., 2017).
This agrees with our results, that the most noticeable and
consistent compositional differences between AIR and AIK
samples is seen with bands associated to xylan and acetyl
substituents. These differences are the result of the loss of acetyl
groups in the biomass, specifically in xylans, as O-acetylated
xylan is the main source of acetylesters in grass cell walls
(Pauly and Scheller, 2000).

Direct determination of acetylester concentrations was not
performed in the present study. However, HPLC-PDA-ESI-MSn

was performed for the compositional analysis of the supernatants
derived from the alkali pretreatment (Table 3). Coumaric
acid, ferulic and diferulic acid isomers were observed in the
liquid fractions from all alkali-pretreated biomasses. Feruloyl,
diferuloyl and p-coumaroyl esters are abundant compounds
bound to cell wall structures, namely to arabinoxylans, the
main hemicellulose found in grasses (Williamson et al., 1998;
Määttä-Riihinen et al., 2004). This observation corroborates
that the mild alkali pretreatment promotes the hydrolysis
of ester linkages, partially removing esterified substituents
that may inhibit saccharification (Grohmann et al., 1986;
Kong et al., 1992; Ishii, 1997; Buanafina et al., 2006; Pawar
et al., 2013). Furthermore, by breaking ester bonds that
cross-link polysaccharides with each other and with lignin,
cellulose becomes more accessible to hydrolytic enzymes
(Hendriks and Zeeman, 2009; Xu et al., 2012; Li et al., 2013;
Wyman et al., 2013). The removal of ester-linked coumaric acid,
which is known to be mostly bound to lignin (Sun et al., 1998;
Grabber et al., 2004), may also compromise lignin structure thus
deteriorating cell wall integrity. Additionally, some separation
of lignin from the structural polysaccharides may be promoted,
and a similar hypothesis has been presented by Paripati
and Dadi (2014) as an explanation for the mechanism of
action of a mild alkali treatment. Indeed, lignin content was
slightly decreased in all alkali-pretreated biomass (Figure 6
and Table 2), although this was only significant in stems of
M. giganteus.

It was shown that mild alkali does not cause significant loss of
individual neutral monosaccharide components (Table 2).
In fact, the percentages of individual monosaccharides
are typically higher in alkali-pretreated samples than in
non-pretreated (Figure 6), although this is likely to be
due to an increase of efficiency of the acid hydrolysis.
Nonetheless, it has been previously demonstrated that even
low concentrations of alkali can extract pectin from grass

cell walls (da Costa et al., 2017). Although it did not emerge
as significantly different (p ≤ 0.00001), a spectral region
centred at 1103 cm−1 showed a marked increased intensity
in C. selloana stems (Figure 2). This band has been ascribed
to pectic polysaccharides (Coimbra et al., 1999; Kačuráková
et al., 2000; McCann et al., 2001). Pectic polysaccharides
were not directly quantified in this study. However, despite
grass cell walls containing low amounts of pectin (Carpita,
1996), they play important roles in maintaining structural
integrity (Tan et al., 2013; Lionetti et al., 2015; Biswal et al.,
2018). It is plausible that higher pectin contents could make
stems from C. selloana more prone to degradation than other
grass species when treated with 0.1 M NaOH. Thus partly
explaining the higher saccharification yields observed in this
biomass (Figure 5).

Effects of White-Rot Fungi
Pretreatments in Grass Biomasses
The relevance of using WRF-mediated biomass pretreatments
is that these organisms can degrade lignin more readily than
holocellulose (Valmaseda et al., 1991; Taniguchi et al., 2005;
Abdel-Hamid et al., 2013; López et al., 2017). By comparing
the FTIR-ATR spectra of stem biomass treated with WRF
with the spectra from NF controls, it was observed that
they are less affected by the fungal pretreatment than leaves
(Figure 4). According to the modifications in the FTIR-ATR
spectra of leaves, it is in A. donax and P. australis biomass
that the most noticeable effect of the WRF treatment is
observed, particularly in spectral region b (1625 – 1635 cm−1)
and an adjacent band centred at 1600 cm−1, which have
respectively been correlated with non-esterified carboxyl groups
in polysaccharides (Table 1), and aromatic ring stretching
(Pandey and Pitman, 2003; Bekiaris et al., 2015). This observation
may be the consequence of WRF-mediated de-esterification
and modification of ester-linked phenolic hydroxycinnamates
involved in cell wall polymer cross-linking (Ishii, 1997; Ralph,
2010). As HPLC-PDA-ESI-MSn was used to characterise the
liquid fractions produced during the incubation with WRF,
it was observed that in leaves treated with P. ostreatus, for
all plant species, the liquid fractions contained ferulic and
diferulic acid isomers. Whereas in stems, these compounds were
detected only at trace levels, or not at all, in A. donax and in
M. × giganteus (Table 3).

WRF are known to secrete a diversity of feruloyl and
coumaroyl esterases (Akin et al., 1995; Linke et al., 2013;
Nieter et al., 2014; Dilokpimol et al., 2016; Kelle et al., 2016)
which catalyse the hydrolysis of ester bonds between ferulic
and coumaric acids and plant cell wall polysaccharides. In our
experiments, except for A. donax stems, in all biomass treated
with WRF, ferulic or diferulic acid isomers were released. By
contrast, coumaric acid was only detected at trace levels in P.
australis stems, not being found in any other biomass. This
observation agrees with reports from other authors who have
demonstrated that ferulic acid primarily, but also coumaric acid,
are removed in grass biomass treated with WRF, breaking cell wall

Frontiers in Plant Science | www.frontiersin.org 15 July 2021 | Volume 12 | Article 67996678

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-679966 June 29, 2021 Time: 16:6 # 16

da Costa et al. Biorefining Potential of Wild-Grown Species

cross-links and improving saccharification (Agosin et al., 1985;
Valmaseda et al., 1991).

In the saccharification assay performed in this study, although
the differences in relation to the controls were statistically
significant in few cases, further interesting inferences can be
drawn by interpreting the absolute values. The saccharification
yield of A. donax leaf biomass was increased when incubated
with P. ostreatus, while in stems, these yields were increased
in A. donax, C. selloana and P. australis, when treated with
G. lucidum. In M. × giganteus stem, when treated with
T. versicolor, saccharification yield increased in relation to
the control. However, in the remaining cases, when samples
are treated with WRF, the saccharification yields were lower
than the controls (Figure 5 and Supplementary Table 1).
This is presumably due to the release of enzyme-inhibitory
compounds during fungal action. It is known that pretreatment-
derived soluble compounds can inhibit saccharification, via
steric hindrance for binding of hydrolytic enzymes (Biely,
2012; Pawar et al., 2013; Zhai et al., 2018). To address
this issue and enhance pretreatment efficiency, a mild alkali
pretreatment was employed (0.1 M NaOH; 24 h; 21◦C),
which substantially increased saccharification yields in relation
to their non-alkali treated counterparts. Once again, looking
at the absolute values, in comparison to the controls, in
some cases, the results suggest that a synergistic effect does
indeed occur when the WRF and mild alkali pretreatments
are combined. Namely, in C. selloana leaves treated with alkali
and P. ostreatus, the saccharification yield was 637.9 nmol
mg−1, which is higher than the samples treated only with
alkali (615.1 nmol mg−1), and almost 2-fold higher than the
non-pretreated controls (359.0 nmol mg−1). In stems treated
with alkali subsequently to the WRF pretreatment (Figure 5
and Supplementary Table 1), similar relationship can be
established for: A. donax treated with G. lucidum, T. versicolor
and P. ostreatus; C. selloana treated with T. versicolor and
P. ostreatus; and M. × giganteus treated with T. versicolor.
In all these cases the saccharification yield of biomass
treated with a combination of WRF and the mild alkali
pretreatment was higher than that of samples treated only
with alkali and, than non-pretreated controls. Furthermore, in
all these combinations, lignin content in pretreated samples
is lower than in non-pretreated controls (Table 2 and
Figure 5). It is likely that some lignin loss, detachment, or
structural alteration is responsible for the increase seen in
saccharification.

Under the tested conditions it cannot be excluded that
a synergistic effect of combined WRF-ALK pretreatments is
responsible for a disruption of cell wall integrity. These
modifications are likely to be at the level of cell wall polymers,
namely in lignin, and in ester-bound substituents, such as ferulic
acid. Ultimately, a structurally compromised cell wall would be
more susceptible to hydrolysis by cellulolytic enzymes, leading to
increased saccharification yields.

Conclusions and Final Remarks
Arundo donax, C. selloana and P. australis are grass species
that grow spontaneously throughout Southern Europe, including

Portugal. By characterising their biomass, potential applications
can be proposed, contributing to their economic valorisation.

Some compositional variation will be expected between
individuals due to heterozygosity of wild populations.
Nonetheless, as the aim of this study was to probe the
potential value of wild-grown biomass from various species,
a compromise had to be made in terms of the number of
replicates. When compared to M. × giganteus composition, a
potential lignocellulosic crop, the three spontaneous grass species
showed higher xylose content, higher glucose in P. australis and
lower lignin in C. selloana and P. australis. Furthermore,
saccharification yields are higher in A. donax, C. selloana and P.
australis, than in M. × giganteus. Our results suggest that the
biomass from spontaneous grasses has a comparable biorefining
potential as M. × giganteus. To this, there is an added advantage
that A. donax, C. selloana and P. australis occur spontaneously
on marginal lands; which mostly consist of lands that have been
abandoned due to relocation of agriculture, low productivity, or
with physical or environmental constraints to agriculture (Daily,
1995; Campbell et al., 2008; Cai et al., 2011; Dauber et al., 2012;
Pancaldi and Trindade, 2020). Considering these observations,
future studies will be drawn to assess how the heterozygosity of
the biomass affects valorisation potential across a wild population
and between different geographic origins.

Lignocellulosic biomass from high-biomass-producing
grasses, such as those studied here, can be a raw material
to produce a wide range of industry-relevant products.
However, biorefinery of plant biomass is limited by cell
wall recalcitrance. To address this issue, this study also
involved the application of fungal pretreatments, with
or without a combination with mild alkali, followed by
saccharification, and pretreatment liquid fraction analysis.
This study has contributed to the characterisation of the
mechanism of action of the employed pretreatments. In the
biomass of the grass species being studied, both the WRF
and the mild alkali approaches seem to act mainly by de-
esterification of the biomass, breaking crosslinks between
the cell wall polymers, thus increasing its porosity and
allowing better access to hydrolytic enzymes. Significant
amounts of coumaric, ferulic and diferulic acid, among other
compounds, were released during the WRF and mild alkali
pretreatments. Furthermore, a possible synergistic effect was
also revealed, as the effect of combining the alkali and the WRF
pretreatments produced higher saccharification yields than a
given pretreatment on its own.

One of the aims of lignin-first approaches is to obtain fewer
but uniform products from biomass fractionation through the
application of milder pretreatments (Korányi et al., 2020). This
study suggests that fractionation approaches where combinations
of WRF and mild alkali are used may represent a strategy for
controlled depolymerisation of lignin. However, further work is
required to optimise these methodologies.

This work represents the first study where the biorefining
potential of spontaneous A. donax, P. australis and C. selloana
from marginal lands is assessed in comparison to a trial field-
grown lignocellulose-dedicated crop such as M. × giganteus.
These spontaneous grasses were previously uncharacterised
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in a biorefining context. Thus, compositional characterisation
data generated here will contribute to the advancement of
novel lignocellulosic crops and opportunities to valorise these
resources. This, in turn, may contribute to industry and create
capital, as a new economic crisis is arising. Additionally, the
potential added value to these spontaneous grass species may
create a monetary incentive for voluntary biomass culling
by landowners, thus contributing to reduce excessive biomass
accumulation in marginal and unused lands, providing new uses
for these areas and vegetation.
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Cellulosic ethanol is an alternative for increasing the amount of bioethanol production
in the world. In Brazil, sugarcane leads the bioethanol production, and to improve
its yield, besides bagasse, sugarcane straw is a possible feedstock. However, the
process that leads to cell wall disassembly under field conditions is unknown, and
understanding how this happens can improve sugarcane biorefinery and soil quality.
In the present work, we aimed at studying how sugarcane straw is degraded in the
field after 3, 6, 9, and 12 months. Non-structural and structural carbohydrates, lignin
content, ash, and cellulose crystallinity were analyzed. The cell wall composition was
determined by cell wall fractionation and determination of monosaccharide composition.
Non-structural carbohydrates degraded quickly during the first 3 months in the
field. Pectins and lignin remained in the plant waste for up to 12 months, while
the hemicelluloses and cellulose decreased 7.4 and 12.4%, respectively. Changes
in monosaccharide compositions indicated solubilization of arabinoxylan (xylose and
arabinose) and β-glucans (β-1,3 1,4 glucan; after 3 months) followed by degradation
of cellulose (after 6 months). Despite cellulose reduction, the xylose:glucose ratio
increased, suggesting that glucose is consumed faster than xylose. The degradation
and solubilization of the cell wall polysaccharides concomitantly increased the level of
compounds related to recalcitrance, which led to a reduction in saccharification and an
increase in minerals and ash contents. Cellulose crystallinity changed little, with evidence
of silica at the latter stages, indicating mineralization of the material. Our data suggest
that for better soil mineralization, sugarcane straw must stay in the field for over 1 year.
Alternatively, for bioenergy purposes, straw should be used in less than 3 months.

Keywords: sugarcane straw, cell wall, decomposition, recalcitrance, polysaccharide

INTRODUCTION

New energy resources for a sustainable environment and reduction of oil use has been growing.
Among the diverse feedstocks, sugarcane has enormous potential for bioethanol and bioelectricity
production. Concerning bioethanol, both first-generation (1G) and second-generation (2G) can be
employed using sucrose and biomass from sugarcane, respectively, (de Souza et al., 2014). Brazil is
the largest sugarcane producer globally, being responsible for 40% of global production (Cherubin
et al., 2019; Ullah et al., 2020). Sugarcane in Brazil has been economically important since the 16th
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century, but only in the 30s, it was introduced as a fuel source due
to energy security (Cortez and Baldassin, 2016). The oil crisis of
the 70s led to the launch of the PRO-ÁLCOOL program, which
led Brazil to establish the 1G technology so that ethanol as a
biofuel became nationalized (de Souza et al., 2014). The cultivated
area in the 2019/2020 harvest corresponded to 8.5 million ha with
an estimative of 642.7 Mt of millable cane (Conab, 2020), and 55%
of the planted area belongs to the state of São Paulo (Rudorff et al.,
2010) along with 48.5% of the ethanol production (Conab, 2020).

Sugarcane production changes according to the crop variety,
edaphoclimatic conditions, and management practices (Carvalho
et al., 2013). To facilitate the harvest, it was common to
burn sugarcane residues (Leal et al., 2013), with practically
all being manually harvested. However, due to the Agro-
Environmental Protocol proposed by the Sugarcane Industry
Association (UNICA – União da Indústria de Cana-de-Açúcar)
and the government of the state of São Paulo, the burning
practice was prohibited. Therefore, legislation was introduced to
impose mechanized harvesting, eliminating sugarcane burning
and leaving a thick layer of straw on the soil surface (10 to
20 Mg ha. year−1; Menandro et al., 2017; Santoro et al., 2017;
Carvalho et al., 2019). The straw left on the soil surface is usually
maintained for 2 weeks to decrease its water content by natural
drying in the bailing system (Cardoso et al., 2013). Then straw
is withdrawn, baled, and transported to the industry (Hassuani
et al., 2005; Cardoso et al., 2013; Lisboa et al., 2018). This practice
sustainably produces sugarcane, increasing profits with the straw
management to new products such as bioethanol, bioelectricity,
or bio-renewable feedstocks (Hassuani et al., 2005; Cardoso et al.,
2013; Lisboa et al., 2017, 2018; Carvalho et al., 2019).

Sugarcane straw (also known as trash) is composed of 54%
dry leaves and 46% green tops with a moisture of 30–60% after
the harvest (Paes and Oliveira, 2005; Michelazzo and Braunbeck,
2008; Carvalho et al., 2013; Lisboa et al., 2018). This feedstock
holds 1/3 of the total energy available in the plant in the form
of the cell wall polysaccharides (de Souza et al., 2014). The
maintenance of the straw on the field is essential for carbon
accumulation, nutrient recycling, water storage and infiltration,
protection against erosion, soil temperature and bulk density, and
biological activity (Cerri et al., 2011; Fortes et al., 2013; Paredes
et al., 2015; Ng Cheong and Teeluck, 2016; Valim et al., 2016;
Galdos et al., 2017; Nxumalo et al., 2017; Lisboa et al., 2018).

Alternatively, the energy potential of sugarcane straw is
concentrated in the cell wall polysaccharides (carbohydrates).
Thus, it is valuable material for 2G bioethanol production.
In this regard, it is crucial to know their composition and
structural features. The plant cell wall is a complex structure
formed by a cellulose core surrounded by hemicelluloses and
lignin, all immersed in a pectin matrix (Carpita and Gibeaut,
1993). The cell walls are said to display a Glycomic Code,
which holds enormous complexity behind the assembly of its
polymers (Buckeridge and de Souza, 2014; Buckeridge, 2018).
The Glycomic Code was proposed as a concept in which
information is held in the carbohydrates of the extracellular
matrices (Buckeridge, 2018). Thus, the structure’s disassembly
is still considered challenging due to the interactions among
the polysaccharides and the composition diversity among tissue

and species. In sugarcane, pectins and β-glucan (hemicellulose)
are more accessible to enzyme hydrolysis in 2G processes.
Alternatively, the hemicelluloses arabinoxylan and xyloglucan are
more closely attached to cellulose, conferring some degree of
recalcitrance to the structure. In 2013 De Souza et al. proposed a
model for the hydrolysis of sugarcane biomass in which polymers
would be selectively and sequentially attacked by hydrolases.
The attack starts on the pectins, progressing toward the more
soluble hemicelluloses. After it hydrolyses the hemicelluloses
more closely attached to cellulose, it ends up exposing cellulose
microfibrils to the attack of cellulases. This model was partly
confirmed to function for microorganisms (Borin et al., 2015) and
in vivo in sugarcane tissues (Leite et al., 2017; Grandis et al., 2019).

Straw is a fibrous and heterogeneous material with a reported
chemical composition of 19–43% lignin, 29–44% cellulose, 27–
31% hemicelluloses, and 2.4–7.8% ash (Costa et al., 2013; de
Barros et al., 2013; Landel et al., 2013; Oliveira Moutta et al., 2013;
Oliveira et al., 2014; Szczerbowski et al., 2014). However, in many
studies, pectins are disregarded, whereas in grasses (including
sugarcane), these polymers have been reported as being 10% of
the cell wall (Carpita, 1996; de Souza et al., 2013, 2015). Pectins
are relevant because they interfere with the wall’s permeability
and therefore mediate the access of hydrolases to cellulose and
hemicelluloses (Bellincampi et al., 2014; Latarullo et al., 2016;
Grandis et al., 2019). Likewise, a fine characterization of the straw
polysaccharides and their disassembly during field degradation,
together with the interactions of biotic and abiotic factors, may
improve the use of the straw for biorefinery and correlate with
soil protection.

Here, we evaluated the cell wall degradation process
of sugarcane straw for 1 year. By following carbohydrate
composition, lignin levels, uronic acids, cellulose crystallinity,
and ash, this study was able to construct a view to understand
the cell wall degradation and the raise of mineral impurities in
biomass by the environmental and natural field conditions. As
straw aged, non-structural carbohydrates were degraded whereas
the structural carbohydrates started to be modified and partially
consumed. While crystallinity of cellulose changed little and SiO2
(quartz) signal increased as a response to the biomass relative
proportion alteration (a sign of increased mineralization), the
proportion of lignin and pectins increased in biomass, provoking
a decay in the saccharification capacity. Thus, for up to 3 months
in the field, straw biomass could be either used directly for
2G bioethanol production (or bioelectricity) or left for more
than 1 year to improve soil mineralization and further recovery.
Combination of both strategies could also be suitable to improve
sugarcane sustainability.

MATERIALS AND METHODS

Plant Material and Site Description
The study was conducted in Piracicaba, São Paulo, Brazil (S 22◦
43′07.9′′, W 47◦C 41′91.7′′) in a sugarcane (Saccharum spp. cv.
SP80-1816) field plot with an area of 10,000 m2. After the manual
harvesting of sugarcane, the remaining straw was placed in 5 rows
separated by 7 m from each other. Pooled samples were collected
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at three points, following a spacing of 10–20 m among the rows
in a field plot (Figure 1A). Five harvests were performed every
3 months along the period from June 2009 to June 2010. The
field condition on the first harvest and the regrowth of sugarcane
after 3 months can be seen in Figures 1B,C, respectively. The soil
was separated from the plant material in the laboratory by water
flotation. The plant material was freeze-dried and pulverized in a
ball mill for further analyses.

Soil Relative Humidity and Climatic
Parameters
The soil in contact with sugarcane straw was collected and
stored in glass jars. Samples were dried at 60◦C for relative soil
humidity until constant dry mass. The humidity was determined
gravimetrically.

Climatic parameters (air relative humidity, temperature, and
rainfall) were obtained from the meteorological station of
ESALQ/USP1 located at S 22◦30′30′′, W 47◦38′00′′.

Soluble Sugar Quantification
Total soluble sugars were extracted six times from 10 mg
pulverized dry mass samples with 1.5 mL of 80% ethanol at

1http://www.esalq.usp.br/departamentos/leb/postoaut.html, accessed on October
10, 2018.

FIGURE 1 | Representation of the sugarcane field studied in Piracicaba, São
Paulo, Brazil (S 22◦ 43′07.9′′, W 47◦C 41′91.7′′). (A) Experiment site area
from a satellite view (Google maps). The field plot is shown in the center and
the white squares represent the harvesting sites distribution. (B) Field of
sugarcane cultivation after the harvest. (C) Field after 3 months with the new
sugarcane plants sprouting.

80◦C for 20 min. The Alcohol Insoluble Residue (AIR) was dried
at 45◦C overnight and subsequently used for starch evaluation.
After each extraction, the supernatant was recovered by
centrifugation. The supernatant pool was vacuum concentrated
(ThermoScientific R© Savant SC 250 EXP) and resuspended in 1 mL
of water and 1 mL of chloroform. The recovered water-soluble
sugars (sucrose, fructose, glucose, and raffinose) were analyzed
by High Performance Anion Exchange Chromatography with
Pulsed Amperometric Detection (HPAEC-PAD) in a Dionex
system (ICS 5,000) using a CarboPac PA1 column and eluted with
150 µM NaOH on an isocratic run of 27 min (Pagliuso et al.,
2018).

Starch Extraction and Quantification
Starch was measured according to do Amaral et al. (2007) and
Arenque et al. (2014). AIR was treated with 120 U· mL−1 of
α-amylase (E.C. 3.2.1.1) of Bacillus licheniformis (Megazyme R©

Inc., Australia) diluted in 10 mM MOPS buffer pH 6.5 at 75◦C
for 1 h. Incubation was followed by the addition of 30 U·mL−1 of
amyloglucosidase (E.C. 3.2.1.3) of Aspergillus niger (Megazyme R©

Inc., Australia) diluted in 100 mM sodium acetate buffer pH 4.5
at 50◦C for 1 h. For starch determination, 50 µL of each sample
was added to a 250 µL of a mixture containing glucose oxidase
(1,100 U· mL−1), peroxidase (700 U· mL−1), 4-aminoantipirin
(290 µmol· L−1), and 50 mM phenol at pH 7.5. The plates were
incubated for 15 min at 30◦C, and the absorbance was measured
at 490 nm. The standard curve was performed with commercial
glucose (Sigma R©).

Cell Wall Fractionation
The cell wall fractionation protocol was adapted from de Souza
et al. (2013). The soluble sugars of 500 mg of pulverized straw
sugarcane were extracted six times, with 35 mL of 80% ethanol at
80◦C per 20 min. The remaining material, AIR, was dried at 60◦C
for 6 h and submitted to starch removal with two extractions of
35 mL DMSO 90% for 12 h each. De-starched AIR (cell walls)
was extracted with 40 mL of sodium chlorite 3% (m/v) in acetic
acid 0.4% (v/v) for 1 h at 80◦C followed by the addition of
400 mg of sodium chlorite and 160 µL of acetic acid and reaction
of 2 h at 80◦C for lignin removal. The supernatant containing
soluble polysaccharides was recovered. The sodium chlorite
residue was extracted with 30 mL of 0.5% ammonium oxalate
(pH 7.0) at 80◦C for 1 h with continuous stirring for pectin
solubilization. For hemicellulose solubilization, the supernatants
were recovered, and the ammonium oxalate-extracted cell wall
residue was sequentially subjected to two extractions with 30 mL
of 0.1, 1, and 4 M sodium hydroxide containing 3 mg· mL−1

sodium borohydride, at room temperature for 1 h each. The
supernatants containing the hemicelluloses were neutralized with
glacial acetic acid. After the extractions, the pellet was washed five
times with distilled water, frozen, and freeze-dried. The acquired
fractions were dialyzed to remove salts, frozen and lyophilized.
The yields of the cell wall domains were obtained gravimetrically.

Cellulose Determination
The cellulose was determined on the 4 M sodium hydroxide
residue after an Udgegraff solution digestion [5% nitric acid
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(v/v) and 15% acetic acid (v/v)] for 90 min at 100◦C. Hydrolysis
of residue discerns the cellulose content that was measured
gravimetric after several washes and freeze-drying.

Acid Hydrolysis of the Cell Wall
The cell wall was obtained after the extraction of the soluble sugar
and the fractionation process. 2 mg of the integral cell walls AIR
and the cell wall fractions were hydrolyzed in a thermoblock with
1 mL of 2 M TFA (trifluoroacetic acid) at 100◦C for 1 h with
continuous stirring (750 rpm). Then, the supernatants of all the
samples were vacuum-dried and resuspended in 1 mL of distilled
water. For cellulose quantification, the sulfuric acid method was
used to obtain free glucose to quantify materials reminiscence
after the TFA hydrolysis (de Souza et al., 2013). The cellulose was
hydrolyzed with 72% (30 min), 4% (1 h at 121◦C; v/v) H2SO4.
The glucose solution was taken to a pH between 6 and 8 by adding
50% (w/v) NaOH.

Monosaccharides were analyzed using HPAEC-PAD. The
column used was a CarboPac SA10 column (ICS 5,000
system, Dionex-Thermo R©). The sugars were eluted isocratically
with 99.2% of water and 0.8% sodium hydroxide 200nM
(1mL·min−1). The monosaccharide was detected by Pulsed
Amperometric Detection using a post-column base containing
500 mM NaOH (0.5 mL· min−1). Quantification was performed
injecting known concnetrations of arabinose, galactose, glucose,
xylose, fucose, rhamnose, and mannose and calculating standard
curves (Pagliuso et al., 2018).

Uronic Acid Determination
The uronic acids content was determined according to Filisetti-
Cozzi and Carpita (1991). Five mg of each cell wall fraction were
hydrolyzed on ice with 2 mL of sulfuric acid for 10 min under
stirring (1,250 rpm). For hydrolysis, 1 mL of deionized water was
added, and the procedure was repeated once more. This final
reaction was diluted to 10 mL and centrifuged at 4,000 g for
10 min at room temperature. Four hundred µL were submitted
to the colorimetric essay at 100◦C for 20 min with 40 µL of 4 M
sulfamic acid/potassium sulfamate solution (pH 1.6) and 2.4 mL
of 75 mM sodium borate in sulfuric acid. The reactions were
cooled on ice, and 80 µL of m-hydroxybiphenyl in 0.5% NaOH
was added. The samples were vortexed for color development
and read on a spectrophotometer at 525 nm. The uronic acid
quantification was determined based on a D-galacturonic acid in
a concentration range of 5–40 µL/400 µL.

Saccharification
For digestibility evaluation, powdered straw sugarcane was
saccharified as described by Gomez et al. (2010). 4 mg of samples
were treated with 0.5 N NaOH at 90◦C for 30 min before
enzymatic hydrolysis, which was conducted with an enzyme
blend with 4:1 cellulase (Trichoderma reesei) and Novozymes R©

188 (cellobiase from A. niger; both Novozymes, Bagsvaerd,
Denmark) at 30◦C in 25 mM sodium acetate buffer at pH 4.5
for 18 h. Reducing sugars determination was carried out with
75 µL of the hydrolysis’ supernatant by MBTH colorimetric
method. 25 µL of 1 M NaOH plus 50 µL of a solution containing
0.43 mg· mL−1 MBTH and 0.14 mg· mL−1 DTT were added to

the hydrolyzate and heated at 60◦C for 20 min. Then, 100 µL
of oxidizing reagent [0,2% FeNH4 (SO4)], 0.2% sulfamic acid,
and 0.1% HCl for color development. The standard curve for
sugar determination had 50, 100, and 150 nmol of glucose
(Sigma R©). With a total of 250 µL in each well of the plate,
reactions were revealed at 620 nm. This procedure was made
at the York University and the authors thank Dr. Leonardo
Gomez for the help.

Lignin Extraction and Determination
Thirty milligrams of pulverized straw were washed with 1 mL
of water, ethanol, ethanol-chloroform (1:1 v/v), and acetone in
termoblock for 15 min at 98, 76, 59, and 54◦C, respectively,
under constant stirring of 750 rpm (van Acker et al., 2013).
The reminiscent material was recovered by centrifugation for
5 min at 14,000 g and dried at 45◦C overnight. Recently acetyl
bromide method was pointed out as precise for grasses and forage
(Fukushima et al., 2021). In 10 mg of dried washed material was
added 250 µL of 25% acetyl bromide in acetic acid and incubated
for 2 h at 50◦C and 1 h with stirring of 1,500 rpm (Fukushima and
Kerley, 2011; Fukushima et al., 2015). The samples were cooled
at 4◦C and centrifuge for 10 min at 14,000 g. The final reaction
was conducted with 400 µL of 2 M sodium hydroxide, 75 µL
of 0.5 M hydroxylamine hydrochloride, 1,425 µL glacial acetic
acid, and 100 µL of acetyl-bromide supernatant solution and read
at 280 nm. The lignin measurement was calculated by Bouguer-
Lambert-Beer law (Eq. 1) and corrected by the cell wall amount
used on the assay.

A = ε ∗ c ∗ l (1)

Where, ε = 23.35 l· g−1
· cm−1 (Xue et al., 2008) and l = 0.1 cm.

β-Glucan Hydrolysis
The polysaccharide β-glucan was analyzed by enzymatic
hydrolysis with 0.5 U·mL−1 lichenase from Bacillus subtilis
(Megazyme R©, Australia) in 50 mM sodium acetate buffer at pH 5
for 24 hr at 30◦C with 1 mg of the cell wall fractions. Commercial
barley β-glucan (Megazyme R©, Australia) was used as standard.
The reactions were stopped by heating at 100◦C for 5 min. The
oligosaccharides fine-structure were analyzed by HPAEC-PAD
using a CarboPac PA-100 column (ICS 3,000 system, Dionex-
Thermo R©). The column was eluted with 88 mM NaOH (baseline)
and sodium acetate 200 mM NaOH (0.9 mL·min−1) for 45 min.
The peak areas from the tri- and tetrasaccharide nominated in
the chromatograms as a and b shown in Figure 4 were used to
calculate the tri:tetrasaccharides ratio.

Carbon and Nitrogen Quantification
Dry samples were weighed (1.3–1.5 mg) and placed in
plater capsules for combustion and volatilization. The volatile
compounds were analyzed by mass spectrometry (Finnegan Delta
Plus) for elemental C and N (Carlo-Erba, 1110). Sugarcane
leaves with a known concentration of carbon and nitrogen were
used as standards. The carbon and nitrogen concentration were
expressed in percentage, and δ13C or δ14N represented by the
thousand (h) concerning the standard. The isotopic calculation
was performed according to the Eq. (2) in which R represents

Frontiers in Plant Science | www.frontiersin.org 4 July 2021 | Volume 12 | Article 65216887

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-652168 July 10, 2021 Time: 13:19 # 5

Pagliuso et al. Straw Carbohydrates Degradation

the isotopic ratio 13C/12C or 15N/14N of the sample and the
standard. All the samples were analyzed in duplicates, accepting
a maximum analytical error deviation of 0.3h for 13C and 0.5 h
for 15N. These analyses were performed at the laboratory of Prof.
Plínio Camargo, CENA-USP, in Piracicaba, São Paulo.

δ13C or δ14N =

(Rsample − Rstandard

Rstandard

)
∗1000 (II)

Biomass Ash Content
Ash contents were determined gravimetrically by calcination
(Sluiter et al., 2008).

Cellulose Crystallinity
X-ray diffraction was performed with air-dried ground
biomass inserted in capillary tubes. The tubes were illuminated
orthogonally by Cu Kα (λ = 1.5418 Å) radiation from a rotating
anode generator (Rigaku UltraX-18HF) with monochromatic
optics. The scattered radiation was detected in transmission
mode by a mar345 image plate positioned 120 mm behind the
samples. The scattering angles were calibrated with an α-alumina
standard, and scattering intensities were corrected for absorption
in the radiation path (Driemeier and Calligaris, 2011). The
intensity was averaged across the azimuthal angles of the image
plate to prepare X-ray diffractograms for presentation.

Data Analysis
Cell wall fractions were grouped into four fractions to facilitate
the polysaccharide degradation analyses during field exposure.
The first group gathers sodium chlorite and ammonium oxalate

data in pectin-rich and some soluble hemicellulose fractions. This
fraction is named pectin-rich. The second group gathered 0.1 M
and 1 M NaOH, which contains hemicelluloses less attached to
cellulose fraction. It is called Hemicellulose A. The third group
comprises hemicelluloses attached to cellulose fraction (4 M
NaOH – named Hemicellulose B). The fourth group is the residue
that consists of cellulose. Statistical analysis was performed with
R software (version 3.4.1 – Copyright© 2017 The R Foundation
for Statistical Computing) by ANOVA one-way with posthoc
Tukey-Kramer HSD (p < 0.05).

Principal component analyses (PCA) were performed to give
a comprehensive view of how degradation occurs in sugarcane
straw aged in the field. The variables measured were: ash content,
lignin, soil humidity, carbon, uronic acid, nitrogen and isotopes,
non-structural carbohydrates, and cell wall monosaccharide
composition and fractions (n = 5). The ANOVA one-way tested
the synthetic variables to verify the significant differences during
the harvested months (P < 0.05). These analyses were performed
in Minitab-14.1 software.

RESULTS

Field Conditions
Because the climatic conditions can influence the degradation
process of biomass in the field, we measured temperature, rainfall,
and soil humidity (Figure 2). The temperature varied by about
10◦C from June 2009 to June 2010 (Figure 2A). The experiment
started in the winter season, with an average temperature of

FIGURE 2 | Climatic conditions and soil humidity in the field. (A) Average monthly temperature (◦C). (B) Monthly rainfall (mm). (C) Soil relative humidity (%). (A,B)
were generated from the data of Posto Agrometereológico do Departamento de Ciências Exatas da Escola Superior de Agricultura “Luiz de Queiroz,” Universidade
de São Paulo (ESALQ/USP; http://www.esalq.usp.br/departamentos/leb/postoaut.html). Arrows indicate the harvest points that represent the filed times of 0, 3, 6,
9, and 12 months. Different letters are statistically distinct between the harvests in soil humidity (P > 0.05; n = 5).
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15◦C. The temperature increased until November (25◦C) and
kept stable until March (spring to summer) when it decreased to
17◦C in June of 2010 (winter).

Rainfall was less abundant (50 mm) during June-October
2009, except for September, when it peaked at 60 mm. From
November to February of 2010, the rainfall increased, peaking
in December with 263 mm (Figure 2B). From February of 2010,
the rainfall decreased to reach 17 mm in June of 2010, when
the winter started. The first layer of soil displayed humidity
variation from 16.5–21.2%, generically following the rainfall
pattern (Figure 2C).

Non-Structural and Structural
Carbohydrates Degradation
The non-structural carbohydrates (starch, glucose, fructose,
sucrose, and raffinose) decreased 90% within 3 months on the
field. Afterward, the level of sugars remained low in the plant
tissues. The fructose and starch contents reduced less intensely
than glucose and raffinose (78 and 88%, respectively) in the first
3 months (Table 1).

The cell wall fractions are grouped into four categories –
pectin-rich (sodium chlorite and ammonium oxalate fractions),
hemicellulose A (0.1 and 1 M NaOH fraction), hemicellulose B
(4 M NaOH fraction), and cellulose (treated residue; Figure 3
and Supplementary Table 3). Both the experimental design,
and the data displayed in Figure 3, are intended to show the
biomass composition on the day sampled, and not show how
each cell wall fraction varied across time. The straw composition
at month zero was 12.4% lignin, 24.5% pectin (some soluble
hemicelluloses are also found but in minor proportions), 23.8%
hemicellulose A, 5.4% hemicellulose B, and 33.8% cellulose
(Figure 3). This cell wall composition was arbitrarily defined
as standard for intact biomass. After exposure of the straw for
3 months in the field, the cell wall proportions did not change
(Figure 3). At 6 months, the straw biomass increased 3.8% in
pectin, with a concomitant reduction of 4.6% in hemicellulose
A, and 7.2% cellulose (Figure 3). The straw left in the field after
9 and 12 months decreased the hemicellulose by 11.2% and the
cellulose by 12.4% (Figure 3). In this period, the pectin-rich
plus soluble hemicelluloses contents proportionally increased by
6.5% in comparison to the intact biomass (Figure 3). This result
indicates that pectin was not consumed by most microorganisms

FIGURE 3 | Relative percentages of cell wall composition of sugarcane straw
for 12 months. Each bar represents the percentage of the component in the
cell wall of each day sampled. A table with the values and statistics is in
Supplementary Table 1 (n = 5).

present in the soil. Another evidence suggesting that pectins
are not degraded is that the content of galactose, fucose, and
rhamnose – monosaccharides typical of pectins – increased
with time and reduced the other monosaccharides, except for
galactose, which remained constant (Table 2). Also, the uronic
acid content in the sodium chlorite and ammonium oxalate cell
wall fractions increased proportionally as sugarcane straw aged
(Table 2). The uronic acids still remained in the other cell wall
fractions (∼ 90 µg· mg−1). Mannan, a polymer that belongs
to the hemicellulose class build-up from mannose chains, is
also not degraded (see mannose levels in Table 2). However,
arabinoxylan (arabinose and xylose), the main hemicellulose of
sugarcane, seems to have been degraded by half over the first
3 months (Table 2 and Supplementary Figure 1). It was also
possible to identify arabinoxylans as more soluble and less soluble
types. The more soluble arabinoxylan was found in the fractions
from sodium chlorite and ammonium oxalate, with a significant
reduction within 12 months (Table 2). A less soluble arabinoxylan
type (more attached to cellulose) was seen in the fractions of 0.1,
1, and 4 M, with a significant reduction (Table 2). This reduction
possibly demonstrates the degradation, solubilization, and access
of the polysaccharides to hydrolysis by soil microorganisms over
the experimental period (Supplementary Figure 1).

TABLE 1 | Non-structural carbohydrates (starch, glucose, fructose, and raffinose) contents in the sugarcane aging 12 months in the field.

Time Starch Glucose Fructose Sucrose Raffinose

0 months 16.97 ± 1.61b 8.48 ± 2.35b 7.74 ± 0.26b 37.30 ± 4.36b 0.95 ± 0.17a

3 months 2.01 ± 0.08a 0.22 ± 0.02a 1.67 ± 0.26a 0.51 ± 0.18a 0.00 ± 0.00a

6 months 2.86 ± 0.14a 0.21 ± 0.02a 1.63 ± 0.18a 0.25 ± 0.07a 0.00 ± 0.00a

9 months 2.62 ± 0.14a 0.25 ± 0.02a 1.69 ± 0.07a 0.35 ± 0.08a 0.00 ± 0.00a

12 months 1.57 ± 0.12a 0.21 ± 0.02a 1.65 ± 0.27a 0.34 ± 0.09a 0.00 ± 0.00a

p-value 2.22 × 10−9 3.75 × 10−5 7.27 × 10−5 1.12 × 10−10 2.05 × 10−5

Values are represented by mean ± standard error expressed in µg· mg−1 dry weight. Different letters are significant differences by Tukey’s test (P < 0.05; n = 5).
Statistically significant p-values are shown in bold according to ANOVA one-way test.
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TABLE 2 | Non-cellulosic monosaccharides (fucose, arabinose, galactose, rhamnose, glucose, xylose, and mannose) contents the sugarcane straw aging for 12 months
on the field by TFA hydrolysis method and uronic acid content.

Fractions Months Arabinose Fucose Galactose Glucose Mannose Rhamnose Xylose Uronic acids

AIR 0 26.89 ± 3.26c 0.12 ± 0.01a 5.88 ± 0.78a 23.46 ± 5.48b 0.83 ± 0.55b 0.00 ± 0.00a 89.33 ± 7.44c –

3 18.37 ± 1.12b 0.18 ± 0.03ab 4.91 ± 0.40a 9.59 ± 0.61a 2.52 ± 0.20b 0.54 ± 0.07b 73.62 ± 2.83bc –

6 14.63 ± 1.02ab 0.37 ± 0.03bc 5.02 ± 0.39a 10.83 ± 0.70a 3.41 ± 0.20b 0.67 ± 0.08b 60.54 ± 2.89ab –

9 10.43 ± 1.27ab 0.40 ± 0.07c 4.02 ± 0.69a 8.13 ± 1.49a 2.86 ± 0.50b 0.66 ± 0.12b 45.41 ± 3.34a –

12 11.41 ± 0.24ab 0.50 ± 0.08c 4.46 ± 0.19a 9.69 ± 0.56a 4.00 ± 0.34b 0.70 ± 0.06b 50.50 ± 1.71a –

p-value 0.000 0.000 0.316 0.003 0.000 0.000 0.000 –

Sodium chlorite 0 31.69 ± 3.19ab 0.45 ± 0.02a 7.74 ± 0.25a 38.21 ± 6.32c 2.92 ± 1.31a 1.59 ± 0.13a 148.13 ± 22.70a 165.76 ± 2.96ab

3 51.41 ± 1.30c 2.60 ± 0.51ab 8.12 ± 0.30b 17.57 ± 0.62a 2.50 ± 0.14ab 2.35 ± 0.12ab 207.11 ± 9.48bc 145.02 ± 11.29a

6 38.04 ± 1.41b 1.42 ± 0.30ab 5.88 ± 0.23b 13.90 ± 0.40ab 3.41 ± 0.28ab 1.82 ± 0.10ac 153.27 ± 4.59a 179.83 ± 11.53b

9 34.42 ± 1.04ab 0.96 ± 0.09b 5.88 ± 0.65b 14.91 ± 1.73ab 5.48 ± 0.97b 2.10 ± 0.10c 131.38 ± 3.41a 172.43 ± 3.3ab

12 22.78 ± 5.37a 1.31 ± 0.21b 4.83 ± 0.48b 17.23 ± 0.64bc 3.54 ± 1.12ab 2.49 ± 0.20bc 94.44 ± 8.64a 165.94 ± 5.85ab

p-value 0.000 0.005 0.002 0.002 0.011 0.002 0.000 0.061

AmnOX 0 35.60 ± 3.61cd 1.47 ± 0.38a 11.95 ± 2.26b 71.21 ± 7.82b 7.17 ± 4.02a 1.75 ± 0.51a 106.03 ± 13.22b 118.91 ± 2.81a

3 39.63 ± 2.17d 1.95 ± 0.10b 20.53 ± 1.19b 35.98 ± 2.14a 10.91 ± 0.69a 1.97 ± 0.11bc 191.86 ± 5.65c 143.72 ± 3.34b

6 26.87 ± 1.26bc 2.63 ± 0.07ab 22.67 ± 0.57a 45.10 ± 1.43a 18.08 ± 0.45a 3.39 ± 0.10ab 132.35 ± 6.23b 122.43 ± 2.69a

9 21.10 ± 1.18ab 3.31 ± 0.21a 22.39 ± 1.19a 51.70 ± 2.77a 24.20 ± 1.56a 3.87 ± 0.25ac 131.51 ± 2.39ab 119.28 ± 5.05a

12 16.23 ± 3.34a 3.04 ± 0.59a 19.61 ± 2.63a 54.11 ± 3.58a 15.75 ± 5.48a 3.51 ± 0.64c 104.75 ± 6.88a 134.28 ± 5.66ab

p-value 0.000 0.000 0.000 0.000 0.205 0.000 0.000 0.001

0.1 M NaOH 0 76.55 ± 3.70a 2.75 ± 0.20b 10.79 ± 1.23a 15.26 ± 1.35ab 2.29 ± 0.35a 0.74 ± 0.12a 269.61 ± 4.86a 121.31 ± 7.31a

3 73.82 ± 1.28a 3.22 ± 0.16b 15.64 ± 0.65c 10.93 ± 0.96ab 2.04 ± 0.51a 0.92 ± 0.10b 256.84 ± 4.19a 152.43 ± 11.65a

6 63.49 ± 3.29a 2.91 ± 0.16b 11.56 ± 0.48ab 6.79 ± 4.17a 1.88 ± 0.20a 2.31 ± 0.12b 253.01 ± 8.34a 133.35 ± 12.99a

9 193.48 ± 43.00a 3.23 ± 0.15b 14.60 ± 0.68bc 21.27 ± 0.08bc 2.41 ± 0.14a 2.34 ± 0.14b 219.38 ± 2.45a 124.09 ± 10.47a

12 133.16 ± 79.86a 0.66 ± 0.21a 15.10 ± 0.23c 25.08 ± 1.70c 6.72 ± 0.45b 0.93 ± 0.02a 276.75 ± 31.38a 111.15 ± 13.17a

p-value 0.163 0.000 0.000 0.000 0.000 0.000 0.261 0.152

1 M NaOH 0 73.49 ± 1.69b 1.01 ± 0.07ab 14.94 ± 0.66a 39.02 ± 1.02a 0.00 ± 0.00a 1.18 ± 0.30b 404.65 ± 13.51ab 101.50 ± 2.78ab

3 93.60 ± 9.08b 3.58 ± 0.46b 12.18 ± 1.64a 36.57 ± 2.64a 1.81 ± 0.75a 0.36 ± 0.06ab 662.98 ± 41.80b 125.20 ± 8.84b

6 72.22 ± 8.73ab 2.80 ± 0.65bc 12.98 ± 1.61a 43.40 ± 8.85a 2.77 ± 1.02ab 0.67 ± 0.20ab 544.07 ± 61.33ab 102.80 ± 13.07ab

9 62.98 ± 4.01ab 1.17 ± 0.64ac 13.73 ± 0.69a 47.81 ± 3.16a 5.52 ± 0.28b 0.72 ± 0.20ab 507.73 ± 37.85ab 81.87 ± 8.2a

12 44.84 ± 9.02a 0.47 ± 0.22c 10.75 ± 1.30a 31.33 ± 5.04a 3.59 ± 0.37ab 0.29 ± 0.10a 346.94 ± 63.68a 85.57 ± 11.08ab

p-value 0.004 0.003 0.422 0.275 0.002 0.004 0.006 0.031

4 M NaOH 0 38.23 ± 10.06b nd. 9.16 ± 1.52a 33.58 ± 4.31ab 5.79 ± 1.18a 0.56 ± 0.44a 257.84 ± 69.78a 111.50 ± 6.37a

3 32.84 ± 2.48ab nd. 6.26 ± 0.21a 25.96 ± 1.74a 4.11 ± 0.23a 0.00 ± 0.00a 325.25 ± 18.26a 97.61 ± 5.13a

6 26.96 ± 4.30ab nd. 7.62 ± 0.70a 31.80 ± 2.82ab 3.61 ± 0.17a 1.30 ± 0.40ab 237.82 ± 28.79a 106.87 ± 10.99a

9 22.12 ± 4.38ab nd. 8.23 ± 0.83a 33.78 ± 2.25ab 5.72 ± 0.79a 2.09 ± 0.47b 226.82 ± 49.53a 107.61 ± 3.25a

12 10.43 ± 4.52a nd. 7.39 ± 0.36a 41.57 ± 0.81b 4.94 ± 0.32a 0.84 ± 0.06ab 161.04 ± 10.05a 93.17 ± 3.27a

p-value 0.027 0.223 0.010 0.117 0.004 0.128 0.271

Residue 0 0.06 ± 0.05 nd. 2.06 ± 0.19ab 48.39 ± 12.95a 1.36 ± 0.35a nd. 2.32 ± 0.43a nd.

3 0.04 ± 0.04 nd. 1.14 ± 0.46a 69.26 ± 5.09ab 1.04 ± 0.43a nd. 1.68 ± 0.28a nd.

6 nd nd. 1.07 ± 0.63a 68.40 ± 9.70ab 0.98 ± 0.57a nd. 1.94 ± 0.18a nd.

9 0.40 ± 0.04 nd. 3.18 ± 0.36b 42.21 ± 2.59a 4.05 ± 1.80a nd. 3.92 ± 1.21a nd.

12 0.95 ± 0.08 nd. 2.72 ± 0.05a 88.40 ± 8.93b 2.40 ± 0.08a nd. 2.25 ± 0.50a nd.

p-value 0.020 0.008 0.124 0.173

Values are represented by mean ± standard error expressed in µg· mg−1 dry weight. Different letters are significant differences by Tukey’s test (P < 0.05; n = 5).
AIR (alcohol insoluble residue) represents the integrate cell wall and AmnOX represents ammonium oxalate fraction. nd. stands for not detected. Statistically significant
p-values are shown in bold according to ANOVA one-way test.

Glucose levels in AIR reduced after 3 months, indicating
β-glucan degradation. Due to this glucose reduction (Table 2
and Supplementary Figure 1), the β-glucan content and fine
structure have been evaluated (Figure 4 and Table 3).

Our results indicate that β-glucan is mostly associated with
the wall’s more soluble fractions (sodium chlorite, ammonium
oxalate, and 0.1 M NaOH – Table 2). The decay in β-glucan

was followed by HPAEC detection of unique fragments obtained
after specific enzyme degradation. The decrease is observed
in the sodium chlorite (Figures 4B–E), ammonium oxalate
(Figures 4F–J), 0.1 M NaOH (Figures 4K–O), and 1 M NaOH
(Figures 4P–T) fractions. β-glucan easier degradation could be
verified by the decrease of the height of the peaks a, b, and c
of the chromatograms (Figures 4F–T). The reduction of this
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FIGURE 4 | Oligosaccharide profile of cell wall fractions from sugarcane straw under field conditions for 12 months. The cell wall fraction was treated with a specific
enzyme that cleave β-glucan - lichenase (Megazyme; n = 5). The cell wall fractions are represented on the y-axis and the straw field time in months on the x-axis. The
β-glucan is determined by the peaks at the retention times of 13 and 16 min (AE), therefore this pattern should be adopted for the evaluation of polysaccharide
degradation on the fraction’s sodium chloride (A–E), ammonium oxalate (F–J), 0.1 M NaOH (K–O), 1 M NaOH (P–T), 4 M NaOH (U–Y), and cellulose (Z–AD). The
lowercase letters inside the chromatogram represent (a) β-glucan trisaccharide, (b) β-glucan tetrasaccharide, and (c) β-glucan pentasaccharide. The data from (A)
was lost during the sample processing (n = 5).

polysaccharide was observed in all fractions after 6 months
compared to the intact biomass (month zero; Figure 4). A minor
amount of β-glucan was also found in the 4 M NaOH and the
cellulose fractions (Figures 4Z–AD). However, the last changes
are not quantitatively significant since no glucose changes can be
seen in Table 2 for these fractions.

Slight changes in β-glucan fine structure have been observed
(Table 3). In general, an increase in the trisaccharide – with

proportionally higher β-1,3 linkages in comparison with the
tetrasaccharide – denotes that more β-1,4 linked polymers
exist progressively with aging in the field. We found a small
proportion of β-glucan associated with cellulose, but its structure
is completely different from the more soluble β-glucan polymer,
displaying much more β-1,4 linked glucoses.

In summary, β-glucan degradation occurs in the first
3 months, with a glucose reduction of 57.9% compared to the

Frontiers in Plant Science | www.frontiersin.org 8 July 2021 | Volume 12 | Article 65216891

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-652168 July 10, 2021 Time: 13:19 # 9

Pagliuso et al. Straw Carbohydrates Degradation

TABLE 3 | Tri: tetrasaccharide ratios in β-glucan of sugarcane straw aging in the field for 12 months.

Time (months) Chlorite AmnOx 0.1 M 1 M 4 M Cellulose

0 2.31 ± 0.12ab 2.26 ± 0.01ab 2.29 ± 0.02b 1.94 ± 0.22 2.02 ± 0.15c 1.14 ± 0.12c

3 2.28 ± 0.19b 2.27 ± 0.02ab 2.32 ± 0.01ab 2.24 ± 0.05 2.41 ± 0.03bc 1.28 ± 0.02bc

6 2.64 ± 0.01ab 2.42 ± 0.02a 2.40 ± 0.02b 2.38 ± 0.16 2.73 ± 0.05ab 1.17 ± 0.04c

9 2.76 ± 0.02a 2.42 ± 0.13ab 2.38 ± 0.04ab 2.18 ± 0.01 2.61 ± 0.16a 1.46 ± 0.04ab

12 2.68 ± 0.09ab 2.32 ± 0.06b 2.34 ± 0.02ab 2.19 ± 0.01 2.53 ± 0.05ab 1.63 ± 0.01a

p-value 0.0142 0.0484 0.0270 0.2076 0.0001 0.0001

The rations refer to β-glucan in cell wall fractions (Chlorite, AmnOx, 0.1 M, 1 M, and 4 M of NaOH, and cellulose). Values are represented by average ± standard error
(n = 5). Different letters are significant differences by Tukey’s test (P < 0.05). p-values statistically significants are shown in bold numbers according to ANOVA one-way
test.

FIGURE 5 | Comparison between glucose degradation from hemicellulose
and cellulose of sugarcane straw in the field. Bars represent the
average ± standard error. Dark bars represent the glucose from hemicellulose
and light bars glucose from cellulose. Different letters are significant
differences by Tukey’s test (P < 0.05; n = 5).

initial stage (Figure 5). On the other hand, cellulose seems to take
longer to be degraded. A reduction of 19% was observed after
6 months, reaching 26.2% after 12 months (Figure 5).

Cellulose Crystallinity
Diffraction patterns of sugarcane straw (Figure 6) showed the
characteristic peaks of native crystalline cellulose (French, 2014),
whichever the aging (0–12 months) on the field. This result
demonstrated that native crystalline cellulose remained present
in the residual biomass, although cellulose was partly degraded
(Figures 3–5 and Table 2). It is noteworthy that a few diffraction
peaks appear to be altered as the aging advances. In particular,
the (004) peak became sharper and better defined, whereas the
pair of peaks (110) and (110) became less defined. Based on the
experimental data, it was impossible to conclude what type of
slight alterations in cellulose crystals would be responsible for the
observed diffraction changes.

The diffraction patterns also showed a series of sharp
diffraction peaks arising from mineral content (Figure 6). For
the month zero, we observed peaks assignable to sylvite (KCl).
Following the straw exposition in the field (3–12 months), the
signal from sylvite disappeared, and diffraction peaks assigned to

FIGURE 6 | X-ray diffraction patterns of sugarcane straw aged in the field
from 0 to 12 months. The main diffraction lines from crystalline cellulose (110,
110, 200, and 004) and contaminants – quartz (gray) and sylvite (green) – are
indicated. Intensity is normalized and shifted for better visualization.

quartz (SiO2) became progressively more prominent (Figure 6).
This mineral presence was also supported by increasing ash
contents measured in straw (Figure 7). The ash content increased
after 3 months by 3.9%, 6 months by 52.4%, 9 months by 92.8%,
and 12 months by 121.4% (Figure 7).

Biomass Recalcitrance and Its Impact on
Saccharification
Lignin is a phenolic compound that cross-links with
hemicelluloses and pectins within the wall. It is responsible
for a significant proportion of the recalcitrance found in
plant biomass, hindering saccharification processes. Structural
and non-structural carbohydrates degradation along with
proportional increases in cellulose crystallinity and lignin
amounts (Tables 1, 2 and Figures 3–5, 8). The lignin increased
proportionally to reducing structural and non-structural
carbohydrates (Figure 8A). As a result, we observed a drastic
decrease (80%) in the straw’s saccharification capacity with aging
(Figure 8B). Saccharification and lignin displayed a negative
correlation (Figure 8C), suggesting that lignin interferes in the
cell wall access by the saccharification cocktail enzymes.
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FIGURE 7 | Ash content in sugarcane straw of different ages. Bars represent
average ± standard error. Different letters are significant differences by Tukey’s
test (P < 0.05; n = 5).

Carbon and Nitrogen Variations
The straw’s carbon contents reduced after 12 months by 4.3%,
and nitrogen content increased by 19.5% (Figures 9A,C). By
evaluating these elements regarding their isotopes, the δ13C and
δ15N decreased (Figures 9B,D). The reduction of the carbon
content happened up to 9 months (4%), followed by an increase
of 0.11% at 12 months (Figure 9B). The nitrogen content
decreased significantly (34.2%) after 3 months and remained
constant up to 12 months (Figure 9D). The C/N ratio increased
during the first 3 months, peaking at around 80, and then reduced
gradually up to 12 months to approximately 35 (Figure 9E).

Principal Component Analysis
The intact biomass (month zero) segregates from the naturally
aged straw due to the starch, glucose, fructose, and sucrose
levels. With aging in the field, the non-structural carbohydrates
are degraded, the structural carbohydrates started to be
modified, as hemicelullose A, and the lignin’s proportion on
the biomass increased, decreasing the saccharification capacity.
These separations of 0 and 3 months with the other months were
explained by 44.8% data from PC1 (Figure 10). The increase
of biomass recalcitrance is more evident after 6 months, the
predominance of β-1,3 linkages from β-glucans suggests more
accessible polysaccharides in the biomass but higher recalcitrance
due to the high levels of pentoses, lignin, and some pectin
(Tables 2, 3 and Figures 3, 8). Also, from 6 months onward,
some cellulose degradation could be observed (Figure 5) with
concomitant discrete changes in cellulose diffraction patterns
(Figure 6), negative glucose vector (Figure 10), and an increase
of minerals (PCA see positive Ash vector; Figures 7, 10). The
carbon contents were reduced and concomitant to nitrogen
increases after the first 6 months, possibly due to microorganisms’
action (Figures 9, 10), followed by a nitrogen intake after the
rainy season started (Figure 2). The segregation of 0, 6, 9, and
12 months straw can be explained by PC2 (18.8%) due to high
uronic acids contents in all cell wall fraction, C/N ratio, and
δ13C, in 3 months, inversely to the increase N (Figure 10)
in other months.

FIGURE 8 | Lignin and saccharification of the sugarcane straw maintained
under field conditions for 12 months. (A) Lignin quantification. (B) Total cell
wall saccharification. (C) Correlation between lignin content and
saccharification of the sugarcane straw. Bars represent the
average ± standard error. Different letters are significant differences by Tukey’s
test (P < 0.05; n = 5).

DISCUSSION

Sugarcane straw removal is thought to be related to soil quality
(Castioni et al., 2018; Pimentel et al., 2019). Straw mineralization
is thought to depend on biotic and abiotic factors, such as
temperature and humidity, and chemical composition (Vitti et al.,
2008). Thus, the sugarcane straw layer left on the field after the
harvest and its decomposition are positively correlated to the soil
dynamics. The decomposition of the straw left on the field is
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FIGURE 9 | Carbon and nitrogen contents in sugarcane straw under field conditions for 12 months. (A) Percentage of carbon. (B) δ 13C ratio. (C) Percentage of
nitrogen. (D) δ 15N ratio. (E) C/N ratio. Bars represent average ± standard error. Different letters are significant differences by Tukey’s test (P < 0.05; n = 5).

faster in the first months (Jensen et al., 2005; Fortes et al., 2012;
Sousa et al., 2017), being sugars and proteins the first compounds
to be degraded naturally (Coûteaux et al., 1995; Abiven et al.,
2005; Sousa et al., 2017). This corroborates our observation
of consumption of 90% of non-structural carbohydrates in the
first 3 months (Table 1 and Figure 10). However, recalcitrance-
associated compounds such as fats, tannins, and lignin are
maintained on the material (Coûteaux et al., 1995; Abiven et al.,
2005; Sousa et al., 2017). In our experiment, the absence of lignin
degradation along with sugar consumption during aging in the
field led to an increase of up to 5.8% of the lignin proportion in
the biomass (Figures 3, 8A).

The environmental conditions and the microorganism’s biota
influence the rate and degradation process (Rachid et al., 2016;

Morais et al., 2019). The microorganism’s biodiversity is closely
correlated to the soil origin, microfauna, nutrient availability,
latitude, moisture, aeration, evapotranspiration, and temperature
(Thorburn et al., 2003; Robertson and Thorburn, 2007). The
temperature, rainfall, and consequently, the soil humidity can
enhance microbial activity in soil and straw (Sousa et al.,
2017). We observed that the peak of rainfall in the sugarcane
field occurred between November (2009) and February (2010;
Figure 2B). During this period, the soil humidity was kept at
around 20% (Figure 2C), increasing the microbial activity and
intensifying the plant cell wall biomass’s degradation between 6
and 9 months of aging.

The microorganisms that degrade plant tissues are fungi
(e.g., Aspergillus, Trichoderma, and Penicillium) and bacteria
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FIGURE 10 | Distance biplots from straw on the field during 0 to 12 months. (A) The centroids separation corresponds to the straw harvest distribution for months
harvests in the plane defined by the first and second main components (PC1 and PC2). Percentage values in parentheses (x and y axes) show the proportion of the
variance explained by each axis. (B) Plot of the PC1 and PC2 loading vectors, describing the relationship among variables of straw composition during the harvests.
The variables analyzed were expressed in descriptor vectors: Lignin, saccharification, ash, percentage and monosaccharide composition of cell walls (glucose,
fucose, galactose, arabinose, xylose, rhamnose, and mannose), non-structural carbohydrates (glucose, fructose, sucrose, and starch), soil humidity, Uronic Acid,
Carbon and Nitrogen (C and N), C/N ratio,15N, and 13C (n = 5).

(e.g., Zymomnas and Cellulomonas; Fortes et al., 2012; Valencia
and Chambergo, 2013). Trichoderma and Penicillium have been
shown to efficiently produce the complete set of enzymes capable
to hydrolyze sugarcane biomass (Borin et al., 2015). These
enzymes have to pass by the first cell wall barrier – the pectin,
then hemicelluloses, and lignin to attack the cellulose. Thus,
polygalacturonases (the main enzymes that attack pectins) are
thought to be produced in the early stages to access the cell wall
due to the depolymerization of homogalacturonans – the main
pectin that is localized on the surface of the cell wall structure
(de Souza et al., 2013; Bellincampi et al., 2014; Borin et al.,
2015). Pectin is formed by the main chain of rhamnogalacturonan
containing rhamnose and methyl esterified galacturonic acid
that can be branched with chains of neutral sugars containing
galactose and arabinose (Mohnen, 2008). The galacturonic
acids are non-fermentable and harder to use as an energy
source in metabolic routes. Therefore, despite the production of
hydrolases, the microorganisms could be less efficient to use the
main chain sugars for their energetic metabolism. We observed
quite low pectin degradation in straw in the field, as seen by
the persistence of galactose, fucose, rhamnose, and uronic acids
(Table 2 and Figure 3). This corroborates the idea that, at least
under the field conditions of our experiment, pectin degradation
was not significant.

The susceptible hydrolysis of hemicellulose confers an
easier and faster degradation process (Coûteaux et al., 1995).
Considering hemicelluloses, A and B together, the reduction
of the hemicelluloses content was 8.2% of the straw cell wall
after 12 months (Figure 3). This finding is lower than the
ones previously reported in the literature [Sousa et al. (2017;
23%), Oliveira et al. (1999; 21%), and Fortes et al. (2012; 33%)].
However, it is essential to emphasize that these studies used
methods that do not fractionate the cell wall into all polymer
classes (they only quantify cellulose and hemicelluloses), so that

they may have probably computed pectins as hemicelluloses.
Considering that 10% of the sugarcane walls are made of pectins
(this work and de Souza et al., 2013), which were not degraded
according to our observations, this explains the difference found
between the present work and the literature.

The monosaccharides glucose, arabinose, and xylose were
decreased by 41, 42, and 56%, respectively, denoting degradation
of hemicelluloses such as β-glucan and arabinoxylans (see
AIR in Table 2 and Figure 10). Arabinoxylan is the primary
hemicellulosic polymer found in sugarcane, being a critical
barrier to hydrolysis by microorganisms blocking the way to
access cellulose (de Souza et al., 2013). Thus, xylanases and
arabinofuranosidases are required for the microorganisms to
access and hydrolyze cellulose (Grandis et al., 2019). In sugarcane,
two types of arabinoxylans have been identified (de Souza et al.,
2013). One is more soluble and appears to be the one that is
degraded in the field. This is probably heavily acetylated and
requires the action of acetyl esterases before xylanases can act (de
Souza et al., 2013; Borin et al., 2015). The other seems to have
remained practically intact during the 12 months of observation.
It is likely that this would be the arabinoxylan that contains the
branching with ferulic acid and hold lignin in the wall (dos Santos
et al., 2008; de Souza et al., 2013, 2015). Another hemicellulosic
sugar, the mannan, was not degraded, as denoted by an increase
in mannose of 380% in the cell wall proportion (see mannose
levels in Table 2). Although the mannan proportion is relatively
small, it is an important polymer for recalcitrance, as it can
strongly interact with other polymers, including cellulose.

Another polysaccharide that deserves attention is β-glucan.
This polymer is classified as hemicellulose and contains glucose
chains with mixed glycosidic linkages of the types β (1→3) and
β (1→4). They are found in cereals (Buckeridge et al., 2004)
and other grasses, including sugarcane (de Souza et al., 2013).
β-glucan is thought to act as a scaffold for cell wall assembly in
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grasses (Buckeridge et al., 2004) and as a storage carbohydrate
in seeds of cereals (Kiemle et al., 2014). In our observations,
β-glucan is degraded with straw aging (Figure 4 and Table 3).
The degradation was more evident after 6 months, and with
aging, the polysaccharide became more soluble and less adhered
to cellulose (Figure 4). With time, β-glucan increased the tri:tetra
linkages ratios (Table 3), implying a predominance of β (1→3)
linkages that confer higher solubility and consequently less rigid
structure due to the weaker interaction with cellulose (Table 3).
The modification in the pattern of β-glucan linkages suggests
that fungi and bacteria might act more promptly on β (1→4)
linkages than on β (1→3). Usually, β-glucans and cellulose
are degraded by endo-1,4-β-glucanases, cellobiohydrolases, and
β-glucosidases types of enzymes that break the β(1→4) linkage
(Béguin and Aubert, 1994). Other enzymes might be present,
such as lichenases (specific to β-glucan) and β (1→3)-glucanases
(specific to callose; Borin et al., 2015; Grandis et al., 2019).
Thus, the modification on the tri:tetra ratio potentially affects the
degrading enzymes.

In the sugarcane cell wall degradation processes, after the
pectin disruption and hemicellulose modification, cellulose
becomes available for degradation (de Souza et al., 2013; Leite
et al., 2017). In our observations in the field, the glucose content
related to cellulose reduced by 26.7% at the end of the 12 months,
reaching its peak at 9 months (Figure 5), which represents
12.4% of the cell wall degradation (Figures 3, 10). Sousa et al.
(2017) and Fortes et al. (2012) estimated cellulose degradation as
∼10% biomass. Here, the native crystalline cellulose diffraction
pattern was independent of the aging (0–12 months), although
we have evidence that some changes in crystallinity and cellulose
hydrolysis occurred (Figures 3, 5, 6). We demonstrated that
biomass degradation changes the molecular environment in
which the cellulose crystals are embedded, possibly promoting
the relaxation relaxation of crystal stresses and changes to x-Ray
diffraction peak widths (Figure 6). These modifications may be
detectable for other polymers that increase in the straw during
12 months as an increase of pectins, lignin, and change in the
hemicelluloses composition (Figure 3 and Tables 2, 3).

The diffraction patterns also show a series of sharp diffraction
peaks arising from mineral content (Figure 6). The presence of
sylvite (KCl) in the intact biomass could result from precipitation
upon drying of the native K and Cl present as mobile nutrients
in sugarcane leaves (Menandro et al., 2017). As the straw aged,
the diffraction peaks assigned to quartz (SiO2) became more
prominent. Quartz is a common mineral in soils, suggesting
the impregnation of soil particles in the biomass structure.
These minerals’ presence is also supported by the increasing
ash content in straw after 3 months until 12 months when the
percentage of ash increased by more than 100% (Figure 7).
Notably, straw tissues were disrupted during field exposition,
creating morphological irregularities, and opening the biomass’s
intraparticle porous space. These morphological features ease soil
debris trapping by the biomass structure (Negrão et al., 2019), is
consistent with our observations.

As the proportion of pectin (Figure 3 and Table 2) and lignin
arose on the total biomass (Figure 8A), due to the loss of other
sugars (Tables 1, 2), the saccharification capacity of the biomass

decreased by 80% within 12 months (Figure 8B). The most
significant drop of the saccharification capacity corroborates
with 90% of non-structural carbohydrates degradation (Table 1)
along with the increase in the xylose:glucose ratio (Table 2).
Therefore, for a higher yield of bioethanol, the straw harvest
should not exceed 3 months in the field. After this period,
fermentable sugars and cell wall polysaccharides will be lost,
with a concomitant increase of biomass impurities (lignin, ash,
and minerals; Tables 1, 2 and Figures 3–8, and 10). On the
other hand, maintaining a thick layer of straw on the soil
surface creates better environmental conditions for decomposing
microorganisms, which speed up the carbon mineralization on
the soil (Coppens et al., 2006; Curtin et al., 2008).

Carbon and nitrogen dynamics during the straw
decomposition reveals the possible mineralization of the
soil. The carbon from straw biomass was reduced with aging,
and δ13C increased (Figures 9A,B). The lighter carbon (12C)
was first consumed than heavy carbon (13C), as seen in some
studies that show a higher content of the 13C on organic
matter from the soil due to the preferential consumption of
12C (Blair et al., 1985; Natelhoffer and Fry, 1988; Mary et al.,
1992; Schweizer et al., 1999; Fernandez et al., 2003; Mohagheghi
et al., 2006). Also, the carbon is lost after the CO2 respiration
of microorganisms on the sugarcane straw. As carbon was
reduced, δ15N followed the same way (Figure 9D). The depletion
of N can be explained by the reduction of uptake, leaching,
and nitrification along with the bacterial biomass increase
(Gautam et al., 2016). The %N increased, representing the N
in plant biomass as reflecting from the total ecosystem N pool
(Craine et al., 2015).

The carbon and nitrogen ratios can be used to gauge
the state of mineralization and mobilization for crop intake
(Brust, 2019). Usually, C:N of straw is above 50 (Brust, 2019)
and decreases during the harvesting months, perhaps due to
microbial degradation (Fortes et al., 2012). In the present work,
the C:N ratio decreased over time, and after 12 months, its
reduction was 36% (Figure 9E). The smaller the C:N ratio, the
faster the mineralization. The result is the release of nitrogen,
while the balance is given in a ratio between 20 and 30 (Watson
et al., 2002). C:N ratios greater than 35, as is the case reported
here (Figure 9E), may signify immobilization of microorganisms
as mentioned by Watson et al. (2002). Therefore, the soil
mineralization of straw maintained on the field will probably
occur after 12 months when a C:N ratio becomes lower than 35.
This will undoubtedly benefit soil recovery.

CONCLUSION

As sugarcane straw aged in the field for a year, non-structural
carbohydrates were degraded, the structural carbohydrates
started to be modified, and the proportion of the lignin in
the biomass increased, reducing saccharification capacity. We
suggest that integrated harvesting is best for the sugarcane
optimization harvest. The integrated harvesting use the straw
harvest principle along with the sugarcane stalks, leaving behind
only a small fraction of the straw for soil quality maintenance.
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Supplementary Figure 1 | Distance biplots from significative monosaccharides
from cell wall fractionation in straw on the field in the period of 1 year. (A) The
centroids separation corresponds to the straw harvest distribution for months in
the plane defined by the first and second main components (PC1 and PC2).
(B) Plot of the PC1 and PC2 loading vectors, describing the relationship among
variables of straw composition during the harvests. Percentage values in
parentheses (x and y axes) show the proportion of the variance explained by each
axis. The variables analyzed were expressed in descriptor vectors from significant
(P < 0.05) monosaccharides in cell wall fractionation describe in Table 2. For
statistics by PC1 and PC2 see Supplementary Table 3 (n = 5).

Supplementary Table 1 | Relative percentage of cell wall composition statistic
data. Values are represented by mean ± standard error. Different letters are
significant differences by Tukey’s test (P < 0.05; n = 5).

Supplementary Table 2 | Eigenvalues, proportions, and cumulative variance
corresponding to each of the axes (PC1 and PC2) generated by the Principal
Components Analysis (PCA) of the straw from five harvests, for 1 year. Values of
the coefficients calculated for each of the variables measured along with the
experiment of the of cell wall components (AIR Samples), non-structural
carbohydrates, ash, saccharification, lignin, soil humidity, Uronic Acid, Carbon and
Nitrogen (C and N), C/N ratio, 15N, and 13C parameters. ANOVA one-way test
was performed to test the significance of the synthetic variables for each principal
component (PC) and expressed in F and P-values. In bold the main vectors to
represent the PC and bold/italic correspond to significant differences in PC for the
time of harvest (0, 3, 6, 9, and 12 months; n = 5).

Supplementary Table 3 | Eigenvalues, proportions, and cumulative variance
corresponding to each of the axes (PC1 and PC2) generated by the Principal
Components Analysis (PCA) of the straw from five harvests, for 1 year. Values of
the coefficients calculated for each principal component in significative values
(P < 0.05), from monosaccharide composition in a complete cell wall fractionation
(Table 2). ANOVA one-way test was performed to test the significance of the
synthetic variables for each principal component (PC) and expressed in F and
P-values. In bold the main vectors to represent the PC and bold/italic correspond
to significant differences in PC for the time of harvest (0, 3, 6, 9, and 12 months;
n = 5).
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A potential method by which society’s reliance on fossil fuels can be lessened is via the

large-scale utilization of biofuels derived from the secondary cell walls of woody plants;

however, there remain a number of technical challenges to the large-scale production

of biofuels. Many of these challenges emerge from the underlying complexity of the

secondary cell wall. The challenges associated with lignin have been well explored

elsewhere, but the dicot cell wall components of hemicellulose and pectin also present

a number of difficulties. Here, we provide an overview of the research wherein pectin

and xylan biosynthesis has been altered, along with investigations on the function of

irregular xylem 8 (IRX8) and glycosyltransferase 8D (GT8D), genes putatively involved

in xylan and pectin synthesis. Additionally, we provide an analysis of the evidence in

support of two hypotheses regarding GT8D and conclude that while there is evidence to

lend credence to these hypotheses, there are still questions that require further research

and examination.

Keywords: GT8D, secondary cell wall, irx8, reducing end sequence, hemicellulose

INTRODUCTION

Reliance on fossil fuels is unsustainable due to climate change (IPCC, 2018). Transitioning to
environmentally friendly energy sources has become an urgent necessity. One alternative energy
source with the potential to mitigate damage caused by climate change is biofuel. Support
for the transition away from fossil fuels and toward biofuels is bolstered by the potential
stimulation of rural economies (Kleinschmidt, 2007; Somerville, 2007). Nevertheless, a multiplicity
of considerations must be taken into account in order to produce biofuels in an economic and
efficient manner. Currently, corn is the main source of bioethanol in the United States, but only
reduces greenhouse gas (GHG) emissions by 13% (Farrell et al., 2006). In contrast, cellulosic ethanol
derived from plants such as hybrid poplar can reduce net GHG emissions to nearly zero (Solomon
et al., 2007). Researchers found that in a poplar short-rotation coppice in Belgium, the bioenergy
plantation’s high CO2 uptake outweighed non-CO2 greenhouse gas emissions (Horemans et al.,
2019). The chemical properties and ubiquity of the secondary cell wall (SCW) have led to the
SCW being marked as a biofuel source of interest. However, a number of challenges facing
second-generation biofuels emerge from the underlying intricacy of the SCW and the individual
constituent biopolymers of which it is composed. A comprehensive understanding of SCW
biosynthesis is critical to optimize the chemical composition of the SCW for biofuel production.
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SECONDARY CELL WALL

Key to understanding the SCW is the structure and function
of its components. The SCW is mainly composed of cellulose,
hemicellulose (in poplar, predominantly xylan) and lignin.
Although not considered a major SCW component, recent work
has shown the importance of pectin in relation to biofuels (Biswal
et al., 2018a; Yang et al., 2020).

Cellulose
Cellulose consists of β-(1,4)-linked glucose monomers and
contributes significantly to plant structural integrity (Klemm
et al., 2005). It is synthesized at the plasma membrane where
a hexameric rosette of cellulose synthase proteins (encoded by
CesA genes) form the cellulose synthase complex which catalyzes
the biogenesis of multiple cellulose polymers (Kimura et al.,
1999).

Lignin
Lignin is a complex biopolymer made from cross-linked
molecules derived from three precursor monolignols (Vanholme
et al., 2010; Kumar et al., 2016) which are oxidized by peroxidases
and/or laccases into the lignin polymer as p-hydroxyphenyl,
guaiacyl, and syringyl via radical coupling in the SCW (Bose
et al., 2009). Lignin plays a crucial role in forming the cell
walls of woody plants and has function in reinforcing cell wall
rigidity and facilitating liquid transportation (Hofrichter, 2002;
Zeng et al., 2014). Additionally, lignin contributes to cell wall
recalcitrance; one study found that poplar with reduced lignin
content could potentially decrease overall bioethanol costs by
∼41% (Littlewood et al., 2014).

Hemicellulose
Hemicelluloses are composed of β-(1,4)-linked sugar backbones
with an equatorial 3D conformation (Scheller and Ulvskov,
2010). Xylan in particular is comprised of a backbone of xylose
monomers with a profusion of chemical substituents such as
acetyl, glucuronic acid (GlcA), 4-O-methylglucuronic acid, and
arabinose side groups (Rennie and Scheller, 2014). Attached to
the end of the xylan backbone is the reducing end sequence
(RES), an oligosaccharide composed of xylose, rhamnose, and
galacturonic acid (Scheller and Ulvskov, 2010). Glucuronoxylan
is the predominant type of hemicellulose in angiosperms; it is
composed of a xylose chain substituted with glucuronic acid
(often 4-O-methylated) and acetyl groups.

Xylan biosynthesis occurs within the medial Golgi.
Glycosyltransferases, enzymes that use nucleotide sugars as
a substrate to catalyze the formation of glycosidic linkages
between sugars, are the main proteins involved in synthesizing
xylan (Keegstra and Raikhel, 2001). Genes from the GT43
gene family, IRX9/IRX9L (Lee et al., 2010; Wu et al., 2010)
and IRX14/IRX14L (Keppler and Showalter, 2010), and genes
from the GT47 gene family, IRX10/IRX10L (Brown et al., 2009;
Wu et al., 2009), have been implicated in the elongation of the
xylan backbone. After its manufacture in the Golgi apparatus,
xylan is trafficked to the plasma membrane and incorporated
into the growing SCW via exocytosis (Rennie and Scheller,

2014). Once assimilated into the SCW, xylan fulfills various
structural and functional roles at the molecular, organismal,
and ecological level. At the molecular level, xylan is involved
in cross-linking cellulose microfibrils; consequently, this has
the effect of stabilizing the cellulose microfibrils and ensuring
that they are properly oriented (Wierzbicki et al., 2019). At the
organismal level, xylan facilitates normal plant development, and
at the ecological level, it increases cell wall recalcitrance, thereby
protecting plants against biotic stress-inducing agents such as
pathogens and herbivores (Rennie and Scheller, 2014). Recent
work has also further elucidated the acetylation and methylation
of xylan (Urbanowicz et al., 2014; Grantham et al., 2017; Pawar
et al., 2017; Yang et al., 2017; Zhong et al., 2018; Lunin et al.,
2020).

Pectin
Pectins, structurally and functionally complex polysaccharides
principally made of galacturonic acid, are synthesized in
the Golgi apparatus and transported to the growing cell
wall via exocytosis (Mohnen, 2008). There are multiple
types of pectins including: homogalacturonan (HG) pectins,
rhamnogalacturonan I (RG-I) pectins, rhamnogalacturonan
II (RG-II) pectins, and xylogalacturonan (XGA) pectins.
Homogalacturonan consists of a linear chain of α-(1-4)-
linked D-galacturonic acid, partially methylesterified at the
C-6 carboxyl and/or acetylated at O2 or O3 (Mohnen,
2008). Rhamnogalacturonan I contains a chain of alternating
galacturonic acid and rhamnose, with various side chains
mainly galactose, arabinose, and xylose (O’Neill et al., 2004).
Rhamnogalacturonan II is a highly branched polysaccharide that
contains the same backbone as homogalacturonan (O’Neill et al.,
2004). Xylogalacturonan is at its core HG, but with additional
β-1,3-xylosyl side groups (Mohnen, 2008). Pectin plays roles in
cell signaling, defense and maintenance of cell wall structure, and
is also a key player in cell-cell adhesion (Mohnen, 2008). In this
role, HG is de-methylesterified, causing it to become negatively
charged. The negatively charged homogalacturonan molecules
bond with Ca2+ ions, forming HG:HG salt bridges (Jarvis et al.,
2003). In addition, the apiose groups of RG-II polysaccharides
can form borate diesters, resulting in dimerization (Kobayashi
et al., 1996; O’Neill et al., 2004; Yang et al., 2020). Because of
its chemical properties, pectin contributes to the recalcitrance
of plant biomass to the conversion of biofuels. RG-II borate
diester cross-linking and HG:HG salt bridges formed by pectins
results in increased cell wall recalcitrance (Biswal et al., 2018a).
Consequently, downregulating pectin increases the accessibility
of cell wall biomass to enzymatic degradation (Biswal et al.,
2018a).

BIOFUELS AND CELL WALL

RECALCITRANCE

Xylan contributes to difficulties associated with
second-generation biofuel production, in part because of
the five-carbon (C5) sugar monomers. Fermentation of xylose is
an arduous process since yeast lack the natural ability to ferment
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C5 sugars (Rennie and Scheller, 2014) and C5 sugars inhibit the
reaction that ferments six-carbon (C6) sugars (Brandon et al.,
2020).

An additional challenge is the release of the acetyl groups
bonded to xylan, which produces acetic acid, altering the
pH of the fermentation media (Rennie and Scheller, 2014;
Rastogi and Shrivastava, 2017; Yusuf and Gaur, 2017). This
has an inhibitory effect on ethanologenic biocatalysts as
acetic acid molecules travel across the plasma membrane and
act as a protonophore, acidifying the cytoplasm (McMillan,
1994; Lawford and Rousseau, 1998). Coupled with this, acetyl
groups sterically hinder hydrolytic enzymes responsible for
breaking down glycosidic bonds in complex carbohydrates
(Biely, 2012). As a result, various pre-treatments as well as
enzymatic, microbial, and chemical treatments must be used
during saccharification and fermentation processes, reducing
the cost-effectiveness and efficiency of biofuel production
(Wierzbicki et al., 2019). Elucidating the genetic and cellular
mechanisms that modulate xylan biosynthesis is essential for the
development of biotechnological solutions to recalcitrance due
to xylan.

A variety of approaches have been used to modify
hemicelluloses to rectify these challenges. Loss-of-function
irregular xylem (irx) mutations in xylan biosynthetic genes
come with the vicissitude of causing the xylem vessels in the
plants to collapse, thereby stunting growth (Brown et al., 2005).
Despite these setbacks, researchers working with Arabidopsis
thaliana have refined the means by which plants with reduced
xylan content are produced. Using mutants in genes encoding
glycosyltransferases (e.g., IRX7 and IRX8), they reinstated
xylan expression in the vessel tissue by utilizing vessel-specific
transcription factor promoters (VND6 or VND7), thereby
reducing total xylan content but retaining normal levels in the
vessels (Petersen et al., 2012).

Populus species have two galacturonosyltransferase 12
(GAUT12) orthologs: GAUT12.1 (GT8D) and GAUT12.2.
Unlike irx8 Arabidopsis mutants, Populus deltoides GAUT12.1
knockdown (GAUT12.1-KD) lines were phenotypically normal,
and in fact most lines increased in height relative to controls
(Biswal et al., 2015). The downregulation of PdGAUT12.1 led
to a reduction in galacturonic acid and xylose (Biswal et al.,
2015). GAUT4 (a HG biosynthesis gene) downregulation via
RNAi resulted in reduced HG, RG-II, cell wall calcium, and cell
wall boron along with a seven-fold increase in saccharification
and ethanol production and a six-fold increase in biomass yield
compared to control plants (Biswal et al., 2018a). Work in other
species has also indicated improvements in quality of biomass
for biofuels, including assessment of mutants in Arabidopsis
where a decrease in de-methylesterified HG was correlated
with improved degradability of cellulose (Francocci et al., 2013)
and switchgrass with GAUT4-KD lines where reduced HG and
RG content and cross-linking resulted in improved sugar yield
(Holwerda et al., 2019; Li et al., 2019). These results demonstrate
that decreasing pectin and xylan levels can improve cell wall
properties without compromising plant structural integrity.

Alternative approaches have focused on altering sidechains
on the xylan backbone to reduce biomass recalcitrance. A

reduction in the quantity of acetyl groups bound to xylan is
highly preferable, however many mutants with reduced xylan
acetylation manifest phenotypic characteristics (e.g., stunted
growth) that render them sub-optimal for biotechnological
applications (Manabe et al., 2013; Yuan et al., 2013). However,
new techniques have been developed to reduce xylan acetylation
without stunting growth.A. thaliana plants withmutations in the
TBL29 gene have 60% less xylan acetylation, but biomass yields
are significantly reduced (Xiong et al., 2015). To compensate
for the reduced acetylation, Xiong et al. (2015) successfully
restored normal growth by overexpressing GUX1 in tbl29
mutants to increase the number of glucuronic acid (GlcA)
substitutions. Mutation of GXMT1, which encodes a GX-specific
4-O-methyltransferase responsible formethylating GlcA residues
in GX, resulted in decreased methylation of glucuronic acid
and improved release of xylose following mild hydrothermal
pre-treatment (Urbanowicz et al., 2012).

An important feature of xylan is the reducing end sequence
(RES), which is hypothesized to act as a primer or a terminator
(Lee et al., 2007; York and O’Neill, 2008). There are a number of
genes hypothesized to be involved in RES synthesis. Of particular
interest here is GT8D, the poplar ortholog of IRX8/GAUT12,
and part of the GT8 family. These enzymes catalyze glycosidic
linkages, and GT8D is most likely involved in the formation
of the tetrasaccharide RES in xylan (Lee et al., 2011). The RES
is comprised of β-Xyl-(1,3)-α-Rha-(1,2)-α-GalA-(1,4)-Xyl. IRX8
is hypothesized to catalyze the addition of galacturonic acid
to the RES (Peña et al., 2007). Other genes implicated in RES
synthesis include IRX7, IRX7L, and PARVUS (Brown et al., 2007;
Petersen et al., 2012). A potential approach to modification of
hemicellulose for improved biofuels production involves the RES.

Functions of GT8D
GT8D, discussed above, is hypothesized to encode an enzyme that
catalyzes the addition of galacturonic acid to pectin molecules
and to the RES of xylan (Dual Function Hypothesis). GT8D
is part of the GAUT gene family (Biswal et al., 2015; Kumar
et al., 2019) and has 61% amino acid sequence similarity with
GAUT1 (Biswal et al., 2015). GAUT1 has been demonstrated
to add galacturonic acid to pectin (Sterling et al., 2006). Thus,
it is possible that GT8D is also able to catalyze the addition
of galacturonic acid to pectin. Work on the function of GT8D
also lends credence to the claim that GT8D is responsible
for the addition of galacturonic acid to pectin and the xylan
RES. Downregulating P. deltoides GAUT12.1 (GT8D) led to a
reduction in galacturonic acid and xylose (Biswal et al., 2015).
In A. thaliana, irx8 mutants had significantly reduced xylan and
homogalacturonan levels (Persson et al., 2007). These results
implicate GT8D in both pectin and xylan biosynthesis. The
silencing of GT8D resulting in a reduction in galacturonic acid
levels is consistent with the claim that it adds galacturonic
acid to pectin, and the lowered xylose levels are consistent
with the claim that GT8D is involved in synthesizing the RES
because if the RES cannot be completed, then the cells would
be deficient in xylan. Additionally, overexpression of GAUT12.1
in P. deltoides yielded a simultaneous increase in xylan and
homogalacturonan (Biswal et al., 2018b). Although this result
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is consistent with the claim that GAUT12.1 synthesizes part
of the RES, the authors suggest GAUT12.1 is involved in the
formation of a pectic glycan necessary for xylan biosynthesis
(Biswal et al., 2018b). They reasoned that if only xylose levels were
increased in the alcohol insoluble residue from the transgenics
that overexpressed GAUT12.1, then that would support the
hypothesis that GAUT12.1 is involved in synthesizing the RES,
but if both xylose and galacturonic acid levels increased, then
that would support the hypothesis that GAUT12.1 synthesizes
a pectic glycan necessary for xylan biosynthesis (Biswal et al.,
2018b). However, the increase in xylose and galacturonic acid is
an experimental result that is also consistent with the predictions
of the Dual Function Hypothesis.

Formation and Function of the Reducing

End Sequence
As discussed, the RES is hypothesized to function as a primer that
initiates the elongation of the xylan chain (Primer Hypothesis).
This hypothesis is founded on the following: firstly, in vitro
biochemical analysis of xylan found that the addition of xylose
subunits by IRX10-L transpires from the reducing end toward
the non-reducing end, thus rendering the claim that the RES acts
as a terminator unlikely (Urbanowicz et al., 2014; Smith et al.,
2017). Secondly, whether the RES is a primer or a terminator,
both contingencies entail certain predictions. If the RES is a
terminator, then irx8 loss-of-function mutants would be unable
to fully halt xylan synthesis. If this is the case, the plant would
most likely die if its cells synthesized xylan polysaccharides
indefinitely. Alternatively, the plant cells might be able to halt
the synthesis of xylan without the complete RES. In either case,
one would not expect to see reduced xylan levels; the plant would
either die or maintain normal xylan levels. Moreover, if the RES is
a primer, one would expect to see irx8 mutants that are deficient
in xylan, because the cells would be unable to initiate xylan
synthesis without the RES or would require an additional enzyme
to take over this capacity (possible with duplication of genes). It
follows from these premises that irx8 mutants would either have
normal xylan levels, die, or be deficient in xylan. As irx8mutants
are deficient in xylan (Persson et al., 2007), it follows that the
RES is unlikely to be a terminator. It is worth noting that despite
the evidence in support of the Primer Hypothesis, there is some
support for the hypothesis that the RES is a terminator. York
and O’Neill (2008) argue that the RES is more likely to act as a
terminator because action as a primer is seemingly inconsistent
with its role in regulating xylan chain length. Additionally, Peña
et al. (2007) speculate that chain termination could still occur
without RES synthesis at lower frequencies via the transfer of
nascent xylan chains to water.

Further support for the Primer Hypothesis includes
the parallels between xylan biosynthesis and animal
glycosaminoglycan (GAG) biosynthesis. Enzyme families
involved in xylan biosynthesis (GT47 and GT43) are also
involved in the biosynthesis of GAGs such as heparan sulfate
and chondroitin sulfate (Smith et al., 2017). In addition, Lee
et al. (2007), who propose a model in which the RES acts as a
primer, argue that the fact that PARVUS, a protein necessary

for RES synthesis, is localized in the endoplasmic reticulum
(ER) rather than the Golgi apparatus provides evidence favoring
the RES acting as a primer for xylan biosynthesis. They reason
that since PARVUS is ER-localized, it probably catalyzes an
enzymatic step prior to the step catalyzed by IRX8, which is
Golgi-localized. Lee et al. (2007) hypothesize that PARVUS
initiates the creation of the RES by catalyzing the addition of
the reducing xylose residue to an unknown acceptor in the ER,
with the subsequent enzymatic steps taking place in the Golgi
body, and further compare this mechanism of xylan synthesis
to that of GAG synthesis. They note that not only do GAGs
need a tetrasaccharide primer, but also that the synthesis of
the primer starts in the ER via the addition of the reducing
xylose residue to a protein, with the ensuing primer synthesis
steps occurring in the Golgi body (Prydz and Dalen, 2000; Lee
et al., 2007; Yu and Linhardt, 2018). Additionally, the RES in
heparan sulfate attaches to a protein necessary for transport to
the cell wall (Kreuger and Kjellén, 2012). Wierzbicki et al. (2019)
hypothesized that xylan may also attach to a protein required for
transport. They note that some evidence for this already exists
since arabinogalactan proteins (AGPs) called ARABINOXYLAN
PECTIN ARABINOGALACTAN PROTEIN1 (APAP1) were
found to have been linked to PCW xylans (Tan et al., 2013).
Wierzbicki et al. (2019) suggested that if xylan needs to be
attached to an AGP in order to be transported to the cell wall,
a lack of transport to the cell wall could explain why plants
with mutations in RES biosynthetic genes have SCWs that are
deficient in xylan.

CONCLUSION

A better understanding of the function of GT8D and the
RES has the potential to facilitate the development of
biotechnological tools that can reduce recalcitrance due to
xylan. The evidence in the available scientific literature lends
credence to the Dual Function Hypothesis and supports
the Primer Hypothesis, but some questions require further
examination regarding the RES. More research must be
conducted to fully elucidate its function. A clear understanding
of both the formation and function of the RES could lead
to the development of mechanisms to modulate xylan and
pectin content.
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Saccharification Potential of 
Transgenic Greenhouse- and 
Field-Grown Aspen Engineered for 
Reduced Xylan Acetylation
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Ewa J. Mellerowicz 1* and Sandra Winestrand 2
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Sciences, Umeå, Sweden, 2 Department of Chemistry, Umeå University, Umeå, Sweden

High acetylation of xylan in hardwoods decreases their value as biorefinery feedstocks. 
To counter this problem, we have constitutively suppressed RWA genes encoding 
acetyl-CoA transporters using the 35S promoter, or constitutively and wood-specifically 
(using the WP promoter) expressed fungal acetyl xylan esterases of families CE1 (AnAXE1) 
and CE5 (HjAXE), to reduce acetylation in hybrid aspen. All these transformations improved 
the saccharification of wood from greenhouse-grown trees. Here, we describe the chemical 
properties and saccharification potential of the resulting lines grown in a five-year field 
trial, and one type of them (WP:AnAXE1) in greenhouse conditions. Chemically, the 
lignocellulose of the field- and greenhouse-field-grown plants slightly differed, but the 
reductions in acetylation and saccharification improvement of engineered trees were 
largely maintained in the field. The main novel phenotypic observation in the field was 
higher lignification in lines with the WP promoter than those with the 35S promoter. 
Following growth in the field, saccharification glucose yields were higher from most 
transformed lines than from wild-type (WT) plants with no pretreatment, but there was no 
improvement in saccharification with acid pretreatment. Thus, acid pretreatment removes 
most recalcitrance caused by acetylation. We found a complex relationship between 
acetylation and glucose yields in saccharification without pretreatment, suggesting that 
other variables, for example, the acetylation pattern, affect recalcitrance. Bigger gains in 
glucose yields were observed in lines with the 35S promoter than in those with the WP 
promoter, possibly due to their lower lignin content. However, better lignocellulose 
saccharification of these lines was offset by a growth penalty and their glucose yield per 
tree was lower. In a comparison of the best lines with each construct, WP:AnAXE1 provided 
the highest glucose yield per tree from saccharification, with and without pretreatment, 
WP:HjAXE yields were similar to those of WT plants, and yields of lines with other constructs 
were lower. These results show that lignocellulose properties of field-grown trees can 
be improved by reducing cell wall acetylation using various approaches, but some affect 
productivity in the field. Thus, better understanding of molecular and physiological 
consequences of deacetylation is needed to obtain quantitatively better results.
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INTRODUCTION

Plants are by far the most important contributors to biomass 
on Earth (accounting for ca. 450 of ca. 550  Gt C in total), 
mostly immobilized in cell walls of stems and tree trunks 
(Bar-On et  al., 2018). Moreover, lignocellulose in tree trunks 
is considered one of the most promising renewable resources 
for production of sustainable materials, chemicals and energy 
with a balanced carbon cycle (Martinez-Abad et  al., 2018). 
However, recalcitrance has strongly hindered conversion of this 
biomass into final desired products (McCann and Carpita, 
2015; Yoo et  al., 2017). There have been intense efforts to 
identify the main determinants of this recalcitrance and develop 
suitable varieties for biorefinery applications. Hardwoods 
(dicotyledonous tree species) include many fast-growing species 
(such as eucalypts, poplars, and aspens) that are suited for 
production of biorefinery feedstock in short-rotation plantations. 
However, relatively high acetyl contents in their wood reduce 
their attractiveness for biochemical conversion, a biorefining 
process that typically includes steps, such as hydrothermal 
pretreatment in acidic conditions, enzymatic saccharification, 
and microbial fermentation (Donev et  al., 2018; Galbe and 
Wallberg, 2019). Acetylation affects all these steps. Hydrolysis 
of acetyl groups and formation of acetic acid during hydrothermal 
pretreatment contributes to acidification (Jönsson et  al., 2013; 
Galbe and Wallberg, 2019), the remaining acetylation can affect 
susceptibility to enzymatic saccharification (Donev et al., 2018), 
and high acetic acid concentrations in the fermentation medium 
can inhibit microorganisms, such as yeast and bacteria, although 
low concentrations can result in higher product yields 
(Jönsson  et  al., 2013).

This has prompted intense research on the molecular pathways 
in dicotyledons responsible for acetylation of their lignocellulose, 
most of which is in the glucuronoxylan. The O-acetyl groups 
are present as side chains at positions 2 and 3 of the xylosyl 
backbone units, typically decorating alternate units at one or 
both of these positions (Busse-Wicher et al., 2014; Chong et al., 
2014). This fraction of xylan has been called “the major xylan 
domain” and is thought to assume a two-screw confirmation 
allowing interaction with cellulose microfibrils by H-bonds 
(Grantham et al., 2017). A smaller fraction of xylan is substituted 
on consecutive xylosyl backbone units, which hinders interaction 
between the xylan and cellulose. This fraction could therefore 
occupy the space between cellulose microfibrils. The acetyl 
transferases involved in acetylation of xylan backbone have 
been identified as trichome birefringency-like (TBL) proteins 
(Xiong et  al., 2013; Urbanowicz et  al., 2014). Several closely 
related TBL genes of Arabidopsis are involved in addition of 
acetyl groups at specific positions in xylan backbone 

(Zhong  et  al., 2017), contribute to either the major or minor 
xylan domains, and cooperate with specific glucuronyl transferases 
(Grantham et  al., 2017). Another protein involved is AtAXY9, 
but its precise function is still unclear. The encoded protein 
has been suggested to interact with TBLs and reduced wall 
acetylation (RWA) Golgi transporters (Pauly and Ramirez, 2018) 
responsible for transporting acetyl-CoA (substrate for acetylation) 
from the cytosol to Golgi lumen (Zhong et  al., 2020). The 
RWA gene family in Populus consists of two clades: clade 
I  including PtRWA-A and PtRWA-B genes, similar to AtRWA1 
and AtRWA3, and clade II including PtRWA-C and PtRWA-D 
genes, similar to AtRWA2. Specific suppression of these clades 
in hybrid aspen has indicated that they both participate in 
acetylation of wood xylan (Pawar et  al., 2017b).

Mutants with impairments in the genes responsible for xylan 
acetylation, which have significantly reduced lignocellulose 
acetyl contents, are frequently dwarf and have collapsed xylem 
vessels (an irregular xylem phenotype; Lee et al., 2011; Manabe 
et  al., 2013). However, the dwarfism and collapsed xylem of 
severely affected tbl29 (eskimo) mutants are reversed in 
strigolactone biosynthesis mutant max4 background, indicating 
that the reduced acetylation is indirectly linked with dwarfism 
and uncoupling the two might be  possible (Ramirez et  al., 
2018). Moreover, Pawar et  al. (2016, 2017a,b) found that the 
dwarfism and xylem irregularity were not observed in lines 
with reductions in acetyl contents were below 40%.

Reducing acetylation by approx. 10–30% by either 
downregulating PtRWA genes (Pawar et al., 2017b) or expressing 
fungal acetyl xylan esterase (AXE) genes and targeting the 
encoded protein to cell walls (Pawar et  al., 2016, 2017a; Wang 
et  al., 2020) has led to promising 20–30% improvements in 
glucose yields in saccharification without pretreatment (Pawar 
et  al., 2017a,b; Wang et  al., 2020) or with either alkali or hot 
water pretreatment (Pawar et  al., 2016) with no impairment 
in growth of the plants in greenhouse conditions. However, 
when tested in field conditions, plant productivity and foliage 
damage by beetles varied according to the transgene and 
promoter used (Derba-Maceluch et  al., 2020). Use of the 
constitutive 35S promoter generally led to worse field performance 
than use of the wood-specific promoter (WP; Ratke et  al., 
2015). Both plant growth and foliage health were compromised 
when AXE genes were expressed from the 35S promoter. 
However, the plants with WP-driven AXE genes exhibited good 
growth and no higher leaf damage than wild-type (WT) plants. 
Thus, overall effects of reducing acetylation specifically in the 
wood seem promising, but it is essential to check that positive 
changes in wood properties observed in the greenhouse are 
maintained in field-grown plants. Therefore, we  have analyzed 
stem lignocellulose of mentioned lines grown in the field and 
determined its properties in saccharification with and without 
acid pretreatment. WP:AnAXE1 lines were grown in both the 
greenhouse and field conditions to evaluate effects of growth 
conditions on lignocellulose properties directly. We  found that 

Abbreviations: EH, enzymatic hydrolysate; GPR, glucose production rate; NP, 
saccharification without pretreatment; PL, pretreatment liquid; PT, saccharification 
with acid pretreatment; WT, wild type.
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the lignocellulose properties of greenhouse- and field-grown 
plants were generally positively correlated, showing that the 
improved wood properties of WP:AnAXE1-expressing plants 
were maintained in the field conditions. This is a promising 
result, indicating that the main issue to test that could compromise 
the value of genetically modified plants with reduced acetylation 
may be  their field productivity.

MATERIALS AND METHODS

Biological Material
Transgenic lines used in this study are described by Derba-Maceluch 
et al. (2020). They were generated by Agrobacterium transformation 
from wild-type hybrid aspen (Populus tremula L. × tremuloides 
Michx. clone T89). Greenhouse-grown trees were harvested after 
13  weeks of growth in previously described conditions (Wang 
et al., 2020). Developing wood was scraped from internodes 20–30 
and used for RNA and acetyl esterase activity analysis. Internodes 
33–50 were debarked, frozen, and freeze dried for 36  h, and 
their pith was removed before grinding. The field-grown material 
has been previously described (Derba-Maceluch et al., 2020). Wood 
was harvested after five growth seasons, from August 2014 to 
September 2018. A 30  cm long stem segment (15–45  cm from 
the ground) was removed from each of sets of 50% of the tallest 
trees of each transgenic line and WT trees, then dried at 60°C 
to constant weight before grinding.

Transcript Level Analysis
Total RNA was extracted from developing wood and cDNA 
synthesized following Wang et  al. (2020). Ubiquitin 
(Potri.005G198700) and tubulin (Potri.001G464400) were found 
to be  the most stable of four reference genes tested by the 
RefFinder software (Xie et al., 2012) and used for normalization. 
Bio-Rad C1000 Touch CFX384 Real Time PCR Detection 
System was used. Expression levels of target genes were analyzed 
following Pfaffl (2001), and levels relative to those in the line 
most weakly expressing them are presented here. The primers 
used to amplify reference and targeted genes are shown in 
Supplementary Table S1.

Acetyl Esterase Activity
Developing wood isolated as above was ground in liquid nitrogen 
in a mortar. Soluble proteins were extracted for 1  h at 4°C 
with stirring in 50  mM sodium phosphate buffer (pH 5.0) 
containing 0.2 mM EDTA, 4% polyvinylpyrrolidone (PVP) m.w. 
360,000, and 1 mM dithiothreitol, and then, the soluble fraction 
was collected by centrifugation (20,000 g, 10 min). The resulting 
pellet was resuspended in the same buffer supplemented with 
1  M NaCl, and incubated for 1  h at 4°C with stirring. Wall-
bound proteins were collected after centrifugation as above. 
All buffers contained cOmplete™ Protease Inhibitor Cocktail 
(Roche). Protein concentration was determined using Bradford 
assay (Bradford, 1976).

Acetyl esterase activity in extracts was determined as described 
by Chung et  al. (2002), using 300 μl assay mixtures containing 

sodium acetate buffer (10 mM, pH 5.0), 1 μmole of 4-nitrophenyl 
acetate substrate, and 10 μg of extracted soluble or wall-bound 
proteins. After incubation at 37°C for 3  h, the 4-nitrophenol 
(4NP) released by esterase activity was determined by measuring 
absorbance at 405  nm, and using a standard 4NP curve for 
calibration. Specific activity was expressed as μmols of 4NP 
released per mg protein per h at 37°C.

Cell Wall Compositional Analysis
Preparation of Wood Powder
Wood from trees grown in both field and greenhouse conditions 
was ground to a rough powder using an SM 300 Cutting Mill 
with a 2 mm sieve (Retsch, Haan, Germany). The rough powder 
was then sieved using an AS 200 vibratory sieve shaker (Retsch) 
and divided into the following particle size fractions: < 50, 
50–100, 100–500, and > 500  μm. Wood powder of each size 
fraction from sets of three greenhouse-grown trees and four 
field-grown trees was then pooled. Three such pools of each 
size fraction were prepared from the greenhouse-grown material 
as biological replicates, as well as three and six, respectively, 
of the transgenic and WT field-grown material.

Py-GC/MS
Portions (50 ± 10 μg) of wood powder of the < 50 μm particle 
size fraction were subjected to pyrolysis gas chromatography 
combined with mass spectrometry (Py-GC/MS), as previously 
described (Gandla et  al., 2015). For this, we  used a PY-2020iD 
pyrolyzer equipped with an AS-1020E autosampler (Frontier 
Lab, Japan) connected to a 7890A/5975C GC/MS system (Agilent 
Technologies AB, Sweden). The pyrolysate was separated and 
analyzed according to Gerber et  al. (2012).

Preparation of AIR and Acetyl Content Analysis
Alcohol-insoluble residue (AIR) was obtained from wood powder 
of the < 50  μm particle size following Gandla et  al. (2015). 
Portions (300  μg) of AIR were saponified by incubation in 
0.5  M NaOH at room temperature for 1  h. The resulting 
solution was neutralized with 1  M HCl and its acetic acid 
content was determined using a K-ACET Megazyme kit 
(Megazyme, Wicklow, Ireland).

Matrix Monosaccharide and Cellulose Analysis in 
Starch-Free Residue
Portions (5  mg) of AIR were treated with α-amylase and 
α-amyloglucosidase (both from Roche, United States) and dried, 
as described by Gandla et  al. (2015). Portions (500  μg  ±  10%) 
of dry, destarched AIR and 30 μg of inositol (internal standard), 
together with standards of nine monosaccharides (Ara, Rha, 
Fuc, Xyl, Man, Gal, Glc, GalA, and GlcA, each at 10, 20, 50, 
and 100  μg), were prepared. They were methanolyzed and 
derivatized; then, the silylated monosaccharides were separated 
using the GC/MS system mentioned above, following Gandla 
et  al. (2015). Raw data files from the GC/MS analysis were 
converted to CDF format by Agilent Chemstation Data Analysis 
(Version E.02.00.493) and exported to R software (Version 3.0.2; 
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R Development Core Team). R software was also used for 
data pretreatment procedures, such as baseline correction and 
chromatogram alignment, time-window setting, and multivariate 
curve resolution processing, followed by peak identification. 
4-O-methylglucuronic acid was identified according to Chong 
et al. (2013). Contents of monosaccharide units per unit weight 
(hereafter per g, for convenience) of destarched AIR were 
calculated, assuming that they were in a polymeric form.

Portions (3  mg) of destarched AIR were also used for 
crystalline cellulose analysis following Gandla et  al. (2015).

Analysis of Soluble Sugars and Starch
Soluble sugars were extracted with 80 and 70% ethanol as 
previously described (Stitt et  al., 1989) from 30  mg portions 
of wood powder (< 50  μm particles); then, the Glc, Frc, and 
Suc contents were determined by coupled enzyme-based 
spectrophotometric assay using NADP+ reduction 
(Roach  et  al., 2012).

Starch was analyzed in 20  mg portions of the residues 
following ethanol extraction, by gelatinization and enzymatic 
degradation (Hendriks et  al., 2003; Smith and Zeeman, 2006). 
For gelatinization, samples were suspended in 0.1  M NaOH 
(40  μl/mg of residue) and incubated at 95°C for 30  min. After 
cooling, 8 μl of 0.1 M sodium acetate/NaOH buffer was added 
per mg of residue. The mixtures were thoroughly mixed; then, 
40  μl aliquots were transferred to a 2  mL tube and treated 
with 110  μl of enzyme mix containing 0.5  U alpha-amylase 
and 6  U of alpha-amyloglucosidase in 50  mM sodium acetate 
buffer (pH 4.9). Samples were incubated at 37°C overnight. 
Negative controls were processed in the same way except that 
buffer was used in lieu of sample. Portions (50  μl) of the 
samples or control mixtures were then incubated with 160  μl 
of buffer containing HEPES [4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid; 100 mM, pH 7.0], MgCl2 (3 mM), 
NADP (1  mM), ATP (2.5  mM; all from Sigma, Aldrich, 
United States), and glucose-6-P-dehydrogenase (0.625 U; Roche, 
Germany) at 37°C. Hexokinase (1  U, supplied by Roche, 
Germany) was added to each mixture and the starch degradation 
kinetics were monitored during the period 20–40  min after 
the addition using an Epoch™ microplate spectrophotometer 
(BioTek, Germany). Finally, glucose concentrations of the samples 
were estimated from interpolation of the recorded absorbance 
at 340  nm to a glucose standard curve.

Analytical Saccharification
Portions of dry wood powder (50  mg, 0.1–0.5  mm particles) 
were subjected to analytical saccharification after moisture 
analysis using an HG63 moisture analyzer (Mettler-Toledo), 
following Gandla et  al. (2021). Pooled samples of the lines 
(prepared as described above) were analyzed in triplicate. Briefly, 
without or after acid pretreatment (using an Initiator single-
mode microwave instrument supplied by Biotage, Uppsala, 
Sweden), they were subjected to enzymatic hydrolysis at 45°C 
using 5 mg of Cellic CTec-2 liquid enzyme preparation (Sigma-
Aldrich, St. Louis, MO, United  States). Sub-samples were 
collected after incubation for two and 72  h. The glucose 

production rate from sub-samples collected after 2  h was 
estimated using an Accu-Chek® Aviva glucometer (Roche 
Diagnostics Scandinavia AB, Bromma, Sweden) after calibration 
with a set of glucose standard solutions. For samples collected 
after 72  h, yields of monosaccharides (including arabinose, 
galactose, glucose, xylose, and mannose) were quantified using 
an Ion Chromatography System ICS-5000 high-performance 
anion-exchange chromatography system with pulsed 
amperometric detection (Dionex, Sunnyvale, CA, United States; 
Wang et  al., 2018).

Glucose yields per tree were estimated from the trees’ 
stem  volume, obtained from their stem diameter and height 
(Derba-Maceluch et  al., 2020), and average estimated basic 
specific gravity (s.g.) of the wood (dry weight per unit green 
volume). The s.g. values applied were 0.58  ±  0.034 (SE) g/cm3 
for field-grown WT (T89) trees, derived from analyses of  
32 trees, and 0.27  ±  0.003 (SE) for both WT and 35S:AnAXE1 
trees grown in the greenhouse, derived from analyses of seven 
and eight trees, respectively.

Porosity Analysis
The surface area of sieved wood powder with 100–500  μm 
particles was analyzed with a single-point Tristar 3,000 BET 
Brunauer-Emmett-Teller Analyzer (Micromeritics, Atlanta, GA, 
United  States). Samples were subjected to degassing using a 
SmartPrep Degasser (Micromeritics) prior to the analysis to 
remove nonspecific adsorbents. The instrument provides estimates 
of sample’s surface areas from the multilayered physical adsorption 
of nitrogen gas molecules.

Statistical Analysis
Univariate analyses were performed using JMP®, Version Pro 
14 (SAS Institute Inc., Cary, NC, 1989–2021). Multivariate 
analyses were performed using Orthogonal Projections to Latent 
Structures (OPLS) and Variable Influence on Projection (VIP; 
Galindo-Prieto et al., 2014) determinations obtained with SIMCA 
16.0.17928 (Sartorius Stedim Data Analytics AB). The data 
used in the analyses were subjected to UV scaling, and variables 
were considered important for predicting glucose yields in 
saccharification when VIPpred  >  1 and VIPtot−CI95  >  0, where 
VIPpred is predictive VIP, VIPtot is total VIP, and CI95 is the 
95% confidence interval.

RESULTS

Characterization of Transgenic Lines 
Expressing WP:AnAXE1 Grown in the 
Greenhouse
Transgenic lines carrying WP:AnAXE1 included in the field 
experiment (Derba-Maceluch et al., 2020) have not been previously 
characterized in detail. These lines were therefore grown in the 
greenhouse and characterized in terms of transgene expression 
level, esterase activity, acetyl content, and wood cell wall properties 
to enable later comparisons between field- and greenhouse-grown 
material. Four transgenic lines selected from approx. 20 generated 
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based on in vitro expression level were included in the study. 
The transgenic plants were slightly taller than WT by the end 
of the 13-week experiment (Figure  1A). Levels of transcripts of 
transgenes in developing wood were much higher in lines 5 and 
10 than in lines 1 and 8 (Figure  1B). The acetyl esterase activity 
of soluble and wall-bound proteins extracted from developing 
wood was correspondingly higher in lines 5 and 10 (Figure  1C). 
The acetyl content of the wood in transgenic lines was significantly 
lower than in WT plants in lines 5 and 10 by 20 and 16%, 
respectively (Figure  1D), within the range observed in other 
transgenic lines tested in current field experiment (Ratke et  al., 
2015; Pawar et  al., 2017a,b; Wang et  al., 2020). Overall, plants 
of all tested transgenic lines had ca. 11% lower acetyl contents 
than WT counterparts (p  <  0.03).

Chemical analysis of wood from WP:AnAXE1 plants by 
Py-GC/MS did not reveal significant differences in carbohydrate 
or lignin contents compared to WT plants except for a small 
reduction in S/G ratio (Supplementary Table S2).

Sugar Yields and Glc Production Rates of 
Wood of WP:AnAXE1 Lines Grown in the 
Greenhouse
Saccharification analysis of greenhouse-grown WP:AnAXE1 lines 
revealed differences in sugar yields per g wood and glucose 
production rates (GPR) compared to WT plants, some of which 
were observed in all transgenic lines, even those with weak 
transgene expression (Figure  2; Supplementary Table S2). All 
transgenic lines provided significantly higher than WT GPR 
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FIGURE 1 | Phenotype of transgenic aspen grown in the greenhouse expressing wood-promoter driven AnAXE1. (A) Height growth. Means for 10 trees per line. 
SE varied between 1.4 and 3.1% of the means (not shown for clarity). The values of p indicate the significance of differences between all the transgenic lines and 
wild-type (WT) plants (post-ANOVA contrast analysis). (B) Transgene expression in developing wood. Means ± SE and N = 4 biological replicates. Values are relative 
to those of the most weakly expressing line (8). No transcripts were detected in WT plants. (C) Specific acetyl esterase activity in soluble and wall-bound protein 
fractions extracted from developing wood of transgenic and WT plants. Means ± SE from three independent experiments. (D) Acetyl content of the wood of 
transgenic and WT plants. Means ± SE of three biological replicates. Significant differences according to ANOVA followed by Dunnett’s test (p < 5%) are indicated 
by asterisks.
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and yields, and galactose yields, in saccharification with no 
pretreatment (NP; Figures 2A,E,G), glucose and galactose yields 
in pretreatment liquid (PL; Figures 2B,D), and galactose yields 
in NP (Figure  2G). Total and enzymatic hydrolysis glucose 
yields from wood of most highly expressing lines were improved 
after acid pretreatment, and wood from other lines tended to 
provide higher total glucose yields in saccharification with 
pretreatment (PT; Figure  2B).

Mannose yields in NP also tended to be  higher from the 
transgenic plants (Figure  2G). Xylose yields were differentially 
affected in PT and NP. In PT, the transgenics tended to yield 
less xylose in both the PL and enzymatic hydrolysates (EH; 
Figure 2C), whereas the yields were higher in NP from transgenic 
lines than from WT plants (Figure  2F).

These analyses revealed that effects of WP:AnAXE1 on yields 
depended on the sugar; in most cases, effects were positive 
for six-carbon sugars and negative for five-carbon sugars. Positive 
effects on glucose yields were more substantial in NP, as reported 
for other transgenic aspen plants with reduced acetyl contents 
(Pawar et  al., 2017a,b; Wang et  al., 2020).

Correlations of Woody Biomass Features 
With Saccharification Yields of 
WP:AnAXE1 Lines Grown in the 
Greenhouse
To elucidate causes of the improved six-carbon sugar yields and 
variable xylose yields in saccharification, we  analyzed in more 
detail the biomass of the two most highly transgene-expressing 
WP:AnAXE1 lines: 5 and 10. The crystalline cellulose content 
was not altered in these lines, but their matrix sugar composition 
differed in some respects from WT plants. Their xylose and 
4-O-Me-GlcA contents were 4 and 15% lower, respectively, indicating 
reductions in glucuronoxylan contents, and galactose contents 
almost 50% higher, with no corresponding increase in arabinose 
units, indicative of increases in galactan content (Table  1; 
Supplementary Table S3). Interestingly, their matrix glucose unit 
contents were increased without a corresponding increase in 
mannose units, which can be  attributed to amorphous cellulose 
or callose. Contributions of starch or soluble glucose can be excluded 
since the analyzed material was treated with alcohol and amylase. 
Moreover, no significant differences were detected in soluble sugars 
and starch contents of untreated wood powder from transgenic 
and WT plants (Supplementary Table S3). Reductions in matrix 
xylose content and xylan chain lengths have been previously 
observed in several other plants with reduced acetyl contents and 
attributed to higher accessibility of deacetylated xylan to native 
xylanases and trans-xylanases of the GH10 family (Pawar et  al., 
2017a,b; Wang et  al., 2020). In contrast, high increases in matrix 
galactose and glucose contents are indicative of tension wood in 
transgenic plants (Mellerowicz and Gorshkova, 2012; Gorshkova 
et  al., 2015). Thus, the changes in xylose and galactose yields in 
PT can be  explained by compositional changes in the matrix 
polysaccharides. However, since no change in matrix mannose 
units contents was detected in transgenic plants (Table  1), the 
higher mannan yields in NP are probably related to a change 
in cell wall architecture. To support the hypothesis that cell wall 

architecture was altered in the transgenic plants, we analyzed their 
lignocellulose porosity by the BET technique as described by 
Wang et  al. (2020), and found it was ca. 30% higher in both 
transgenic lines than in WT plants (Table  1), similar to the 
previously observed effect of decreasing xylan acetylation in 
transgenic aspen expressing WP:HjAXE (Wang et  al., 2020).

Chemical Composition of Lignocellulose in 
Transgenic Lines Grown in the Field
To determine if the reduced acetylation of transgenic lines 
was maintained in the field conditions, we  analyzed the acetyl 
content in the stems of 5-year-old field-grown trees and found 
that it was reduced in all lines according to the contrast analysis 
(Figure  3A). The strongest reduction (21%) was observed in 
lines with suppressed aspen RWA-C and RWA-D (RWA-CD) 
genes homologous to AtRWA2 (Pawar et  al., 2017b). There 
was no significant difference between lines with the 35S and 
WP promoters. Among lines grown in both the field and 
greenhouse, a strong correlation was observed between their 
acetyl contents under the two conditions (Figure  3B).

To obtain an overview of the chemical composition of 
lignocellulose of transgenic field-grown trees, ground stem  
material was analyzed by Py-GC/MS (Table  2; 
Supplementary Tables S4 and S5). This revealed few differences 
between the genetically modified and WT plants. 35S:AnAXE1 
lines had lower S/G ratios, WP:HjAXE lines had higher lignin 
and lower carbohydrate contents, and 35S:HjAXE lines had lower 
H lignin contents than WT counterparts. In addition, in a 
comparison of HjAXE and AnAXE1 lines, we  found that HjAXE-
expressing lines with either promoter had higher lignin S/G ratios 
and contents, due to accumulation of both G and S subunits, 
whereas AnAXE1-expressing lines had higher H lignin contents 
(Table  2). Thus, AXE expression seemed to induce some changes 
in lignin content and composition in the field-grown trees.

Since growth of the transgenic lines is affected by the promoter 
used for the deacetylation (Derba-Maceluch et al., 2020), we tested 
effects of constructs with the two promoters on wood chemistry 
and detected small but highly significant differences (Table  2). 
Lines in which the transgene was ectopically expressed had more 
carbohydrates (C) and phenolic compounds (P) and less total 
and S lignin than lines expressing it solely in wood.

Although there was no significant difference between the 
WP:AnAXE1 and WT lines in lignocellulose chemical 
composition, according to Py-GC/MS analysis, there were 
significant differences between the lignocellulose contents of 
material (of both lines) grown in the greenhouse and field 
(Table  3). The most striking difference was in phenolic 
compounds, which were an order of magnitude more abundant 
in the field-grown material, possibly due to the presence of 
bark in the lignocellulose samples from the field.

Sugar Yields and Glc Production Rates 
From Lignocellulose From Transgenic 
Trees Grown in the Field
Wood from transgenic lines with reduced acetylation did not 
provide better glucose yields in PT than wood from WT plants 
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FIGURE 2 | Saccharification parameters of developing wood from transgenic greenhouse-grown aspen expressing wood-promoter driven AnAXE1 (WP:AnAXE1). 
(A) Glucose production rates in saccharification without (NP) and with (PT) acid pretreatment. Yields of glucose (B), xylose (C), and minor sugars (D) in 
saccharification with acid pretreatment. PL, pretreatment liquid; EH, enzymatic hydrolysis; and PL + EH, total sugar yield. Yields of glucose (E), xylose (F), and minor 
sugars (G) in saccharification without pretreatment. Means ± SE of three biological replicates. Significant differences according to ANOVA followed by Dunnett’s test 
(p < 5%) are indicated by color (red – higher and black – lower, than WT parameters). The values of p show the significance of differences between all the lines 
carrying indicated constructs and WT plants (post-ANOVA contrast, shown when < 5%).
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(Figure  4; Supplementary Tables S4 and S5). Material from 
all lines except 35S:HjAXE and WP:HjAXE lines provided 
slightly (4–5%) lower glucose yields, in both PL and EH 
(Figure 4A). Glucose production rates (GPR) from 35S:AnAXE1 
material were also lower (Figure  4C). In a comparison of 
AnAXE1 and HjAXE material, the latter performed better in 
PT in terms of both glucose yields in PL and total yields. In 
contrast, in NP material from all tested transgenic lines except 
WP:HjAXE lines (Figure  4B) provided higher glucose yields 
than WT material (by 13–27%), and higher GPR was obtained 
with material from all the transgenics except 35SHjAXE and 
WP:HjAXE (Figure 4C). This indicates that the acid pretreatment 
at the applied severity level largely eliminates recalcitrance 
caused by acetylation, but AnAXE1 had more desirable effects 
than HjAXE on glucose yields and GPR in NP.

Xylose yields obtained in PT largely reflected the yields 
obtained in PL and were lower from samples of all lines with 
reduced acetylation than from WT samples, except those 
carrying  the WP:HjAXE construct (Figure  5A; 
Supplementary Tables S4 and S5). The lowest yields (26% 
lower than from WT samples) were obtained from samples 
of WP:AnAXE1 lines. In addition, without pretreatment, the 
xylose yields were differentially affected by the two AXEs: 
increased by AnAXE1 and reduced by HjAXE (Figure  5B; 
Supplementary Tables S4 and S5). The most pronounced effects 
were observed in lines with constitutive transgene expression 
(net changes of +25 and −24%, respectively). Xylose yields in 
NP were also somewhat affected in WP:GUS lines.

Yields of minor sugars were significantly affected by expression 
of the constructs in the transgenic lines. In PT, the minor 
sugars were released during the pretreatment, and none were 
detected following subsequent enzymatic hydrolysis. Arabinose 
and mannose yields were reduced by expression of all acetyl-
reducing constructs except WP:HjAXE, while galactose yields 
were increased up to 2-fold by HjAXE expression (in all lines), 
and 23% by the WP:AnAXE1 construct (Figure  6A; 

Supplementary Tables S4 and S5). In addition, transformation 
with the WP:GUS construct resulted in a 2-fold increase in 
galactose yield. Without pretreatment, yields of mannose were 
elevated from material of most lines with reduced acetylation 
contents (except WP:HjAXE lines), and yields of arabinose 
from lines with 35S:RWA-CD and 35S:AnAXE1 constructs 
(Figure  6B).

Comparison of Saccharification of  
Field- and Greenhouse-Grown Material 
(Correlation Analyses)
Experiments with WP:AnAXE1 plants enabled direct comparison 
of saccharification parameters for wood lignocellulose from 
greenhouse-grown trees and stem lignocellulose from five-
year-old field-grown trees. Linear regressions were fitted for 
all saccharification parameters, as shown (with R2 coefficients 
of determination) in Figures  7A–F. The correlations were 
positive for all parameters, except two: glucose yields in PL 
and xylose yields in EH (which were very low and not important 
for the total yields). The highest correlations were observed 
for GPR and galactose yields in PT and glucose yields in NP. 
These findings indicate that saccharification of material from 
field-grown WP:AnAXE transgenic trees can be predicted from 
observations of greenhouse-grown counterparts.

Biomass Characteristics of Selected Lines 
Grown in the Field
For detailed characterization of properties of lignocellulose 
from the field-grown plants carrying each of the constructs, 
we selected the respective lines with the strongest deacetylation 
and analyzed the chemical and physical properties of their 
ground stem material. One of the WP:GUS lines was also 
analyzed since it exhibited distinct differences from WT plants 
in saccharification parameters. Analysis of the non-cellulosic 
sugars revealed increases in mol % of mannose from 35SAnAXE1, 
galactose from 35S:RWA-CD and 35S:AnAXE1, and 
galacturonic  acid from WP:GUS than from WT (Table  4; 
Supplementary Table S6). Total matrix sugar contents were 
decreased in 35S:RWA-CD, 35S:HjAXE, and WP:GUS lines. 
Crystalline cellulose content and porosity of the transgenics 
did not differ significantly from the WT plants. Some changes 
were recorded in soluble fructose contents, which were reduced 
in all lines but 35S:HjAXE, whereas soluble sucrose and glucose, 
as well as starch, contents did not differ between the transgenic 
and WT plants.

Biomass Characteristics Correlating With 
Saccharification
Multivariate analysis was subsequently performed using OPLS 
and VIP estimates were calculated for each considered variable 
(Galindo-Prieto et al., 2014) to identify key biomass parameters 
determining saccharification yields of the field-grown trees. 
Orthogonal projections to latent structures models and VIP 
estimates are presented in Supplementary Table S7, while 
scatter plots and significant loadings are shown in Figure  8. 
Glucose yield per g of wood in NP (Figure  8A) was positively 

TABLE 1 | Wood traits of selected WP:AnAXE1 lines grown in the greenhouse.

Traits WP:AnAXE1_5 WP:AnAXE1_10 WT

Ara (Mol %) 0.49 ± 0.06 0.45 ± 0.04 0.37 ± 0.02
Rha (Mol %) 1.24 ± 0.09 1.26 ± 0.04 1.22 ± 0.004
Fuc (Mol %) 0.06 ± 0.01 0.05 ± 0.001 0.04 ± 0.005
Xyl (Mol %) 77.7 ± 0.62* 78.7 ± 0–89 81.1 ± 0.6*

Man (Mol %) 3.93 ± 0.11 3.69 ± 0.11 4.12 ± 0.15
MeGlcA (Mol %) 0.69 ± 0.02 0.69 ± 0.02 0.81 ± 0.05*

Gal (Mol %) 0.99 ± 0.07* 0.89 ± 0.09 0.63 ± 0.05*

GalA (Mol %) 1.61 ± 0.06 1.88 ± 0.18 1.76 ± 0.04
Glc (Mol %) 13.19 ± 0.83* 12.29 ± 0.57 9.83 ± 0.67*

GlcA (Mol %) 0.05 ± 0.002 0.06 ± 0.01 0.05 ± 0.01
Total sugar yield 
(mg/g)

188 ± 4.05 184 ± 3.24 184 ± 2.14

Cellulose (mg/g) 484 ± 21 513 ± 22 522 ± 9
BET surface area 
m2/g

2.19 ± 0.15 2.46 ± 0.17* 1.79 ± 0.06*

Means ± SE, N = 3. Emboldened values for transgenic lines significantly differ from WT 
values (Dunnett’s test, *p < 5%) and emboldened WT values significantly differ from 
values for both transgenic lines taken together (post-ANOVA contrast, *p < 5%).
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affected by matrix galactose units and carbohydrate contents, 
and negatively affected by plant height, stem diameter and 
biomass, and total sugars (detected following trimethylsilylation), 
acetyl, and lignin contents (Figure  8A).

In practice, it is important to identify variables that influence 
sugar yields of a tree, thus taking into account growth as well 
as biomass saccharification efficiency. To estimate “tree glucose 
yields,” we  took into account individual trees’ stem volumes 
(Derba-Maceluch et  al., 2020) and a fixed wood basic specific 
gravity, as specified in Materials and Methods. When glucose 
yields per tree in NP were modeled (Figure  8C), the growth 
parameters were found to be important and positively correlated, 
while matrix-derived galactose and mannose, and G-lignin 
contents were negatively correlated with these yields.

Glucose yield per g of wood in PT depended on different 
variables from those in NP. Height, acetyl contents, and total 
lignin contents were positively correlated with glucose yield 
in PT, whereas matrix galactose content was negatively correlated 
(Figure 8B). In addition, new important variables were identified, 
including matrix-derived fucose and mannose contents (negatively 
correlated with glucose yield in PT) and the S/G ratio as well 
as both soluble sugar and S lignin contents (positively correlated).

“Tree glucose yield” in PT (Figure 8D) was highly positively 
correlated with the growth parameters and acetyl content, but 
negatively correlated with matrix galactose and mannose contents. 
Without pretreatment, “tree glucose yield” (Figure  8C) was 
similarly positively correlated with growth parameters, but 
negatively correlated with matrix galactose and mannose, and 
G lignin, contents.

Similar OPLS-VIP modeling was applied to data on the 
greenhouse-grown WP:AnAXE1 lines 5 and 10, and WT plants, 
to identify the most important variables affecting their 
saccharification yields. The analysis revealed a partially overlapping 
set of variables with those discussed above for the field-grown 
trees. The yield of glucose in NP was positively affected by soluble 
glucose, fructose and sucrose contents, as well as contents of 

matrix galactose and glucose units, but negatively correlated with 
contents of xylose units, 4-O-methyl-glucuronic acid units, acetyl 
groups, H lignin, crystalline cellulose, and the lignin S/G ratio 
(Supplementary Table S8). Orthogonal projections to latent 
structures-variable influence on projection analysis of “tree glucose 
yield” in NP revealed similar variables to those found to 
be  important for the glucose yields per g wood prediction, with 
a few exceptions (Supplementary Table S8). These included, as 
expected, tree biomass and lignocellulose carbohydrate content 
(positively related) and lignin content (negatively related). The 
variables that ceased to be  important included matrix xylose and 
Me-glucuronic acid units, crystalline cellulose, and acetyl contents.

Glucose yields per g wood in PT were positively correlated 
with contents of glucose and galactose units in the matrix, 
and negatively correlated with contents of xylose units and 
Me-glucuronic acid units in the matrix, similar to the results 
for such yields per g wood without pretreatment 
(Supplementary Table S8). For the “tree glucose yields” in 
PT, the stem diameter and biomass, matrix rhamnose units, 
and soluble sugar contents were also important and positively 
correlated, while the S lignin content and S/G ratio were 
important and negatively correlated with glucose yields.

DISCUSSION

Wood Phenotypes of Acetylation-Reduced 
Lines Are Largely Maintained in Field 
Conditions
Wood properties of transgenic trees are typically evaluated 
using greenhouse-grown trees. However, improvements seen 
in greenhouse conditions are not always maintained in the 
field. For example, poplar lines expressing fungal xyloglucanase, 
which had increased cellulose content and strongly improved 
saccharification yields when grown in the greenhouse 
(Park et  al.,  2004; Kaida et  al., 2009) lost these characteristics 
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in field conditions (Taniguchi et  al., 2012). The genetically 
modified lines studied here, whose main wood phenotypic 
characteristics are a reduction in wood acetyl content, 
maintained this trait for at least 5  years of growth in the 
field (Figure  3). Similar to results with greenhouse-grown 
trees in which different strategies were used to moderately 
decrease acetyl content (Table  3; Ratke et  al., 2015; Pawar 
et  al., 2017b; Wang et  al., 2020), no major differences in 
carbohydrate or lignin contents were detected between these 
transgenic trees and WT trees when grown in the field. The 
only exception was that WP:HjAXE lines had slightly increased 
lignification in the field, due to increases in G-lignin units 
(Table  2), but not in the greenhouse (Wang et  al., 2020). 
So with exception of this construct, which showed additional 
wood chemistry phenotype not observed in the greenhouse 
conditions, the genetically induced alterations in wood 
chemistry seem to be  maintained in the field conditions.

Field-Grown Acetyl-Reduced Lines Have 
Improved Sugar Yields in Saccharification 
Without Pretreatment
Most lines with reduced acetyl contents in the field provided 
higher glucose yields than WT in NP, but no improvement 
in PT (Figures  4–6). These results largely confirmed the 
saccharification phenotypes of greenhouse-grown trees 
analyzed here (Figures  2, 7) and previously (Pawar et  al., 
2017a,b; Wang et  al., 2020). The findings support the 
hypothesis that sufficiently severe acid pretreatment largely 
eliminates the recalcitrance caused by the presence of acetyl 
groups. Thus, the main practical advantage of using such 
genetically modified lines may be  the possibility of reducing 
pretreatment severity.

Although glucose yields in NP were negatively correlated 
with acetyl content, as revealed by the OPLS modeling 
(Supplementary Table S8; Figure 8), the relationship between 
glucose yield in NP and acetyl content is not linear. For 
example, WP:AnAXE1 line 10 showed less improvement in 
glucose yields than line 1 (Figures  2, 4) despite stronger 
deacetylation and transgene expression (Figure 1). Non-linear 
effects of deacetylation have also been detected in Arabidopsis 
expressing 35S:AnAXE1, as weakly expressing lines performed 
as well (or better) in saccharification with alkali pretreatment 
as the highly expressing lines (Pawar et  al., 2016). Alkali 
pretreatment removes ester-bonded acetyl groups from xylan, 
so the positive effect of deacetylation on glucose yield in 
saccharification with alkali pretreatment indicates that the 
improved sugar yields depend on something other than the 
reduced presence of acetyl groups per se. An apparently 
plausible hypothesis is that deacetylation has helpful effects 
on cell wall architecture, as exemplified by increases in 
porosity (Table  1; Wang et  al., 2020) and reductions in the 
size of xylan-lignin complexes (Pawar et al., 2017a). However, 
strong increases in the abundance of hydroxyl groups on 
xylan (caused by deacetylation) may increase the abundance 
of phenyl glycosidic, and benzyl ether types of bonds between 
xylan and lignin (Giummarella and Lawoko, 2016), thus TA
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decreasing the positive effect of deacetylation. The net effect 
of deacetylation likely depends on the final acetylation pattern 
along the xylan backbone (Grantham et al., 2017) and perhaps 
the deacetylation positions in the xylose rings. Thus, the 
relationship between acetylation and glucose yields in NP 
is complex, suggesting that other variables, some of which 
are mentioned above, affect recalcitrance.

Constructs With the 35S Promoter 
Provided Higher Saccharification Yields 
Than Those With the WP Promoter
Surprisingly, the 35S-driven constructs clearly performed better 
than WP-driven constructs in terms of performance of the resulting 
material in NP per g of wood (Figure 8A). This cannot be explained 
by the degree of acetyl reduction, which was similar in lines 
with the two promoters (Figure  2). However, there were other 
subtle changes in wood composition between lines with the 35S 
and WP promoters (Table  2), which could affect recalcitrance. 
Inter alia, the OPLS analysis revealed that carbohydrate contents 
and carbohydrate/lignin ratios, which were lower in WP lines 
than in 35S lines, were strongly positively associated with glucose 
yields per g of wood in NP, while the total lignin content (which 
was higher in WP lines) was negatively related (Figure  8A). The 
higher lignin content in WP lines could be related to their higher 
growth rates, since mechanical loads are known to increase 
lignification (Ko et  al., 2005), but other factors may play a role 
in the negative correlation between saccharification yields and 
growth parameters (Figure  8A).

When considering effects of genetic modifications intended to 
reduce recalcitrance, their influence on plant productivity (which 
is best tested in field conditions) should also be  examined. Thus, 
we  also considered glucose yields per tree (Escamez et  al., 2017), 

which indicate net effects of recalcitrance and growth parameters. 
In such comparisons of the lines with reduced acetylation, the 
WP:AnAXE1 lines were superior to WT, 35S:RWA-CD and 
WP:HjAXE lines provided yields similar to WT, whereas other 
lines with reduced acetylation contents provided lower glucose 
yields per tree in NP (Figure  8C). The superior “tree glucose 
yields” of WP:AnAXE1 lines were also observed in PT (Figure 8D). 
This must have been driven by growth parameters, because the 
wood of these lines did not yield more glucose in PT. Thus, the 
bigger gains in glucose yields in NP provided by constructs with 
the 35S promoter than constructs with the WP promoter were 
offset by growth penalties, and lines with the WP promoter 
provided higher glucose yields per tree.

Saccharification Yields From the Field-
Grown Trees May Be Affected by Tension 
Wood
In greenhouse-grown trees, the main cell wall-related parameters 
that affect saccharification yields with and without pretreatment 
are those related to low xylan content. This was demonstrated 
in our study by findings in the multivariate analysis of 
WP:AnAXE1 lines that parameters, such as Me-glucuronic acid, 
xylose, and acetate contents, were negatively correlated with 
glucose yield in NP (Supplementary Table S8), confirming 
results of earlier studies (Pawar et  al., 2017a,b; Wang  
et  al., 2020). For field-grown trees, however, the size of the 
trees seems to add another level of complexity, affecting 
saccharification in ways that depend on the presence or absence 
of pretreatment. For example, tree size was negatively and 
positively correlated with the yield of glucose in NP (Figure 8A) 
and PT (Figure  8B), respectively. Trees with thin stems are 
more flexible and likely to develop more tension wood, and 

TABLE 3 | Chemical composition, S/G and C/L ratios, and lignin contents, according to pyrolysis-gas chromatography mass spectrometry, of lignocellulose of 
WP:AnAXE1 and WT lines grown in the field and greenhouse.

WP:AnAXE1
WT Pfield vs. greenhouse > F

Line 1 Line 5 Line 8 Line 10

C (%)
field 68.6 ± 0.5 69.3 ± 0.5 69.0 ± 0.5 69.3 ± 0.5 68.7 ± 0.4

< 0.0001
greenhouse 71.7 ± 0.5 72.2 ± 0.5 72.0 ± 0.5 72.1 ± 0.5 72.1 ± 0.5

G (%)
field 9.6 ± 0.2 8.8 ± 0.2 9.2 ± 0.2 9.5 ± 0.2 9.2 ± 0.2

< 0.0001
greenhouse 10.1 ± 0.2 10.1 ± 0.2 9.9 ± 0.2 9.9 ± 0.2 9.8 ± 0.2

S (%)
field 9.0 ± 0.4 9.1 ± 0.4 8.5 ± 0.4 9.2 ± 0.4 8.8 ± 0.3

< 0.0001
greenhouse 11.5 ± 0.4 11.3 ± 0.4 11.4 ± 0.4 11.1 ± 0.4 11.4 ± 0.4

H (%)
field 2.7 ± 0.1 2.7 ± 0.1 3.0 ± 0.1 2.4 ± 0.1 2.8 ± 0.1

0.23
greenhouse 2.6 ± 0.1 2.4 ± 0.1 2.6 ± 0.1 2.7 ± 0.1 2.7 ± 0.1

P (%)
field 3.1 ± 0.1 3.0 ± 0.1 3.0 ± 0.1 2.9 ± 0.1 3.2 ± 0.0

< 0.0001
greenhouse 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1

S/G (ratio)
field 0.9 ± 0.0 1.0 ± 0.0 0.9 ± 0.0 1.0 ± 0.0 1.0 ± 0.0

< 0.0001
greenhouse 1.1 ± 0.0 1.1 ± 0.0 1.2 ± 0.0 1.1 ± 0.0 1.2 ± 0.0

C/L (ratio)
field 2.8 ± 0.1 2.9 ± 0.1 2.9 ± 0.1 2.9 ± 0.1 2.9 ± 0.1

0.06
greenhouse 3.0 ± 0.1 3.0 ± 0.1 3.0 ± 0.1 3.0 ± 0.1 3.0 ± 0.1

L (%)
field 24.4 ± 0.6 23.7 ± 0.6 23.8 ± 0.6 24.0 ± 0.6 23.9 ± 0.4

0.62
greenhouse 24.5 ± 0.6 24.0 ± 0.6 24.2 ± 0.6 24.0 ± 0.6 24.0 ± 0.6

Note that the field-collected lignocellulose, but not the greenhouse-collected lignocellulose, included bark. Means ± SE, N = 3 for transgenic lines and six for WT. The significance of 
the conditions (field vs. greenhouse) for the considered traits according to ANOVA F-tests is shown. Line effects were not significant. C, carbohydrates; S, syringyl lignin units; G, 
guaiacyl lignin units; H, p-hydroxyphenyl lignin units; P, phenolics; and L, lignin (S + G + H + P).
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thus have lower lignin and higher galactose units contents, 
than thicker trees (Mellerowicz and Gorshkova, 2012). 
Lignocellulose enriched in tension wood compared to normal 
wood is less recalcitrant due to its lower lignin content (Foston 
et  al., 2011). Thus, a small tree size, low lignin, and high 
galactose units contents correlate with high glucose yield in 
NP. However, the abundance of tension wood does not influence 
the glucose yield in PT since the acid pretreatment is effective 
for lignin removal.

Interestingly, certain minor sugars seem to provide a signature 
of lignocellulose characteristics that correlates with large tree 
size and high glucose yield in PT. This includes low contents 
of fucose, mannose and galactose, as observed in both this 
study (Figure 8B) and a previous study involving a large diverse 
collection of Populus genotypes grown in the greenhouse 
(Escamez et  al., 2017). Low mannose and galactose content 
is also a good predictor of “tree glucose yields” in both types 

of saccharification (Figures  8C,D). These two sugars reflect 
contents of two polymers, mannan and galactan, which are 
found in different cell wall locations: mannan mostly in the 
secondary wall and galactan in the primary wall and gelatinous 
layer (Mellerowicz and Gorshkova, 2012). In this study, 
we  observed that enzymatic hydrolysis of mannan in NP was 
highly promoted by use of several acetyl-deficient lines 
(Figure  6B) and was correlated with glucose yields in NP 
(Figure  4B), suggesting that removal of acetyl groups from 
xylan increases accessibility of mannan and cellulose to hydrolytic 
enzymes. Saccharification yields of galactose were also elevated 
by use of some lines and/or conditions in the pretreatment 
liquid, including WP:AnAXE1 lines grown in the greenhouse 
(Figure  2D) and HjAXE- and GUS-expressing lines grown in 
the field (Figure  6A). This indicates that galactan is a highly 
labile cell wall component, and thus probably associated with 
the presence of G-layer. Contents of these sugars are probably 
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FIGURE 4 | Saccharification parameters of transgenic five-year-old field-grown aspen (glucose yields and production rates). (A) Glucose yields in saccharification 
with acid pretreatment. PL, pretreatment liquid; EH, enzymatic hydrolysis; and PL + EH, total sugar yield. (B) Glucose yields in saccharification without pretreatment. 
(C) Glucose production rates. NP, not pretreated; PT, pretreated. Means ± SE. Significant differences according to ANOVA followed by Dunnett’s test (p < 5%) are 
indicated by color (red – higher and black – lower, than WT parameters). The values of p show the significance of differences between all the lines carrying indicated 
constructs and WT plants (post-ANOVA contrast, shown when < 5%). Effects of the transgene (AnAXE1 vs. HjAXE) were assessed by ANOVA F-tests.
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associated with the glucose yield in PT and “tree glucose yields” 
through their connection to various growth-related processes.

HjAXE and AnAXE1 Differently Affect 
Sugar Yields in Saccharification With  
and Without Acid Pretreatment
We compared effects of expressing HjAXE and AnAXE1 xylan 
acetyl esterases of families CE5 and CE1, respectively, in field-
grown trees, partly because a previous study found that trees 
expressing HjAXE ubiquitously were less productive than those 
expressing AnAXE1 ubiquitously (Derba-Maceluch et al., 2020). 
The analysis presented here revealed fundamental differences 
in the changes in wood characteristics induced by the two 
transgenes, which have not been observed in previous studies. 
While both transgenes induced a similar level of deacetylation 
(Figure 3), HjAXE-expressing lines had higher lignification and 
S/G lignin ratios (Table 2). This was associated with differential 
effects of the transgenes on sugar yields in saccharification 
with and without pretreatment: HjAXE lines performed better 

in PT while AnAXE1 lines performed better in NP (Figures 4–6). 
The most striking example was in the transgenes’ effects on 
xylose yield in NP, which was strongly enhanced by AnAXE1 
but reduced by HjAXE (Figure  5B). Since there was no major 
difference in xylan content between lines hosting the two 
constructs, as evidenced by their total sugar (detected following 
trimethylsilylation) content (Table  4), their differential effects 
in NP are presumably due to differences in xylan digestibility, 
probably linked to lignin levels. The mechanistic reasons for 
the differences in lignification induced by the two transgenes 
are currently unknown and could be  related to various factors. 
Inter alia, the enzymes they encode differ in terms of deacetylation 
activity at specific positions of xylopyranose rings. HjAXE has 
been shown to catalyze deacetylation at positions 2 and 3, 
including position 3  in glucuronated xylose unit (Wang et  al., 
2020), whereas An AXE1 only reportedly deacetylates at position 
2 (Pawar et al., 2017a). The two enzymes could also deacetylate 
different xylan domains. As a member of family CE5, HjAXE 
can deacetylate polymeric xylan, including the xylan fraction 
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FIGURE 5 | Saccharification parameters of transgenic five-year-old field-grown aspen (xylose yields). (A) Xylose yields in saccharification with acid pretreatment. 
PL, pretreatment liquid; EH, enzymatic hydrolysis; and PL + EH, total sugar yield. (B) Xylose yields in saccharification without pretreatment. Means ± SE. Significant 
differences according to ANOVA followed by Dunnett’s test (p < 5%) are indicated by color (red – higher and black – lower, than WT parameters). The values of p 
show the significance of differences between all the lines carrying indicated constructs and WT plants (post-ANOVA contrast, shown when < 5%). Effects of the 
transgene (AnAXE1 vs. HjAXE) were assessed by ANOVA F-tests.
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associated with cellulose microfibrils since it has a cellulose-
binding domain, unlike the CE1 member, AnAXE1 (Margolles-
Clark et al., 1996). Finally, HjAXE could induce defense reactions 
in aspen, as indicated by higher frequencies of necrotic spots 
on leaves of 35S:HjAXE plants (Derba-Maceluch et  al., 2020).

PERSPECTIVES

During the past three decades, several types of genetically modified 
plants, including xylanase- or xyloglucanase-overexpressing poplars 
(reviewed by Donev et  al., 2018), and poplars with various kinds 
of lignin and cellulose or general cell wall modifications (reviewed 
by Chanoca et al., 2019; Bryant et al., 2020) have shown substantial 
improvements in wood-processing properties. However, there have 
been relatively few field trial studies of these lines. Moreover, in 
most cases reported to date, the improved processing properties 

of these lines were offset by poor growth in the field and their 
glucose yields per tree were not determined. A notable exception 
is the case of overexpression of the constitutively active small G 
protein RabG3b in poplar that affects plant growth and wood 
formation via poorly understood pathways, with positive effects 
on saccharification yields, according to Kim et  al. (2018). In this 
light, the field performance of aspen plants with reduced acetylation 
and improved saccharification reported here is encouraging. Among 
several types of genetically modified plants tested in this study, 
those carrying at least one construct, WP:AnAXE1, were superior 
in terms of yields of glucose per tree in both kinds of saccharification. 
The improvements were modest, and a negative correlation was 
observed between glucose yields in NP and growth, suggesting 
an interaction with incompletely understood physiological processes. 
However, the finding that the lines grew well in the field conditions 
while retaining their improved wood-processing properties is highly 
encouraging and provides strong incentives for further efforts to 
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FIGURE 6 | Saccharification parameters of transgenic five-year-old field-grown aspen (minor sugar yields). (A) Arabinose, galactose, and mannose yields in 
saccharification with acid pretreatment. The sugars were only detected in the pretreatment liquid. (B) Arabinose, galactose, and mannose yields in saccharification 
without pretreatment. Means ± SE. Significant differences according to ANOVA followed by Dunnett’s test (p < 5%) are indicated by color (red – higher and black – 
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contrast, shown when < 5%). Effects of the transgene (AnAXE1 vs. HjAXE) were assessed by ANOVA F-tests.
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FIGURE 7 | Relationships between saccharification yields and GPR from material of plants grown in the field and greenhouse. Data for developing wood of four 
transgenic (WP:AnAXE1) and wild-type (WT) lines in percentages of WT values. Coefficients of linear correlation (R2 values) are shown. (A) Glucose yields in 
saccharification with acid pretreatment. (B) Glucose production rates. (C) Xylose yields in saccharification with pretreatment. (D) Minor sugar yields in 
saccharification with pretreatment. (E) Glucose and xylose yields in saccharification without pretreatment. (F) Minor sugar yields in saccharification without 
pretreatment. NP, not pretreated; PT, with acid pretreatment; EH, yields in enzymatic hydrolysis; PL, yields in pretreatment liquid; and EH + PL, total yields. R2 values 
significant at p < 10% (according to ANOVA F-tests) are emboldened.

TABLE 4 | Wood traits of selected lines grown in the field.

Traits
35S:RWA-CD

line 21

35S:AnAXE1

line 4

35S:HjAXE

line 13

WP:AnAXE1

line 5

WP:HjAXE

line 14C

WP:GUS

line 27
WT

Ara (Mol %) 13.5 ± 1.2 11.8 ± 0.6 10.9 ± 0.9 12.2 ± 1.4 12.4 ± 0.5 11.2 ± 0.9 13.2 ± 0.2
Rha (Mol %) 3.96 ± 0.21 3.35 ± 0.18 3.45 ± 0.25 3.79 ± 0.2 3.60 ± 0.02 3.44 ± 0.2 3.85 ± 0.10
Fuc (Mol %) 0.43 ± 0.001 0.44 ± 0.01 0.37 ± 0.03 0.40 ± 0.03 0.39 ± 0.02 0.36 ± 0.01 0.41 ± 0.01
Xyl (Mol %) 46.1 ± 2.5 52.5 ± 2.1 51.2 ± 2.2 49.1 ± 2.4 50.4 ± 0.2 55.6 ± 3.0 49.2 ± 0.5
Man (Mol %) 2.05 ± 0.07 2.42 ± 0.10*** 2.17 ± 0.04 1.97 ± 0.02 2.05 ± 0.05 2.14 ± 0.12 1.94 ± 0.02
MeGlcA (Mol %) 0.31 ± 0.02 0.34 ± 0.02 0.31 ± 0.05 0.31 ± 0.02 0.31 ± 0.01 0.41 ± 0.02 0.33 ± 0.01
Gal (Mol %) 3.49 ± 0.02* 3.78 ± 0.07** 3.07 ± 0.28 2.93 ± 0.19 3.16 ± 0.08 2.69 ± 0.09 2.96 ± 0.1
GalA (Mol %) 18.7 ± 1.64 12.7 ± 1.6 15.3 ± 0.95 17.0 ± 1.4 16.0 ± 0.4 11.7 ± 2.59* 17.0 ± 0.4
Glc (Mol %) 11.3 ± 0.5 12.5 ± 0.2 13.0 ± 0.7 12.0 ± 0.95 11.6 ± 0.4 12.3 ± 0.6 11.0 ± 0.3
GlcA (Mol %) 0.17 ± 0.03 0.13 ± 0.01 0.17 ± 0.04 0.20 ± 0.04 0.15 ± 0.01 0.12 ± 0.01 0.17 ± 0.01
Total TMS sugar yield (mg/g) 234 ± 3* 240 ± 3 234 ± 7* 246 ± 4 261 ± 5 231 ± 8* 254 ± 3
Cellulose (mg/g) 338 ± 8 354 ± 8 332 ± 14 353 ± 22 349 ± 15 373 ± 6 357 ± 10
BET surface area m2/g 1.38 ± 0.05 1.23 ± 0.13 1.42 ± 0.06 1.44 ± 0.14 1.29 ± 0.08 1.09 ± 0.12 1.09 ± 0.04
Soluble fructose (%) 0.24 ± 0.01* 0.13 ± 0.02*** 0.37 ± 0.10** 0.18 ± 0.01*** 0.13 ± 0.01*** 0.22 ± 0.01** 0.29 ± 0.01
Soluble sugars and starch (%) 0.49 ± 0.01** 0.35 ± 0.04*** 0.64 ± 0.03 0.43 ± 0.02*** 0.40 ± 0.02*** 0.50 ± 0.03** 0.60 ± 0.01

*p < 5%; **p < 1%; ***p < 0.1%; Means ± SE, N = 3 for transgenic lines and six for WT. Emboldened values significantly differ from WT values according to Dunnett’s test.
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A

B

C

D

FIGURE 8 | Contributions of indicated variables to predicted glucose yield in saccharification. Modeled contributions to: (A) glucose yield per unit wood weight in 
saccharification without pretreatment (NP), (B) glucose yield per unit wood weight in saccharification with acid pretreatment (PT), (C) “tree glucose yield” in NP, and 

(continued)
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genetically improve trees for biorefinery applications by 
altering acetylation.
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Xylan Is Critical for Proper Bundling
and Alignment of Cellulose
Microfibrils in Plant Secondary Cell
Walls
Jacob D. Crowe 1, Pengchao Hao 2, Sivakumar Pattathil 3, Henry Pan 4, Shi-You Ding 5,6,

David B. Hodge 7 and Jacob Krüger Jensen 8*

1Department of Chemical Engineering & Materials Science, Michigan State University, East Lansing, MI, United States,
2Department of Chemistry, Michigan State University, East Lansing, MI, United States, 3Complex Carbohydrate Research

Center, The University of Georgia, Athens, GA, United States, 4Department of Chemical Engineering, University of Texas,

Austin, TX, United States, 5Department of Plant Biology, Michigan State University, East Lansing, MI, United States,
6Department of Energy Great Lakes Bioenergy Research Center, Michigan State University, East Lansing, MI, United States,
7Department of Chemical & Biological Engineering, Montana State University, Bozeman, MT, United States, 8 Section for

Plant Glycobiology, Department of Plant and Environmental Sciences, University of Copenhagen, Copenhagen, Denmark

Plant biomass represents an abundant and increasingly important natural resource and

it mainly consists of a number of cell types that have undergone extensive secondary

cell wall (SCW) formation. These cell types are abundant in the stems of Arabidopsis,

a well-studied model system for hardwood, the wood of eudicot plants. The main

constituents of hardwood include cellulose, lignin, and xylan, the latter in the form of

glucuronoxylan (GX). The binding of GX to cellulose in the eudicot SCW represents

one of the best-understood molecular interactions within plant cell walls. The evenly

spaced acetylation and 4-O-methyl glucuronic acid (MeGlcA) substitutions of the xylan

polymer backbone facilitates binding in a linear two-fold screw conformation to the

hydrophilic side of cellulose and signifies a high level of molecular specificity. However, the

wider implications of GX–cellulose interactions for cellulose network formation and SCW

architecture have remained less explored. In this study, we seek to expand our knowledge

on this by characterizing the cellulose microfibril organization in three well-characterized

GX mutants. The selected mutants display a range of GX deficiency from mild to severe,

with findings indicating even the weakest mutant having significant perturbations of the

cellulose network, as visualized by both scanning electron microscopy (SEM) and atomic

force microscopy (AFM). We show by image analysis that microfibril width is increased

by as much as three times in the severe mutants compared to the wild type and that

the degree of directional dispersion of the fibrils is approximately doubled in all the three

mutants. Further, we find that these changes correlate with both altered nanomechanical

properties of the SCW, as observed by AFM, and with increases in enzymatic hydrolysis.

Results from this study indicate the critical role that normal GX composition has on

cellulose bundle formation and cellulose organization as a whole within the SCWs.

Keywords: xylan (hemicellulose), glucuronoxylan, atomic force micorscopy (AFM), secondary cell wall (SCW), cell

wall mechanical properties, irregular xylan mutants (irx), cellulose deposition, cellulose arrangement
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INTRODUCTION

The global annual production of plant cell wall material has
been estimated to be about 120–140 Gt of material (Pauly and
Keegstra, 2008). The majority of this is secondary cell wall (SCW)
material from land plants, such as trees (Bar-On et al., 2018;
Zhong et al., 2019). Because of its massive abundance, the SCW
material is of key interest as feedstock material for the growing
bioeconomy, with knowledge of SCW formation, organization,
and architecture being foundational to innovation in this area
(Meents et al., 2018). While great strides have been made
in understanding the cell wall composition and carbohydrate
primary structure, our understanding of SCW formation during
cell growth is still limited (Busse-Wicher et al., 2016a). A
complete understanding of compositional and mechanistic
interactions involved in SCW formation will provide directed
avenues toward genetic and phenotypic modifications of plant
biomass, stimulating innovation in plant biomass production and
new applications, such as cellulose-based materials as substitutes
for petroleum-derived products.

While the main role of primary cell walls is to control
cell elongation and determine cell shape, SCWs are deposited
after cell growth, and typically impart mechanical strength to
the cell (Cosgrove and Jarvis, 2012). Characteristic cell types
with SCWs exist in xylem tissues and sclerenchyma fiber cells
(Meents et al., 2018). The SCWs in higher plants consist of∼40–
55% cellulose, 20–30% hemicellulose, and 20–30% lignin (Pauly
and Keegstra, 2008). As lignin is introduced later during wall
formation, the initial synthesis and assembly of the SCW can be
approximated as a two-component system consisting of cellulose
and hemicellulose (Meents et al., 2018).

Cellulose microfibrils often appear in aggregate, or as bundles,
in both the primary and SCWs. The bundles constitute a key
architectural feature within the cell walls and range in size
depending on the cell type and wall layer, e.g., SCW S1 layer
vs. S2 layer (Donaldson, 2007; Cosgrove, 2014; Ding et al., 2014;
Zhang et al., 2016). Cellulose bundles have been observed to be
10–30 nm in poplar and Arabidopsis SCW (Donaldson, 2007;
Lyczakowski et al., 2019), 20–55 nm in spruce SCW (Donaldson,
2007; Jarvis, 2018; Lyczakowski et al., 2019), and from 5 to 30 nm
in maize (Song et al., 2020).

Cellulose is produced at the plasma membrane by the
cellulose synthase complex (CSC) in the form of elementary
microfibrils and extruded into the apoplast between the plasma
membrane and the inner side of the growing cell wall. Live
cell imaging of CSCs during SCW formation indicates that
clusters of CSCs moving in concert contribute to the assembly
of cellulose bundles (Li et al., 2016). The CSC movement in the
plasma membrane is guided from the cytosolic side by cortical
microtubules (Lampugnani et al., 2019), but CSCs may also move
autonomously, i.e., independent of microtubules, and maintain
aligned trajectories. The latter presumably involves coalescence
between the nascent microfibril of the CSC and in muro cellulose
(Chan and Coen, 2020). Preparations of pure cellulose, such as
nanocellulose and bacterial cellulose, self-organize in hierarchical
fibrillary structures, which bear resemblance to native cellulose
bundling in the cell wall (Martínez-Sanz et al., 2015). Hence,

microfibrils frequently coalesce and form bundles as a part of cell
wall assembly in a process that appears to be partly microtubule
guided and partly autonomous.

The hemicellulose composition of the SCW is distinct among
gymnosperms, monocots, and eudicots. This suggests that, while
the SCWs between these three groups of plants share common
features, some unique assembly and architectural principles are
at play in each of these types of SCWs (Busse-Wicher et al.,
2016b; Tryfona et al., 2019). The hemicellulose component of
eudicot SCWs consists mainly of a single type of hemicellulose
with a well-defined primary structure, i.e., glucuronoxylan (GX)
(Smith et al., 2017). This compositional simplicity makes the
SCW formation in eudicots, such as Arabidopsis, an attractive
experimental system.

The primary structure of GX from Arabidopsis consists
of a linear backbone comprised of xylose (Xyl) in 1,4-β-D-
xylosidic linkages substituted with glucuronic acid (GlcA) or
4-O-methyl glucuronic acid (MeGlcA) at the XylO-2-position
and with acetic acid at the XylO-2- and O-3-positions (Smith
et al., 2017). In approximately half of the xylan molecules, a
specific structure of β-D-Xyl-(1→4)-β-D-Xyl-(1→3)-α-L-Rha-
(1→2)-α-D-GalA-(1→4)-D-Xyl exists in the reducing end (Pena
et al., 2007; York and O’Neill, 2008). Notably, both [Me]GlcA
substitutions, acetyl substitutions, and backbone length are
nonrandom features of the GX molecule. Acetylation occurs on
the Xyl residue approximately at every second (Busse-Wicher
et al., 2014; Chong et al., 2014) and [Me]GlcA occurs in two
distinct domains, major andminor, probably within the same GX
molecule. The major domain has even number of Xyl residues in
[Me]GlcA spacing, while the minor has no distinction between
the even and odd spacing (Bromley et al., 2013). On average,
[Me]GlcA substitution degree is ∼12% (Brown et al., 2007). The
GX backbone length, referred to as degree of polymerization
(DP), is on average ∼90 Xyl residues and forms a narrow-size
distribution (Pena et al., 2007).

The highly non-random GX molecule is reflected by a
complex synthesis pathway (Smith et al., 2017). Approximately,
20 genes have been implicated in GX synthesis and may be
divided into three groups, namely backbone polymerization,
DP regulation, and backbone decoration. The GX backbone
formation is performed by what appears to be a protein complex
consisting of the proteins, IRREGULAR XYLEM 9 (IRX9),
IRX10, and IRX14 (Brown et al., 2005, 2007, 2009;Wu et al., 2009,
2010; Lee et al., 2010; Zeng et al., 2016; Smith et al., 2017). The
1,4-β-D-xylosidic linkage in the backbone is performed by IRX10
and its close homolog, XYLAN SYNTHASE 1 (XSY1) (Jensen
et al., 2014; Urbanowicz et al., 2014), while enzymatic activity
is not required for IRX9 function (Ren et al., 2014). Correct
GX DP distribution involve the genes, such as IRX7, IRX8, and
PARVUS, which ensure a narrow GX DP distribution (Lee et al.,
2007; Pena et al., 2007), and IRX15 and IRX15-L, which ensure
correct GX DP average (Brown et al., 2011; Jensen et al., 2011).
Notably, IRX15 and IRX15-L do not affect the width of the GX
DP distribution. Backbone decoration involves acetyl-, methyl-,
and glucuronosyl-transferase activity and genes for each of these
have been identified and characterized in several species (Rennie
et al., 2012; Urbanowicz et al., 2012, 2014).
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B-1,4-xylan is thought to have first evolved in charophyte
algae where the pathway is significantly simpler than in higher
plants, possibly limited toKfIRX10 and a few decorating activities
in Klebsormidium flaccidum (Jensen et al., 2018). Structural
characterization of xylan and analysis for gene orthologs suggest
that features, such as [Me]GlcA substitution (Kulkarni et al.,
2012), acetylation on Xyl residue at every second (Haghighat
et al., 2016) and reducing end group (Kulkarni et al., 2012)
are later innovations in the evolution. Orthologs of IRX9 and
IRX14 also appear to be required for xylan biosynthesis in the
lower plants, such as Selaginella moellendorffii and Physcomitrella
patens but appears not to be required for xylan biosynthesis in the
mucilaginous layers of Plantago ovata, which is a eudicot (Jensen
et al., 2014; Haghighat et al., 2016). It therefore appears that GX
structure and synthesis pathway in dicot SCWs is both highly
evolved and specialized. Accordingly, it suggests that SCW GX
exerts an equally highly evolved and specialized function.

Molecular simulations, direct NMR evidence in planta, and
elimination of even substitution pattern in vivo show that GX
noncovalently binds to the hydrophilic side of cellulose in a
two-fold helical screw and that the even substitution of GX is
critical for a closely associated binding (Busse-Wicher et al.,
2014; Simmons et al., 2016; Grantham et al., 2017). The GX
may also bind to the hydrophobic side of cellulose, although in
a less-defined manner (Busse-Wicher et al., 2016a). The major
and minor domains of the GX molecule likely have different
properties for interaction with cell wall components (Bromley
et al., 2013).

From current scientific understanding, multiple possibilities
exist on how GX, cellulose, and lignin interact, with an
incomplete understanding of the role of GX in the SCW assembly
(Busse-Wicher et al., 2016b; Simmons et al., 2016). The GX
binding to cellulose may prevent fibril coalescence by steric
hindrance (Grantham et al., 2017) or by inter-fibril repulsion
based on electrostatic repulsion (Haigler et al., 1982; Reis and
Vian, 2004; Yang et al., 2020). On the other hand, GX is
long enough to crosslink fibrils (Busse-Wicher et al., 2016a),
antiparallel xylan chains may dimerize through [Me]GlcA-
mediated Ca2+-bridges (Pereira et al., 2017), and the presence
of a xylan-transglycosidase in poplar SCW (Derba-Maceluch
et al., 2015) may suggest that crosslinking GX molecules play
a role in the SCW architecture. The GX may also serve a
function by mediating lignin–cellulose interactions. The GX is
more hydrophobic than cellulose and may act as a compatibilizer
between the cellulose and the hydrophobic lignin matrix by
binding to the hydrophilic side of the cellulose (Busse-Wicher
et al., 2014). Further, circumstantial evidence suggests that GX-
lignin crosslinks exist and that these could serve as bridges
between the cellulose network and the lignin network (Terrett
and Dupree, 2019).

Observations in GX mutants show evidence of altered
cellulose organization and SCW architecture. Microscopy using
cryopreservation shows that bundle diameter is significantly
decreased in irx9 and irx10 (Lyczakowski et al., 2019) and
transmission electron microscopy shows that the inner lining
of the SCW is irregular in irx9 and irx15 irx15-L (Pena et al.,
2007; Jensen et al., 2011). However, more characterizations

are needed if we are to gain a better understanding of these
observations. In this study, we focus on the consequences of GX
deficiency for cellulose organization and cell wall architecture in
the SCW of Arabidopsis. We find increased cellulose bundling
and increased orientational dispersion under high, medium, and
weak GX deficiency. Our studies, therefore, suggest that GX is
critical for correct cellulose network formation in Arabidopsis
SCWs and provides insight on the implications of approaching
xylan modification for improving biomass characteristics and for
optimizing the production of bio-derived materials.

MATERIALS AND METHODS

Arabidopsis Genotypes and Growth
Conditions
The used plant genotypes included Arabidopsis wild type (Col-0)
and T-DNA insertion mutants, irx9 [Salk_057033; (Pena et al.,
2007)], irx10 (Salk_055673; Brown et al., 2005), irx15 irx15-L
(GK_735E12, FLAG_532A08; Brown et al., 2011; Jensen et al.,
2011), and irx15 irx15-LIRX15-L (line 1 in Jensen et al., 2011).
The IRX15-L transgene in the latter line is driven by its own
promoter. Seeds were planted in wet peat pellets and cold treated
for 48 h at 4◦C, then transferred to a growth chamber. Light/dark
period was 16/8 h at a light intensity of 150 µE with light/dark
temperature set at 23/20◦C. Humidity was not controlled. After
3 weeks in the peat, pellet plants and pellets were transferred
to individual pots measuring 8 × 8 × 12 cm with SureMix soil
(Surefill, http://www.surefill.com/) and 3–4 plants per pot. Stems
were harvested postsenesce and lyophilized to moisture content
of 5% (g H2O/g biomass). Samples postmilling were stored in
air-tight containers for further use. Particle size reduction for
wide angle X-ray scattering (WAXS) and enzymatic hydrolysis
was performed using a Wiley Mini-Mill (Thomas Scientific,
Swedesboro, NJ) with a 30-mesh screen.

Cell Wall Composition Analysis
Cell wall lignocellulosic material was isolated following the
outlined extraction and destarching procedure (Foster et al.,
2010b) using three sequential washes of 70% ethanol, 1:1
methanol-chloroform, and acetone to obtain alcohol insoluble
residue (AIR). The AIR was destarched using 50 µg amylase/mL
H2O (Bacillus species, Sigma-Aldrich, St. Louis, MO) and 18.7
units of pullinase (Bacillus acidopullulyticus, Sigma-Aldrich, St.
Louis, MO) in a 0.01% sodium azide solution, with rotary mixing
at 37◦C overnight.

Non-cellulosic neutral monosaccharide content of the wall
matrix polysaccharides was obtained by treating destarched AIR
with trifluoracetic acid (TFA) followed by derivatization using
the alditol acetate method with minor changes (Foster et al.,
2010b). Crystalline cellulose was isolated following sequential
hydrolysis of non-cellulosic polysaccharides with TFA, hydrolysis
of non-crystalline cellulose using the Updegraff reagent followed
by washing with water and acetone. The crystalline cellulose
pellet was next hydrolyzed using sulfuric acid followed by
quantification of the generated monosaccharides using the
anthrone color metric assay (Foster et al., 2010b). Acetyl
bromide soluble lignin (ABSL) was determined as described
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previously (Foster et al., 2010a). Samples were performed in
technical triplicate and biological quadruplicate (n = 12), unless
otherwise specified.

Glycome Profiling
Previously-milled stem samples were ball-milled with a
TissueLyser II (Qiagen Inc., Germantown, MD, USA) in
preparation for sequential extraction. The sequential cell wall
extractions of extractive-free Arabidopsis stems using oxalate,
carbonate, 1M KOH, 4M KOH, acid chlorite delignification,
and postchlorite extraction with 4M KOH followed by glycome
profiling of these extracts were carried out as described previously
(Pattathil et al., 2012). Plant glycan-directed monoclonal
antibodies (mAbs) were from laboratory stocks (CCRC, JIM, and
MAC series) available at the Complex Carbohydrate Research
Center (available through CarboSource Services; http://www.
carbosource.net) or were obtained from BioSupplies (Australia)
(BG1, LAMP). A description of the mAbs used in this study can
be found in the Supplementary Material of our prior work (Li
et al., 2014).

Scanning Electron Microscopy
Fresh nine-week stems were cut horizontally with a razor blade
and fixed at 4◦C for 1–2 h in 4% glutaraldehyde buffered with
0.1M sodium phosphate at pH 7.4. Following a brief rinse in the
buffer, the samples were dehydrated in an ethanol series (25, 50,
75, and 95%) for 15min at each gradation and with three 15min
changes in 100% ethanol. Samples were critical point dried in
a Leica Microsystems model EM CPD300 critical point dryer
(Leica Microsystems, Vienna, Austria) using carbon dioxide as
the transitional fluid. Samples were mounted on aluminum stubs
using high vacuum carbon tabs (SPI Supplies, West Chester,
PA, USA) and System Three Quick Cure 5 epoxy glue (System
Three Resins, Inc. Auburn,WA, USA). Samples were coated with
osmium (∼10 nm thickness) in an NEOC-AT osmium chemical
vapor deposition (CVD) coater (Meiwafosis Co., Ltd., Osaka,
Japan), and examined in a JEOL 7500F (field emission emitter)
SEM (JEOL Ltd., Tokyo, Japan) at an angle of ∼70◦ between
the longitudinal direction of the stem and the plane of image
acquisition. Samples were prepared using three biological stems
for each sample, and the images were acquired in triplicate (n =

3) at 200×, 14,000×, and 22,000×magnification.

Atomic Force Microscopy
Air-dried 9-week old stem samples were selected from the first
internode from the bottom for analysis. Longitudinal samples
were prepared by hand-cutting using a platinum tipped razor
blade in a petri dish, and delignified using a solution of 0.1N HCl
with 10% NaClO2 at 1% (w/v) biomass loading. Delignification
occurred overnight at room temperature. After delignification,
the samples were thoroughly washed with double-distilled H2O
until the pH becomes neutral. Samples were transferred in a wet
condition to a clean mica surface and were allowed to air dry at
room temperature.

Image collection was performed using a Bruker Dimension
FastScan (Bruker, Camarillo, CA, USA) equipped with an
Acoustic and Vibration Isolation Enclosure, FastScan Scanner,

Ultra-Stable High-ResonanceMicroscope Base, and a Nanoscope
V Stage Controller and HV Amplifier. Scanning was performed
using the PeakForce Mapping mode in air, with SCANASYST-
AIR probes (Bruker, Camarillo, CA, USA). Tips were made of
silicon nitride with a nominal tip radius of 2 nm, a resonant
frequency of 70 kHz, and a spring constant of 0.4 N/m, which
was appropriate for the range of modulus tested in this study.

Atomic force microscopy (AFM) operation and image
preprocessing were performed in Nanoscope Analysis V1.5. All
images were taken at 512 × 512 pixels, with four different
scan sizes (2.5, 1.0, 0.5, and 0.25µm) for each scan area, and
at least three different scan areas measured for each sample
(n = 3). All images were fitted with a third-order flatten
prior to analysis to center data, remove tilt, and to remove
the bow caused by an uneven cell surface. Image roughness,
fibril width measurements, and height distribution profiles were
all calculated in NanoScope Analysis V1.5 software using the
Roughness, Section, and Particle Analysis tools, respectively.
For fibril width analysis, AFM images in the 2.5 × 2.5µm
magnification were selected and five well-resolved features were
identified in each picture and their width were measured using
ImageJ. For microfibril orientation and dispersion analysis, three
AFM images were analyzed for each genotype by using Fiji
ImageJ (https://fiji.sc/) Directionality analysis based upon local
gradient orientation on grayscale images.

Nanomechanical properties, including elastic modulus,
adhesion, deformation, and dissipation, were standardized to the
same z-axis properties for direct comparison of image intensities.
Elastic modulus is calculated based upon the Derjaguin-Muller-
Toporov model (Derjaguin et al., 1975). Deformation represents
maximum penetration depth during tip-cell wall contact and
can be related to the elastic modulus (Zhang et al., 2016). The
adhesion force represents the absolute value of the negative force
during tip release from the surface (Su et al., 2011). Dissipation
is calculated by integrating the area between the extension
and retraction curves and represents the difference in energy
imparted from the AFM tip to the sample (Landoulsi and
Dupres, 2013).

Wide-Angle X-ray Scattering
X-ray diffraction (XRD) measurements were performed on a
Bruker Davinci Diffractometer system (Bruker, Camarillo, CA,
USA). The diffracted intensity of Cu Kα radiation (with Nickel
filter; λ = 1.5418 Å; 40 kV and 40mA) was measured in a
2 Theta range between 5 and 50◦ with Global Mirror method
(Primary optics: 1.2mm). The detector is in LYNXEYE ID
mode and with a 3mm slit. The milled sample mass for XRD
measurement was about 1.5 g of total lower stem for each run.
Sample collection was performed for 5 h total time at 0.0128◦ step
sizes with 10 s of exposure at each step. Samples were performed
in biological quadruplicate (n = 4). Sequential extraction of cell
wall components was performed using the same methodology as
described previously on extractive-free biomass (Li et al., 2014).
Relative crystallinity index (RCI) was determined following the
peak difference method and peak area methods outlined (Park
et al., 2010) using Matlab v2012a (Mathworks, Natick, MA)
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TABLE 1 | Three mutants deficient in glucuronoxylan (GX) biosynthesis.

Mutants irx9 irx10 irx15 irx15-L

Irregular xylem (IRX) phenotype Strong Mild Weak

Growth phenotype Dwarfed Normal Normal

Cell wall thickness Reduced and irregular Reduced Reduced and irregular

Crystalline cellulose content, previous studies 60% 100% 70%

Crystalline cellulose content, this study 90%a 105%a 100%

Lignin content, previous studies 24–50% ND ND

Lignin content, this study 65%a 100% 91%a

Xylose content, previous studies 40–50% 80–88% 74%

Xylose content, this study 61%a 100% 85%a

Xylan DP 30% 61–90% 50%

DP distribution Narrow ND Narrow

GlcA/(Me)GlcA ratio Dramatic reduction Intermediate to

dramatic reduction

Intermediate to

dramatic reduction

[Me]GlcA substitution Unaltered Unaltered Unaltered

Reducing end group Unaltered Unaltered Unaltered

Literature reference
Brown et al., 2005; Pena

et al., 2007; Wu et al.,

2010; Lee et al., 2014

Brown et al., 2005,

2009; Wu et al., 2009

Brown et al., 2011;

Jensen et al., 2011

aStatistically different from wild type (p < 0.05).

for peak fitting with Gaussian distributions for crystalline and
amorphous peak contributions.

Enzymatic Hydrolysis
Enzymatic hydrolysis was performed at 1.0% solids loading (g
alcohol insoluble residue (AIR) biomass/g solution) in 1.5ml
Posi-Click Tubes (Denville Scientific, Holliston, MA). Enzyme
solutions were made at 30mg protein/g glucan content using
CTec3 and HTec3 (Novozymes A/S, Bagsværd, Denmark), with
a CTec3:HTec3 ratio of 2:1 based on protein. Enzyme protein
content was determined by the Bradford assay as reported in
our prior work (Williams et al., 2017). A buffer solution of
50mM citric acid (pH 5.20) was used to maintain pH, and
the samples were incubated at 50◦C with horizontal mixing at
180 rpm for 48 h. Samples were centrifuged at 13,000 × g for
3min postincubation and filtered using 22µm mixed cellulose-
ester filters (EMD Millipore, Billerica, MA, USA). Samples were
quantified on the HPLC (Agilent 1100 Series) with an Aminex
HPX-87H column (Bio-Rad, Hercules, CA, USA) with a mobile
phase of 5mMH2SO4. Glucose (Glc) yield was determined based
upon quantified Glc observed compared to total AIR cell wall
glucan available (as Glc) including non-cellulosic glucan, while
xylose (Xyl) yield was determined based upon the total AIR cell
wall xylan available (as Xyl). Samples were performed in technical
triplicate of biological duplicates (n= 6).

RESULTS

Three Arabidopsis Mutants With Altered
Xylan Biosynthesis
To understand the effect of glucuronoxylan (GX) on cellulose
organization and secondary cell wall (SCW) architecture, we

selected three well-characterized Arabidopsis loss-of-function
mutants for this study, namely irx9, irx10, and irx15 irx15-
L. The mutants were selected to have comparable impacts
on GX synthesis while representing a progression in severity.
As demonstrated in the prior literature and summarized in
Table 1, the irx9 GX deficient phenotype is the strongest, with
severe reductions in crystalline cellulose, lignin, and xylose (Xyl)
content relative to wild type along with reductions in GX DP by
70%. The irx10 mutant was selected as the weakest of the three,
showing no change in cellulose content, a 12–20% reduction
in Xyl and with GX degree of polymerization (DP) reduced
by ∼39%. The irx15 irx15-L double mutant was selected as
an intermediate severity mutant compared to irx9 and irx10,
displaying a 26% reduction in Xyl content, a 30%reduction in
cellulose content, and a 50% reduction of GX DP relative to wild
type (Brown et al., 2011; Jensen et al., 2011). The GlcA/ MeGlcA
ratio is also shifted strongly toward 4-O-methyl glucuronic acid
(MeGlcA) in all three mutants. Other aspects of GX primary
structure, such as the extent of [Me]GlcA substitution and
reducing end group occurrence are not affected in the selected
mutants (Pena et al., 2007; Brown et al., 2009, 2011; Wu et al.,
2009; Jensen et al., 2011).

Differences in growth conditions and analysis protocols
between previous studies employing irx9, irx10, and irx15
irx15-L mutants prevent direct comparisons of characterization
results among these studies. To directly compare their cell wall
composition and SCW structural features, the three GX mutants
were grown in parallel in several batches and were characterized
using a range of approaches. Col-0 was included in the studies
as wild type control. The irx15 irx15-L double mutant is a cross
between T-DNA lines generated in different ecotypes, i.e., Col-0
and wild types. We, therefore, included a complementation line
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from Jensen et al. (2011) displaying wild type level of the IRX15-
L transgene, in this study designated as irx15 irx15-L IRX15L, to
serve as an additional control for irx15 irx15-L.

The structural polysaccharides and lignin content were
determined for extractive-free inflorescent stem material
(Table 1, Supplementary Figure 1). The results show that
the compositional phenotype of all three mutants is milder
under our growth conditions compared to previous studies.
Notably, irx10 shows a minor increase in crystalline cellulose
and no change in Xyl content compared to wild type, and irx15
irx15-L shows no reduction in crystalline cellulose compared
to both wild type and irx15 irx15-L IRX15L. The irx phenotype
of collapsed xylem vessels were also not observed for irx10
(Supplementary Figure 1). The milder mutant phenotypes
must be given extra care by watering and fertilizing the plants
in order to promote maximal biomass production and ensure
enough plant material for some of the experiments. For the
same reason, the stem material was harvested late in the growth
cycle toward senescence, but may also represent a difference
in growth conditions compared to previous studies. The trend
of the mutant phenotypes across the three mutants is however
consistent with the previous studies.

Glycome profiling was next employed to assess the changes in
the extractability of the non-cellulosic cell wall polysaccharides
associated with the irx mutations (Figure 1). The glycome
profiling technique subjects the cell wall to increasingly
harsh solvent extractions to selectively solubilize matrix
polysaccharides, with the solubilized extracts subsequently
interrogated against a panel of glycan-specific antibodies. The
results can yield information about both the relative abundance
of particular glycan epitopes as well as how strongly these glycans
are associated with the cell wall (Li et al., 2014).

Results from glyome profiling demonstrate that changes in
the abundance and extractability of several key glycan epitopes
correlate directly with the severity of xylan deficiency. Epitopes
associated with xylan, xyloglucan, homogalacturonan, RG-I, and
type II arabinogalactan all show substantial changes in irx9 and
irx15 irx15-L compared to the wild type (Figure 1). Specifically,
xyloglucan epitopes are reduced in the 1M and 4M KOH
extractions with no concurrent increase of these epitopes in any
of the other fractions. The epitopes for pectic polysaccharides and
arabinogalactan display a similar pattern to the xylan epitopes by
being more abundant in the carbonate and 1M KOH fractions,
and less abundant in the successive extractions. This indicates
that the pectic polysaccharides, arabinogalactan and xylans have
increased extractability in the irx9 and irx15-L IRX15-L lines,
which is consistent with the previous reports (Pena et al., 2007;
Brown et al., 2011; Jensen et al., 2011). Only subtle differences in
epitope binding are observed between irx10 and wild type. The
severe reductions in GX, cellulose, xyloglucan, and lignin in irx9
are attributed to the reduction in SCW thickness present in this
mutant. The control line irx15 irx15-L IRX15-L was not included
in the glycome profiling.

Together, both the results of compositional analyses and
glycome profiling confirm the increasing differences in SCW
formation in the three GX mutants as severe, medium, and
weak for irx9, irx15 irx15-L, and irx10, respectively. Notably,

irx10 shows minimal impact on the overall SCW composition
and extractability, while multiple changes occur in irx9 and
irx15 irx5-L.

Cellulose Microfibril Organization Is
Altered in Xylan Mutants
To investigate whether cellulose organization is altered by the
differing levels of GX deficiency, we employed scanning electron
microscopy (SEM) and atomic force microscopy (AFM) (Ding
et al., 2014) to the inner and most recently deposited SCW
surface. We chose stem interfascicular fiber cells as a model
system as these produce a thick and uniform SCW. In order to
make the irregularities of the inner side of the wall to stand out
clearly, we recorded SEM images at a tilted angle.

Scanning electron microscopy (SEM) images of wild type
cell walls reveal a smooth and even surface at the lowest
magnification and a smooth and unidirectional fibrous
patterning at medium and high magnification. The irx15 irx15-L
IRX15-L control is indistinguishable from the wild type. In
contrast, a range of malformed features are observed in the
three GX mutants (Figure 2, Supplementary Figures 2–6).
Malformations are discernable at both low and high
magnification in irx9 and irx15 irx15-L, while the changes
are smaller in irx10 but clearly discernable at the higher
magnifications. A common feature observed in the GX mutants
is that both individual fibrillary structures and overall patterning
appear coarser compared to the wild type. The overall patterning
in all mutants is affected by fibrillary structures diverging from
the general direction. Also common in the GX mutants, is a
wave pattern, resembling “rolling hills,” with a periodicity in the
100–200 nm range. The severity of these observations correlates
clearly with the extent of GX deficiency in the individual mutant.

Atomic force microscopy (AFM) was next employed
to further characterize the cell wall architecture at high
magnification. In order to visualize the GX-cellulose microfibrils
clearly, the samples were first subjected to mild delignification
as reported in a prior work (Lacayo et al., 2010). Images
of the inner SCW of wild type reveal a smooth surface of
microfibrillar structures with uniform orientation (Figure 3,
Supplementary Figures 3–6), which we hypothesize to be
GX-cellulose microfibrils. Imaging below the 0.25 × 0.25µm
scale did not improve image resolution, given the roughness of
the surface. Upon inspection, it is clear that smaller microfibrils
come together in bundles and that these further come together in
regional collections of more loosely defined agglomerates. These
larger fibrillary agglomerations may extend for 200–300 nm or
longer before branching, the branches often merging with other
fibrillary agglomerations in the immediate vicinity. Crevasses
appear in the weaving pattern side by side with the fibrillary
agglomerations. These observations are not unlike those of the
inner SCW in Zinnia elegans tracheary elements (Lacayo et al.,
2010). In contrast, the GX mutants show a clear increase in
fibrillary misalignment, agglomerate size, and crevasse width
and appear distinctly disorganized compared to the wild type.
Misalignment and increased microfibrillar bundling lead to
increased surface roughness and cause the resolution at the
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FIGURE 1 | Glycome profile analysis of cell wall material of glucuronoxylan (GX) mutant stems. Cell wall material of wild type, irx9, irx10, and irx15 irx15-L

inflorescence stems was extracted sequentially with increasing chemical severity. Quantification of the different cell wall carbohydrates by antibody binding is

presented as a color gradient as depicted to the left, black (low) to yellow (high). Green bars on the top indicate the amount of carbohydrate recovered per gram of cell

wall alcohol insoluble residue (AIR) for each extraction.
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FIGURE 2 | Ultrastructure of glucuronoxylan (GX) mutants observed by scanning electron microscopy (SEM). Scanning electron microscopy images of inner surface

texture of interfascicular fiber cells in Arabidopsis. Scale bars are 2µm for low magnification (A–E), 1µm for intermediate magnification (F–J), and 200 nm for high

magnification (K–O).

highest magnification to decrease in the GX mutants. Bundles
running transverse to the general direction appear in each of
the three mutants and are clearly larger and more complex in
irx9 and irx15 irx15-L. The complementation line almost reverts
the irx15 irx15-L phenotype to wild type. The fibrillar pattern

in this line is wavier compared to the wild type, while crevasses
are bigger and stray bundles occur frequently. However, the
general pattern is more regular than the one found in irx10.
Quantification of the width of the largest agglomerates in 2.5
× 2.5µm images show that all the three GX mutants display
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FIGURE 3 | Ultrastructure of glucuronoxylan (GX) mutants by atomic force microscopy (AFM) height mapping. Atomic force microscopy images of inner surface

texture of interfascicular fiber cells in Arabidopsis. Scale bars are 500 nm (A–E), 200 nm (F–J), 100 nm (K–O), and 50 nm (P–T).

larger agglomerates, with those of irx15 irx15-L and irx9 being
∼3times larger than the wild type (Figure 4). Agglomerate size
in the complementation line is comparable to that of irx10 and is
significantly reduced compared to irx15 irx15-L.

We next sought to quantify bundle directionality and surface
roughness by computational image analysis. Bundle orientation
is a measure of directionality within an image, with dispersion
measuring the deviation from the mean angle of orientation.
Factors that may contribute to dispersion are bends, breaks,
and out of plane features (Yan et al., 2017). Directionality is
pronounced in the wild type with clear groves are visible by

AFM surface topography graphs (Figure 5A) and a dispersion
of ∼10◦ (Figure 5B). Comparably, all the three GX mutants
show significantly higher dispersion values (p < 0.05), with irx9
showing the largest average deviation value of∼20◦ (Figure 5B).
Dispersion remains high in the complementation line consistent
with the occurrence of stray bundles and wavier patterns
compared to the wild type.

Roughness quantifies irregularities in surface features from a
mean plane, with larger irregularities corresponding to higher
values for roughness. This value is dependent upon both the
sample scale and measurement size (De Oliveira et al., 2012).
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FIGURE 4 | Fiber width of wild type and GX mutants using atomic force

microscopy (AFM). Fibril widths were determined from well-resolved features in

2.5 × 2.5µm image sizes, using five measurements for each of three

individual images for each sample (n = 15). The symbol * indicates statistical

significance compared to wild type (t-test, p < 0.05), and ** indicates

statistical significance from both wild type and irx9 and irx15-15-L mutants.

Average roughness (Ra) and root-mean-square roughness (Rq)
were used to quantify average image roughness and deviation
from mean roughness, respectively. At the 0.5 × 0.5µm scale,
Ra and Rq values for irx9, irx15 irx15-L and complementation
line are at least 50% higher compared to the wild type. However,
both the properties exhibit large variation in these three lines
such that these differences are statistically significant only in the
complementation line (Table 2). The high Ra and Rq values most
likely reflect the uneven and wavy surfaces rather than irregular
microfibril organization. Ra and Rq values for irx10 are closer
to wild type and show lower variation such that the differences
between irx10 and wild type are statistically significant (p ≤

0.05). Roughness analysis for the other three AFMmagnifications
shows similar trends, however with lower statistical confidence
(Supplementary Table 1).

We conclude that there is an increase in the roughness of
the inner SCW surface, caused by a decrease in unidirectionality
and an increase in microfibril agglomeration for all the three
GX mutants. The characteristics of the SEM images of coarser
fibrillary patterning corroborate with the observations made
by AFM. Notably, the severity of cellulose disorganization

corresponds to the degree of GX deficiency by both SEM
and AFM.

Altered Cellulose Organization Affects
Nanomechanical Properties
To correlate the cell wall architecture with mechanical properties,
we recorded nanomechanical properties, by AFM, namely elastic
modulus, adhesion, deformation, and dissipation, for each pixel
of the surface topology scans, generating spatial distribution
maps of each of these properties. Elastic modulus is a measure
of the ratio of the force exerted on a material to resulting
deformation and is, in the context of AFM, based upon contact
deformation between the AFM tip and cellulose microfibril
surface (Derjaguin et al., 1975). High modulus regions thereby
represent stiffer surfaces and correspond to lower deformation
distances. The adhesion force represents the absolute value of
the negative force during tip release from the surface (Su et al.,
2011), while dissipation is measured based upon the electrostatic
discharge, and may be representative of electrochemical surface
heterogeneity of soft matter (Garcia and Proksch, 2013).

Atomic force microscopy images revealed uniform features
in the wild type for all the four properties, correlating a fine
and evenly organized cellulose fibril network with uniform
nanomechanical properties, even postdelignification (Figure 6).
This is in contrast to the nanomechanical recordings of the GX
mutants, which show large spatial variation in adhesion and
dissipation and some changes in the modulus. The unevenness in
the mechanical properties overlay with the disorganized cellulose
network observed in the topology scans (Figures 3, 6).Thus,
surface strength and electrostatic environment in the GXmutants
is altered and correspond to the altered cellulose organization.
The complementation line has adhesion and dissipation similar
to the wild type, while the modulus is further increased in
heterogeneity compared to the modulus of any of the three
GX mutants. The images display what appear to be grooves
that have low modulus, i.e., soft surface with high deformation.
The groves are replicated in the deformation images. Hence,
the complementation line reverts the electrostatic heterogeneity
found in irx15 irx15-L, while the mechanical properties are
increased in heterogeneity.

Xylan Deficiency Leads to Altered
Cellulose Crystallinity as Determined by
X-ray Diffraction
Wide-angle X-ray scattering (WAXS) is a non-destructive
technique that has been applied as a tool for probing cellulose
structure and crystallinity (Cheng et al., 2015). As each selected
genotype shows clear changes in cellulose fibril organization,
we tested to find if any of these changes corresponded to
recurred microfibril crystallinity and could be quantified by
WAXS. For irx15 irx15-L, and irx9, the [200] crystal face
decreases relative to the [1–10] and [110] crystal faces. For
irx9 only, a reduction in the [1–10] and [110] crystal faces
compared to the amorphous base line is also evident (Figure 7A).
Quantification of relative crystallinity index (RCI) by the peak
difference method (Supplementary Figure 7A; Park et al., 2010)
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FIGURE 5 | Fiber orientation and 3D topography of wild type and glucuronoxylan (GX) mutants using atomic force microscopy (AFM). (A) Height profile image (0.5 ×

0.5µm; scale bar = 100 nm) and its corresponding 3D surface projections at three different angles of wild type and irx9. The parallel striation observed in the wild type

height images can be recognized as parallel ridges and groves in the 3D surface projections. This type of structural organization is strongly reduced in irx9. (B)

Microfibril orientations measured by dispersion of fibers distributed throughout at the 1.0 x 1.0µm scale. Standard deviations are shown (n = 3). * indicates statistical

significance compared to wild type (t-test, p < 0.05).

TABLE 2 | Roughness analysis of secondary cell walls of wild type and

glucuronoxylan (GX) mutants.

Genotype Ra/nm
a Rq/nm

b

Wild type 0.70 ± 0.02b 0.89 ± 0.03

irx9 1.09 ± 0.18

p = 0.08c
1.83 ± 0.73

p = 0.09

irx10 0.92 ± 0.05

p = 0.03

1.19 ± 0.04

p = 0.02

irx15 irx15-L 1.11 ± 0.19

p = 0.06

1.41 ± 0.27

p = 0.09

irx15 irx15-L IRX15-L 1.50 ± 0.33

p = 0.05

1.91 ± 0.40

p = 0.05

aRoughness parameters for average roughness (Ra) and root-mean-square roughness

(Rq ) measured on atomic force microscopy (AFM) height images at 0.5 × 0.5 µm image.
bStandard deviations shown (n = 3).
cT-test P-values compared to wild type.

reveals a lower calculated RCI of the [200] crystal face in irx15
irx15-L and irx9 by 9 and 22%, respectively (Figure 7B). No
statistical differences compared to wild type are evident for
irx10. The RCI is reverted completely to wild type level in the
complementation line. The RCI using the peak area method
yields similar conclusions despite higher errors associated with
the technique (Supplementary Figure 7B).

Reductions in RCI can be attributed to either a reduction in
crystalline chains or an increase in crystallite size (Somerville,
2006; Taylor, 2008; Takahashi et al., 2009). Relative crystallite

size of the [200] face determined using the Sherrer correlation
(Patterson, 1939) was found for all samples to be ∼4.25 nm
on average (Supplementary Figure 7C), which is comparable to

prior studies (Newman et al., 2013) and agrees with the mean
elementary fibril width proposed in the cellulose 36-chain model
(Ding et al., 2012). As a result, we hypothesize that changes in RCI

are to be caused by changes in crystalline cellulose abundance
rather than crystallite size. In the case of irx9, a 10% reduction

in crystalline cellulose content measured by acid hydrolysis
(Table 1) could account for the reduction in RCI; however,
irx15 irx15-L shows no observed reduction in the crystalline
cellulose content by chemical quantification. Hence, since neither

crystallite size nor cellulose content is reduced in irx15 irx15-
L, it suggests that the altered X-ray scattering properties of this
genotype may be attributed to organizational changes in the
cellulose network.

To study the effect of cell wall material with reduced

matrix polysaccharide content on WAXS under controlled
conditions, we extracted wild type SCW material with carbonate
and KOH and characterized the material by monosaccharide

composition, crystalline cellulose content, lignin content, and
WAXS RCI (Figure 8). Extraction using 1M KOH resulted in
∼50% reduction in Xyl and significant increases in crystalline
cellulose, lignin, and RCI. Extraction using carbonate resulted
in ∼15% reduction in Xyl, an increase in crystalline cellulose,
no change in lignin, and a significant reduction in RCI.
Hence, carbonate extraction mimics the irx15 irx15-L phenotype
where crystalline cellulose is uncoupled from a reduced RCI.
It is unlikely that carbonate extraction should change cellulose
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FIGURE 6 | Nanomechanical imaging of glucuronoxylan (GX) mutants by atomic force microscopy (AFM). Nanomechanical mapping of modulus (A–E), adhesion

(F–J), deformation (K–O), and dissipation (P–T) of wild type and irx mutants. Scale bar represents 200 nm, with all images corresponding to a 1.0 × 1.0µm image

size.

crystallite size. Thus, matrix polysaccharide extraction causes a
lower RCI, which may be ascribed to organizational changes in
the cellulose microfibril network.

Altered Cellulose Organization Leads to
Increase in Enzymatic Hydrolysis
Lastly, we considered enzymatic hydrolysis as a means to access
changes in the SCW formation. We hypothesized that if the
SCW structure is more porous, the SCW polysaccharides may

hydrolyze more easily, particularly in case of no pretreatment.
To test this, we conducted a hydrolysis time course experiment
quantifying glucose (Glc) and xylose (Xyl) release. The results
show that Glc and Xyl are indeed more easily released for all
the three GX mutants compared to the wild type (Figure 9).
As per the results from the other analyses, irx9 and irx15
irx15-L showed the largest change compared to the wild type.
Notably, saccharification of the complementation is unchanged
compared to irx15 irx15-L. The increase in Glc release points
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FIGURE 7 | Wide-angle X-ray scattering (WAXS) diffraction pattern of stem cell wall material from wild type and glucuronoxylan (GX) mutants. (A) Representative

wide-angle X-ray scattering (WAXS) diffraction patterns of wild type, irx9, irx10, and irx15 irx15-L stems showing the diffraction peaks for the [110], [1–10], [200], and

[400] crystal faces. (B) Relative crystallinity indices of the [200] peak face calculated from the WAXS diffraction pattern, such as the ones in (A). Standard deviations

are shown (n = 4, biological replica). * indicates statistical significance compared to wild type (t-test, p < 0.05), and ** indicates statistical significance from wild type

and irx9.

to a significant change in cellulose organization and so the
enzymatic hydrolysis corporates our findings by SEM and
AFM that the cellulose organization in the GX mutants is
significantly impacted.

DISCUSSION

Glucuronoxylan Affects Fibril
Agglomeration and Alignment
We demonstrate that glucuronoxylan (GX) is critical for
uniform cellulose bundling and alignment in a dosage dependent
manner, i.e., the stronger the GX deficiency, the stronger
the impact on cellulose organization. First, Scanning electron
microscopy (SEM) reveals uneven cellulose organization which
correlates with the degree of GX deficiency. Secondly, atomic
force microscopy (AFM) reveals increased cellulose bundling
and misalignment in all the three GX mutants. Cell wall
disorganization in irx10 is particularly distinct by the AFM
approach compared to SEM. The appearance of a smooth inner
surface of cellulose bundles with uniform orientation in the
wild type suggests that delignification, which is a part of sample
preparation, did not result in large-scale rearrangements. This
is consistent with our prior observations in secondary cell walls
(SCWs) of maize (Ding et al., 2014) and is further supported by
observing a good correspondence between the SEM and AFM
data along with the fact that SEM sample preparation did not
involve delignification. Third, each of the three mutants shows
similar nanomechanical changes. The changes overlap with the
altered cellulose organization and suggest that the electrostatic
environment of the inner SCW surface is altered. Fourth, irx15
irx15-L shows altered cellulose organization by wide-angle X-ray
scattering (WAXS). Though subtle differences exist between the

WAXS spectra of irx10 and wild type, the relative crystallinity
index (RCI) calculations showed no statistical difference. The
RCI of irx9 is lower but this cannot be assigned to changes
in cellulose organization exclusively because crystalline cellulose
content is strongly reduced in this mutant. Fifth, increased
release of both xylose (Xyl) and glucose (Glc) by enzymatic
hydrolysis argue that significant changes in both GX and cellulose
organization is present in the glucuronoxylan (GX) mutants.

We primarily attribute the changes observed in the three
mutants to changes in GX degree of polymerization (DP) and
total GX content. Other changes in GX primary structure
in the three mutants are minor, such as reduced glucuronic
acid (GlcA)/4-O-methyl glucuronic acid (Me)GlcA ratio, or
unchanged, such as altered GX substitution pattern. Hence, while
the precise mechanism is unknown, we conclude that GX is
essential to proper cellulose organization in the eudicot SCW and
that not only total GX content but also GX DP are critical for
proper GX functioning in the SCW.

The complementation mostly reverts the irx15 irx15-L
mutant phenotype to wild type, but not completely. The SCW
composition reverts fully as observed previously by Jensen et al.
(2011), but the AFM shows a somewhat irregular cellulose
pattern compared to the wild type, while the pattern is more
regular than the one found in irx10. The nanomechanical
properties revert to the wild type except the modulus which
further increases in heterogeneity compared to the modulus
of any of the three GX mutants. Lastly, the complementation
line does not revert the increase in saccharification found for
irx15 irx15-L. This suggests that IRX15(-L) function have not
been completely restored by the complementation construct.
Brown et al. (2011) found that irx15 has a stronger mutant
phenotype than irx15-L and that the increase in cell wall sugar
release from irx15 and irx15 irx15-L was the same. Hence, the
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FIGURE 8 | Chemical composition and wide-angle X-ray scattering (WAXS) relative crystallinity index of wild type cell wall material after chemical extraction. (A–C)

Chemical composition analysis of wild type alcohol insoluble residue (AIR) and AIR sequentially extracted with carbonate and 1M KOH. (D) Relative crystallinity indices

(RCIs) of the [200] peak face calculated from the WAXS diffraction patterns in wild type native, AIR, and sequentially extracted with carbonate and 1M KOH. Standard

deviations are shown (n = 3, biological replicates. *Indicates statistical significance compared to wild type (t-test, p < 0.05).

complementation line appears to be missing a functional IRX15,
suggesting that IRX15 and IRX15-L are not functionally identical.
Alternatively, the promoters of IRX15 and IRX15-L are too
distinct for the IRX15-L construct to complement the missing
IRX15 expression in the mutant. The latter was found to be the
case for both the IRX9/IRX9-L and the IRX10/IRX10-L gene pairs
in primary cell wall xylan biosynthesis using promoter exchange
experiments (Mortimer et al., 2015).

It is interesting to note that the AFM of wild type reveals
a loosely defined network of fibrillary bundles that merge and
split in a hierarchical manner resulting in a continuous size
distribution in the range of ∼5–50 nm. This architecture likely
provides unique physical properties to the cell wall. A similar
network architecture is apparent in Zinnia treachery elements
(Lacayo et al., 2010) and to some degree thickened parenchyma
cell walls frommaize (Ding et al., 2014), while being distinct from
the fibrillary architecture of primary cell walls of maize (Ding
et al., 2014) and onion (Zhang et al., 2016) parenchyma. Spruce

SCW displays discrete macrofibrils in tight packing by AFM
(Adobes-Vidal et al., 2020), electron microcopy (Donaldson,
2007) and tomography (Reza et al., 2019). Neutron and X-ray
scattering results comparing eudicot wood (birch and cherry) to
gymnospermwood (conifer) showed that themicrofibril network
is less aggregated or spacing within the aggregates is less uniform
in dicots (Jarvis, 2018). Our observations by AFM suggest that
the latter is the case in that spacing within the aggregates appears
less uniform in Arabidopsis.

Changes in cellulose fibril organization are of similar nature
(i.e., fibril bundling and orientational dispersion) in the three GX
mutants compared to the wild type, while we find the severity
of these changes to correlate with increasing GX deficiency.
The clear changes in irx10, the weakest of the three mutants,
highlight how sensitive cellulose network architecture is to the
perturbation of GX. Crystalline cellulose content is unaffected
in irx10 and irx15 irx15-L under our growth conditions, arguing
that cellulose synthesis is not majorly affected. Rather, increased
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FIGURE 9 | Enzymatic digestibility of cell wall material of glucuronoxylan (GX)

mutant stems. Enzymatic hydrolysis monomeric sugar yields of glucose (Glc)

(A) and xylose (Xyl) (B) of unpretreated alcohol insoluble residue (AIR) on the

basis of % monomeric sugar observed per total available polysaccharide

(g/g*100). Timepoints for the measurements were 4, 8, 24, and 48 h. Standard

deviations are shown (n = 6, biological duplicate with technical triplicate).

*Indicates statistical significance compared to wild type (t-test, p < 0.05).

bundling suggests that cellulose self-interactions have been
impacted, while increase in orientational dissipation and the
appearance of stray bundles suggest that cellulose synthase
complex (CSC) movement in the plasma membrane is affected.

It is possible that the sample dehydration involved in the
preprocessing of both SEM and AFM could have some effect
on the observed cell wall architecture and nanomechanical
properties. Given the smoothness and regularity of the cellulose
fibrils, the dehydration seems to have a limited effect on the wild
type but it is possible that the mutant phenotypes are magnified
by dehydration. Several publications suggest that water is bound
to the surface of cellulose as well as the hemicelluloses–cellulose
interface and that this influences the interactions between the
polysaccharides (Hill et al., 2009; Jarvis, 2018; Khodayari et al.,
2021). Since the cell wall is already destabilized in the mutants
by disorganization, removal of structurally bound water could
lead to larger changes in the mutants than in the wild type. This
will most likely have the largest effect on local phenomena, such

as cellulose bundling, rather than on global phenomena, such
as orientational dispersion and stray bundles. Dehydration may
also aggravate the differences observed between the wild type and
mutants for the adhesion and dissipation in the nanomechanical
properties. Increased electrochemical heterogeneity suggests
that GX binding to cellulose, including structural water, is
significantly different in the mutants. Consequently, some of the
structurally bound water may have been maintained between GX
and cellulose in the wild type but lost during the desiccation
in the mutants. While these characteristics may be magnified
by dehydration, we argue that the differences between the wild
type and mutants must still be present in the native state
in more subtle form, e.g., inhomogeneous GX binding and
inhomogeneous cellulose bundling.

Lyczakowski et al. (2019) quantified the width distribution of
cellulose bundles in hydrated cryo-preserved SCWs of vessels
in Arabidopsis based on fibril bundles perturbing out from
wall fractures. We were not able to resolve the finest bundles
in our study and therefore unable to assess the bundle width
distribution properly. Instead we quantify the distribution of the
largest bundles. In the wild type, the bundle width distribution
is 10 to 35 nm wide with an average of ∼23 nm. Lyczakowski
et al. (2019) quantified the width distribution to span ∼from
9 to 28 nm with an average of ∼17 nm. Our observations are
therefore in good agreement with those of Lyczakowski et al.
(2019) for the wild type. We also describe and quantify the
width of abnormal bundle agglomerates in the mutants, some
of these being more than 100 nm wide in irx9 and irx15 irx15-
L. Lyczakowski and co-workers found that the fibril width is
reduced in both irx9 and irx10 compared to the wild type. The
difference between the two studies may be because the larger
agglomerations visible by imaging the inner side of the SCW
do not appear clearly in wall fractures, and these were therefore
not characterized by Lyczakowski and co-workers. Also, as the
resolution is lower for the mutants than for the wild type in our
AFM studies, given the rougher surface of the mutant walls, we
cannot assess if the bundle fibrils have changed in width in the
mutants compared to the wild type. Our observation of increased
bundling is therefore primarily based on the extensive occurrence
of larger agglomerates in the mutants and does not exclude that
average bundle width of the finer fibrils decrease, as observed
by cryo-EM. Our study and that by Lyczakowski et al. (2019)
are therefore complementary to each other in characterizing
cellulose microfibril width in irx9 and irx10.

The glycome profiling experiment shows increased
extractability for GX, pectin, and type II arabinogalactan in irx9
and irx15 irx15-Land thereby indicates a loosened wall structure.
The reason behind this may be the increased penetration of the
extraction solution in the GX mutants compared to the wild
type as the disorganized GX-cellulose network present in the
mutants possibly results in a more porous SCW. Alternatively,
the phenomena relays on covalent or non-covalent bonds
between GX, pectin, and AGPs, which are not formed in the
GX mutants leading to a weaker integration of each of these
groups of polymers in the wall. An example of the latter for the
primary cell wall is APAP1, which is an AGP decorated with
arabinogalactan, as well as, xylan and ramnogalacturonan I.
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The apap1 mutant that is missing in APAP1 displays increased
cell wall extractability (Tan et al., 2013). The work of Biswal
et al. (2018) provides further evidence for the presence of xylan-
pectin-AGP structures by downregulating homologs of GAUT4,
a pectin biosynthesis gene, in poplar, rice, and switchgrass
and observing cell wall loosening. Therefore, the increased
extractability of pectin and arabinogalactanin the GX mutants
may suggest that AGPs analogous to APAP1 may also exists for
the SCW.

We found a lower RCI in irx9 and irx15 irx15-L by WAXS.
This correlates with a 10% reduction in crystalline cellulose in
irx9 determined by chemical analysis, while crystalline cellulose
content in irx15 irx15-L is unchanged. Removal of matrix
polysaccharides bymild chemical extraction leads to a concurrent
increase in the crystalline cellulose content but a reduction in
RCI, which is surprising. One possible explanation is that GX
bound to cellulose may extend the crystallite size by binding
in the linear two-fold helical screw conformation. If so, the
removal of GX from the biomass during the carbonate extraction
could lead to a reduction of the xylan–cellulose crystallite size
leading to a reduced RCI. Alternatively, it is the changes in
cellulose organization in irx15 irx15-L, which may also be the
case in the wild type material after carbonate extraction that
somehow leads to reduced RCI. As a result, not only cellulose
content and crystallinity, but also the binding of hemicellulose
and organizational changes in the cellulose fibril network, may
lead to changes in RCI.

Several publications document increased saccharification of
plant material with impaired xylan biosynthesis. For instance,
the irx9 and irx15 irx15-L mutations in Arabidopsis lead to 39%
(Petersen et al., 2012) and 46% (Brown et al., 2011) increase
in saccharification, respectively, whereas RNAi of homologs of
IRX7, IRX8, IRX9, and IRX10 in rice or poplar resulted in
increased saccharification by 25–50% in most cases (Lee et al.,
2009; Chen et al., 2013; Biswal et al., 2015; Ratke et al., 2018). As
pointed out in many of these studies, increased saccharification
of xylan deficient plants indicates an altered association of xylan
with cellulose in the cell wall material. In our study, we provide
a direct comparison between irx9, irx10, and irx15 irx15-L in
a saccharification assay. The increases in sugar release for each
of the mutants are comparable to previous observations and
correlate with the degree of mutant severity. Because we chose
no pretreatment, it is possible to directly link increases in Glc and
Xyl release with the architectural changes observed by SEM and
AFM at the nano- and microscale. As the increases in release are
approximately equal for Glc and Xyl for each of the mutants, it
underlines the structural interdependence that exists in the SCW
between GX and cellulose.

GX as a Modulator of Fibril Coalescence
and Bundle Formation
Our studies show that uniform cellulose fibril bundling and
alignment is disrupted in the GXmutants. We also observe larger
fibrillary agglomerations and larger crevasses in the weaving
pattern. These observations may suggest that fibril coalescence
is increased or uncontrolled in the mutants. If so, it suggests that

GX functions by modulating microfibril coalescence and acts in
planta to regulate cellulose bundling and network architecture
during wall assembly. This general idea concerning hemicellulose
function was first formulated several decades ago as part of a
series of seminal studies with bacterial cellulose produced in the
presence of various hemicelluloses (Haigler et al., 1982; Atalla
et al., 1993; Tokoh et al., 1998, 2002). Other in vitro studies
with holocellulose (delignified cellulose with native hemicellulose
still bound) have since shown that hemicellulose bound to
cellulose in native form does indeed effectively prevent cellulose
coalescence (Iwamoto et al., 2008; Arola et al., 2013; Yang
et al., 2020). Results similar to ours, but for the primary cell
wall, were found investigating the xxt1xxt2 Arabidopsis mutant
(Anderson et al., 2010; Xiao et al., 2016). This mutant is entirely
deficient in xyloglucan and displays increased cellulose bundling
and altered fibril alignment in the primary cell wall leading
the authors to suggest that xyloglucan may function to reduce
spontaneous interactions of cellulose microfibrils (Xiao et al.,
2016), i.e., fibril coalescence. In-depth studies characterizing
cellulose organization in hemicellulose mutants, such as the
xxt1xxt2 studies as well as our own present study on GXmutants,
are still few and serve as an important complement to the
large body of in vitro experiments on cellulose–hemicellulose
interactions from the past decades.

In conclusion, a growing body of experimental evidence
suggests that some hemicelluloses under some conditions may
play a crucial role in modulating cellulose fibril coalescence
in vitro, as well as, in planta. Our study suggests that microfibril
coalescence is not only important in primary cell walls, as shown
previously, but also in SCWs and that GX performs a key role in
this in Arabidopsis.
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The production of regenerated cellulosic fibres, such as viscose, modal and lyocell, is 
based mainly on the use of dissolving wood pulp as raw material. Enzymatic processes 
are an excellent alternative to conventional chemical routes in the production of dissolving 
pulp, in terms of energy efficiency, reagent consumption and pulp yield. The two main 
characteristics of a dissolving pulp are the cellulose purity and the molecular weight, both 
of which can be controlled with the aid of enzymes. A purification process for paper-grade 
kraft pulp has been proposed, based on the use of xylanases in combination with hot 
and cold caustic extraction, without the conventional pre-hydrolysis step before kraft 
pulping. This enzyme aided purification allowed the production of a dissolving pulp that 
met the specifications for the manufacture of viscose, < 3% xylan, > 92% ISO brightness 
and 70% Fock’s reactivity. Endoglucanases (EGs) can efficiently reduce the average 
molecular weight of the cellulose while simultaneously increasing the pulp reactivity for 
viscose production. It is shown in this study that lytic polysaccharide monooxygenases 
act synergistically with EGs in the modification of bleached dissolving pulp.

Keywords: Lignocellulose, Biotechnology, enzymes, dissolving pulp, viscose

INTRODUCTION

Regenerated cellulosic fibre is considered a sustainable alternative to cotton and synthetic 
textile fibres. These are commonly produced from high-purity cellulosic wood pulp, also called 
dissolving pulp. Although the most common end-use of dissolving pulp is in the production 
of viscose fibres, alternative applications include the production of cellophane and cellulose 
derivatives, mainly esters and ethers. Cellulosic materials have a wide range of applications 
in pharmaceuticals, medicine, food and beverage, inks, ceramics, construction, etc. (Liu et  al., 
2016). The characteristics of a dissolving pulp for viscose applications are as: (i) high purity, 
(ii) appropriate molecular weight and (iii) high reactivity with carbon disulphide.

A high-purity dissolving pulp has a high cellulose content and a low content of hemicelluloses 
(<5% w/w), lignin and extractives. Cellulose purity is the key difference between paper-grade 
and dissolving-grade pulps. Harsh chemical methods are currently used in industry to obtain 
a sufficiently pure cellulose material for the dissolving wood pulp market (Sixta, 2006a,b).
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The pulping processes in use today for the production of 
dissolving wood pulp are the pre-hydrolysis kraft (PHK) and 
the acid sulphite cooking processes. The older acid sulphite 
process was the predominant wood pulping method, allowing 
an efficient acid degradation of both lignin and hemicelluloses 
in the wood chips under pressure and high temperature. 
However, the kraft-based pulping has become the dominant 
process to produce dissolving wood pulp. It is less sensitive 
to the extractives content in the wood, allowing both hardwood 
and softwoods to be  used. It becomes a less costly process 
with an efficient chemical recovery and with hardwoods gaining 
more importance as a more economical wood source. In 
addition, during the last decade, many paper-pulp producers 
have considered expensive conversion projects of their kraft 
mills to enter the dissolving pulp market, with the added 
possibility for a flexible switch between paper and dissolving 
pulp production. A key step for such conversion is the use 
of a pre-hydrolysis step at low pH and high temperature and 
pressure targeting the removal of hemicelluloses before the 
alkaline kraft pulping (Sixta, 2006b; Duan et  al., 2015; Chen 
et  al., 2016; Liu et  al., 2016). The pre-hydrolysis intensity and 
the kraft delignification thus need to be optimised in a two-stage 
process, in order to maximise hemicelluloses and lignin removal 
while minimising losses in cellulose yield. Not surprisingly, 
such harsh cellulose purification can lead to a rather low 
dissolving pulp yield, ca. 30–35% based on wood (Kumar and 
Christopher, 2017).

Apart from pulp bleaching to reach high brightness, no 
extra cellulose purification steps are required for the removal 
of residual hemicelluloses in the production of conventional 
dissolving pulp using the PHK process. In contrast, the sulphite 
process typically includes hot caustic extraction (HCE) as a 
purification stage in the production of standard bleached 
dissolving pulp for viscose fibre production (Sixta, 2006b; Syed 
et  al., 2013; Kumar and Christopher, 2017). Cold caustic 
extraction (CCE) is used in the production of dissolving pulp 
when very high purity is required, for example for cellulose 
acetate production (Sixta, 2006b).

The CCE purification can be  considered as a more physical 
purification because of the high fibre swelling which leads to 
the solubilisation of low-molecular-weight polysaccharides, in 
particular targeting hemicelluloses and including the more 
recalcitrant portion entrapped inside the fibre wall. The typical 
process conditions of a CCE stage comprise a temperature 
range of 20–40°C and a very high concentration of NaOH 
(8–10% in the liquor) which in industrial scale requires an 
efficient recycling process of the soda and additional washing 
and heat-transfer capacity considering the high temperatures 
in the fibreline. In contrast, the HCE process uses a lower 
alkalinity (0.4–1.5% NaOH) and a high temperature (95–135°C) 
being a chemical purification based on alkaline peeling reactions 
of the polysaccharides, for instance end-wise peeling starting 
at the reducing ends. A high purification extent with HCE is 
limited by fibre swelling, as well as by the negative effect on 
cellulose yield. HCE is typically used for sulphite pulps since 
the carbohydrates are not stabilised during the cooking process 
as happens in kraft cooking with the oxidation of the reducing-end 

groups (Syed et  al., 2013; Arnoul-Jarriault et  al., 2015; Chen 
et  al., 2016; Liu et  al., 2016).

Figure  1 illustrates the various stages in the production of 
a general kraft-based dissolving pulp, including the pulping/
cooking step (pre-hydrolysis kraft) and the following multi-
stage bleaching process with inter-stage washing.

Well-defined molecular weight and molecular-weight 
distribution of the cellulose chains are two equally important 
characteristics of dissolving pulp, due to their influence on 
pulp viscosity. The viscosity average molecular weight is 
commonly referred to as the intrinsic viscosity in industry. 
The typical intrinsic viscosity of dissolving pulps is 400–600 cm3/g 
and is a key quality specification affecting downstream processing, 
for example in viscose fibre production plants (Sixta, 2006a).

The reactivity of a dissolving pulp defines how easily the 
pulp can be  processed in terms of chemical usage, yield and 
process runnability. It is often evaluated in the lab by the 
Fock’s reactivity method in relation to the reaction of the pulp 
with carbon disulphide under predefined alkaline conditions. 
It is a crucial parameter for the production yield in the viscose 
fibre production process (Ferreira et  al., 2020).

In addition to chemical processing, enzymatic processing 
steps with xylanases have been documented in the production 
of dissolving pulp. Xylanases and CCE have been used for 
the purification (xylan removal) and upgrading of paper-grade 
pulp into dissolving pulp in a number of studies (Kopcke 
et  al., 2010; Gehmayr et  al., 2011). However, it is difficult to 
achieve sufficient purity together with high reactivity of the 
dissolving pulp due to the high NaOH concentration used in 
CCE. This can lead to an undesirably high proportion of the 
different polymorphic crystalline form of cellulose II, which 
reduces the reactivity (Kumar and Christopher, 2017). Previous 
studies have shown that enzymatic treatment with endoglucanases 
(EGs) can improve the final reactivity of kraft dissolving pulp 
for viscose production (Henriksson et al., 2005; Kvarnlof et al., 
2006; Ibarra et  al., 2010; Miao et  al., 2014).

In the present study, we  have investigated the use of enzymes 
in a novel, greener process configuration for the production of 
dissolving pulp from eucalyptus wood. Eucalyptus is grown 
extensively as an exotic plantation species in tropical and subtropical 
regions and is the most widely planted hardwood in the world 
(Rockwood et al., 2008). A process configuration using enzymatic 
steps to remove hemicelluloses would eliminate the need for 
conventional pre-hydrolysis before kraft pulping. The hemicellulase 
enzymes are used to depolymerise the residual hemicelluloses 
in the pulp, thus creating new reducing-end groups in the 
polysaccharide chains (end units with aldehyde groups). The 
increased number of reducing groups in the hemicellulose chains 
triggers alkaline end-wise peeling reactions during the following 
HCE. It has been found that a single enzyme depolymerisation 
stage is insufficient for adequate hemicellulose removal, but when 
combined with HCE purification is synergistically enhanced (Lund 
et  al., 2016). Considering that glucuronoxylan is the only 
hemicellulose in eucalypt kraft pulp, several xylanases were 
evaluated in the present study to improve pulp purification in 
subsequent conventional HCE to remove the hemicellulose. In 
addition, several glycoside hydrolases and esterases were screened 
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in combination with a xylanase from GH11 family to improve 
cellulose purification. Hardwood xylan is a glucuronoxylan, which 
in the native state is partially acetylated (O-Acetyl-4-O-methyl 
glucuronoxylan) and also linked to lignin via ester linkages. 
Under the alkaline conditions of the kraft cooking, xylan structure 
is modified, for instance with deacetylation reactions and the 
partial demethylation of the 4-O-methylglucuronic acid (MeGlcA) 
groups attached to the xylan backbone, which are converted into 
hexenuronic acid (HexA) groups (Jiang et  al., 2000; Sjostrom, 
2006). The presence of these residual uronic groups attached to 
the xylan backbone are important in relation to the enzymatic 
cleavage of residual xylan in kraft pulps by endo-β-1,4-xylanases. 
In the case of GH11 xylanases, they require a less substituted 
xylan backbone compared to GH10 xylanases to be able to cleave 
the polysaccharide and can therefore produce longer xylosaccharides 
(Biely et  al., 2016).

In addition to cellulose purification, enzymes also have the 
potential to improve the control of the average molecular weight 
of cellulose, allowing savings in chemical and energy demand, 
and increased yield (Gehmayr et  al., 2011; Duan et  al., 2016). 
Enzymes can be  used either as a complement to or instead 

of current oxygen-based and chlorine-based bleaching 
technologies. To this end, we  studied the effect of EGs in the 
control and modification of the average degree of polymerisation 
of cellulose, in relation to the intrinsic viscosity of the pulp. 
EGs were tested in combination with a relatively recently 
discovered class of enzymes, lytic polysaccharide monooxygenases 
(LPMOs), to evaluate potential synergy in enzymatic fibre 
modification during the production of dissolving pulp.

MATERIALS AND METHODS

Enzymes
The enzymes studied were as: purified xylanases of family 
GH10 (A and B) and GH11, GH3 β-xylosidase (βX), GH5 
endoglucanase, GH44 and GH45 endoglucanases, β-glucosidase, 
GH115 α-glucuronidase, cutinase, lipase, methyl esterase, 
‘aromatic’ esterase (active in ester type lignin-carbohydrate 
complexes – LCC) and AA9 LPMO and a multicomponent 
cellulase cocktail with a GH45 endoglucanase and enriched 
with Novozymes Celluclast®.

FIGURE 1 | Processing of wood chips for the production of kraft dissolving pulp. The process includes the following stages after the cooking: oxygen delignification 
(O); storage for xylanase pre-treatment; chlorine dioxide delignification (D0); alkaline extraction stage 1 (E1); chlorine dioxide bleaching stage 1 (D1); alkaline extraction 
stage 2 (E2); chlorine dioxide bleaching stage 2 (D2); and cold caustic extraction (CCE).
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Pulp
Industrial oxygen-delignified (ODL) eucalyptus paper-grade 
kraft pulp was used. After washing in the lab, the pulp has 
an ISO brightness of 51.4%, kappa number 11.0 and 17.9% 
w/w xylan. A commercial dissolving hardwood (mixed maple 
and aspen) pulp produced by a pre-hydrolysis kraft process 
was used either as a reference or as an additional substrate 
for enzymatic modification.

Pulp Treatment
The paper-grade pulp was treated using different chemical and 
enzymatic stages combined in different ways, in order to 
investigate the effect on pulp purification. GH11 and GH10 
xylanases were supplemented with various auxiliary enzymes 
in different combinations. Control experiments were carried 
out under the same conditions as in the corresponding enzymatic 
stage but without the addition of enzymes. All the experiments 
were run with 10% pulp consistency in sealed polyethylene 
bags immersed in a temperature-controlled water bath, unless 
otherwise stated. After each treatment, the pulp was thoroughly 
washed, before the next stage or prior to pulp characterisation.

To assess the effect of enzymatic treatment on pulp intrinsic 
viscosity, the pulp was treated with AA9 LPMO and GH45 
endoglucanase at 1.5% consistency in a Distek reactor (Distek 
model Symphony 7,100), under heating and continuous stirring. 
The pulp treatment with LPMO was supplemented with 1 mM 
gallic acid as an electron donor. After preheating the pulp to 
45°C, gallic acid was added prior to enzyme addition. The 
treatment was carried out at pH 5  in acetate buffer (50 mM) 
for 25.5 h, using 2 mg LPMO enzyme protein (EP)/g odp (oven 
dried pulp) and 1.2 mg EG EP/kg odp.

Pulp Characterisation
Monosaccharide composition was determined after two-step 
sulphuric acid hydrolysis (modified procedure of NREL/TP-510-
42,618). A set of eight calibration standards were prepared 
from a stock solution (0.1  g/l) composed by L-(+)arabinose 
D-(+)galactose D-(+)glucose, D-(+)xylose and D-(+)mannose. 
The calibration standards and pulp hydrolysates were analysed 
using high-performance anion exchange chromatography 
(Thermo Scientific Dionex ICS-5000+) using a CarboPac PA20 
analytical column and pulsed amperometric detection. The 
injection volume was 2.5  μl at a flow rate of 0,380 ml/min, 
with pressure limits of 200–5,000 psi. The column temperature 
was 45°C, the compartment (detector) temperature 25°C and 
the elution was carried out using 0.2 μm filtered water and a 
run time of 9 min. The data were processed using Chromeleon 
software (version 7).

Pulp handsheets were prepared for ISO brightness 
measurements according to ISO 3688 and analysed according 
to ISO 2470-1. Pulp viscosity was determined according to 
TAPPI standard T230 om-94, and the intrinsic viscosity according 
to ISO 5351. Fock’s reactivity analysis was carried out with 
9% NaOH to provide a measure of how much of a known 
amount of pulp reacts with CS2 as a small-scale simulation 
of the viscose production process (Ferreira et  al., 2020).  

The number of aldehyde groups in the pulp (CHO content) 
was measured based on the reaction of the aldehydes with 
2,3,4-triphenyltetrazolium chloride, as described elsewhere 
(Obolenskaya et  al., 1991).

RESULTS

Bleaching and Purification With Xylanases 
and HCE
The effect of an enzymatic treatment on pulp xylan content 
was investigated in oxygen-delignified (ODL) paper-grade 
eucalyptus kraft pulp. The different stages involved in the 
process of producing dissolving pulp are shown in Figure  1. 
The pulp was treated with one of two xylanases (GH11 or 
GH10 A), followed by a D0 stage and HCE, and the results 
are presented in Table  1. Treatment with GH11 or GH10 
xylanases increased the ISO brightness of the O-X0-D0-HCE-
treated pulp, but the GH11 xylanase led to a higher ISO 
brightness (81.9%). Treatment with GH11 xylanase resulted in 
the lowest level of residual xylan, 10%, which corresponds to 
a reduction in xylan content of ~43%.

As a result of the significant boost in bleaching with the 
xylanase in X0 (+6.1 ISO brightness units versus control), 
we  investigated the effect of replacing the typical chlorine 
dioxide bleaching stage (D1) in Elemental Chlorine Free (ECF) 
bleaching with a second enzymatic stage (X1), together with 
a following HCE stage to further enhance purification. Compared 
to the benchmark kraft-based process in Figure 1, the xylanase 
is added twice: i) in the storage tower (as X0 stage) after the 
oxygen delignification (ODL, O-stage) and ii) as replacement 
of the chlorine dioxide stage (D1) and becoming X1 stage. 
The conventional alkaline extraction stages (E1 and E2) can 
be converted into HCE. When applying this extended purification 
sequence (X0-D0-HCE-X1-HCE), the xylan content in the pulp 
was reduced to 7.1%, which corresponds to about 60% removal, 
compared to the initial xylan content in the ODL kraft pulp 
(Table  2). Although a significant xylan removal was achieved, 
the purification target of <5% w/w residual xylan was not 
reached, as seen in the dissolving pulp used as a reference 
(see Table  1).

TABLE 1 | Effect of X0-D0-HCE treatment to oxygen-delignified (ODL)  
paper-grade kraft pulp on pulp ISO brightness and xylan content.*

Treatment

X0-D0-HCE

ISO brightness

(%)

Xylan content

(% w/w)

ODL kraft paper-grade pulp 51.3 17.9
Control: X0-D0-HCE (no enzymes in X0) 75.8 17.2
GH11: X0-D0-HCE 81.9 10.2
GH10 A: X0-D0-HCE 79.4 11.6
Reference: Dissolving HW PHK Pulp --- 3.0–4.5

One of two xylanases (GH11 or GH10 A) was used in the enzyme treatment. A 
commercial dissolving hard wood (HW) pulp was used as a reference. *Conditions: X0 
stage: 20 mg EP/kg odp (GH11 or GH10 xylanase as enzyme protein); pH 4.5 (acetate 
buffer, 50 mm), 4 h, 75°C. D0 stage: 1.10% odp ClO2; pHi 2.5; 80°C; 90 min and HCE 
stage: 6% odp NaOH; 95°C; 120 min.
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Effect of Auxiliary Enzymes on Enhanced 
Pulp Purification With Xylanases
During the pulp purification process, xylanase enzymes may 
be assisted by the addition of other biomass-degrading enzymes, 
which can improve the accessibility of xylan in the fibre cell 
wall to xylanases. The effect of cellulases, other glycoside 
hydrolases and esterases in combination with xylanases on 
pulp purification was therefore investigated. The xylanase enzymes 
(GH11 and GH10 A) in the X1 stage of the extended purification 
sequence (X0-D0-HCE-X1-E) were supplemented with auxiliary 
enzymes, either endoglucanase (GH45) or the multicomponent 
cellulolytic system consisting of a GH45 endoglucanase with 
Celluclast®. The enzymatic X1 stage was followed by an alkaline 
extraction stage (E stage).

The results are presented in Table  3, grouped based on the 
operational temperature bearing in mind the thermal stability of 
the enzymes. As can be  seen from the table, the combined effect 
of the auxiliary enzymes on xylan removal was, in all cases, 
small or negligible compared to the single GH11 or GH10 xylanases.

When using a more aggressive consortium of cellulolytic 
enzymes, including cellobiohydrolases, the integrity of the fibres 
was compromised, as seen by visually assessment, although 
the residual xylan content of the solid phase was still 6.4% 
and thus above the target of 5%. Interestingly, the performance 
of the xylanase GH11 was better at 90°C than at 50°C, possibly 
due to its thermophilic character.

Purification With CCE
As no significant improvement in xylan removal was observed 
using the auxiliary enzymes, CCE using 40 or 80 g/l NaOH 
was also studied as a form of post-treatment, in an attempt 
to achieve the level of purity found in dissolving-grade pulp.

Figure  2 shows the results of this investigation. It can be  seen 
that the purity required for a viscose-grade pulp (2.7% xylan) 
was achieved with the enzymatic sequence with GH11 xylanase 
and cellulase steps, combined with CCE at 80 g/l NaOH. In 
contrast, sufficient purity was not achieved in the control treatment 
without enzymes (6.8% xylan). The purity of the upgraded pulp 
using enzymes was also higher than the commercial hardwood 
dissolving pulp used as a reference (3.9% xylan). The linearity 
between the amount of NaOH used in CCE and the amount of 

xylan remaining in the pulp suggests that a significantly lower 
amount of NaOH is needed for the enzyme-treated pulp (~50 g/l) 
than the extrapolated value of about 90 g/l for the pulp treated 
without enzymes (control).

ISO Brightness, Pulp Viscosity and 
Reactivity of Enzymatically Upgraded Pulp
The effect of NaOH concentration in CCE on the ISO brightness 
of the eucalyptus kraft pulp was also investigated. It can be seen 
from the results presented in Table  4 that the sequences with 
enzymatic steps produced very bright pulps, with ISO brightness 
above 92%. The increase in NaOH concentration of the CCE 
stage from 40 to 80 g/l increased the brightness of the control-
treated pulp, but not of the enzymatically treated pulp.

In order to assess the effect of the enzymatic treatment 
on pulp viscosity, the cellulase was added early in the process 

TABLE 2 | Effect of X0-D0-HCE-X1-HCE treatment on the xylan content of 
oxygen-delignified (ODL) kraft paper-grade pulp.*

Treatment

X0-D0-HCE-X1-HCE

Xylan content

(% w/w)

Control 15.9
GH11 in X0 and X1 7.1–8.1
GH10 A in X0 and X1 8.7
X1: GH11, X0: GH11 and GH45 EG 8.2
X1: GH11, X0: GH11 and cellulases 
(multicomponent)

8.0

One of two xylanases was used in the enzymatic stages X0 and X1 (GH11 or GH10 A), 
supplemented with GH45 EG or a multicomponent cellulase system.*Conditions: X 
stages: 20 mg EP/kg odp (as enzyme protein); pH 4.5 (acetate buffer, 50 mm), 4 h, 
75°C. HCE stage: 6% odp NaOH; 95°C; 120 min.

TABLE 3 | Combinations of enzymes applied in the X1 stage tested at various 
temperatures, with 1% pulp consistency, followed by an alkaline extraction stage 
(E stage) applied to the X0-D0-HCE-treated pulp.*

Enzyme treatment
Xylan content after X1-E

(% w/w)

50°C

Control 8.4
GH11 xylanase 6.8 ± 0.4
GH10 xylanase A 7.0 ± 0.4
GH3 βX 7.6 ± 0.4
GH11 xylanase + GH3 βX 6.7
GH10 xylanase A + GH3 βX 6.9 ± 0.8
GH11 xylanase + GH3 βX + GH10 xylanase A 6.2
GH11 xylanase + GH3 βX + GH5 EG 6.7 ± 0.2
GH11 xylanase + GH3 βX + GH5 EG + GH44 EG 7.0 ± 0.6
GH11 xylanase + GH3 βX + GH5 
EG + multicomponent cellulases

6.4 ± 0.3

GH11 xylanase + GH3 βX + GH5 EG + GH3 
β-glucosidase

6.8 ± 0.2

GH11 xylanase + GH3 βX + GH5 EG + GH45 EG 6.7 ± 0.1
GH11 xylanase + GH3 βX + ‘aromatic’ esterase 
(LCC active)

6.6 ± 0.7

GH11 xylanase + GH3 βX + methyl esterase 6.5
GH11 xylanase + GH3 βX + cutinase 6.4 ± 0.5
GH11 xylanase + GH3 βX + lipase 6.6 ± 0.3

75°C

Control 8.9 ± 0.1
GH11 xylanase 6.9 ± 0.6
GH10 xylanase A 8.6 ± 0.8
GH11 xylanase + GH10 xylanase A 6.7 ± 0.4
GH11 xylanase + GH5 EG + GH3 β-glucosidase 6.6 ± 0.3
GH11 xylanase + GH115 α-glucuronidase 6.8 ± 0.4
GH11 xylanase + cutinase 6.2 ± 0.1
GH11 xylanase + lipase 6.3 ± 0.3

90°C

Control 7.9 ± 0.1
GH11 xylanase 5.2
GH10 xylanase B 5.6
GH11 xylanase + GH10 xylanase B 5.3 ± 0.2

LCC, lignin-carbohydrate complex. *Conditions: X0-D0-HCE stages as described in 
Table 1 with GH11 xylanase. X1 stage: 0.5 odp; 0.002 mg EP/mL (as enzyme protein for 
each enzyme); pH 4.5 (acetate buffer, 50 mm), 4 h, 75°C. E stage: 0.25 g odp; 6% odp 
NaOH; 85°C; 120 min.
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in the pre-bleaching stage (X0) rather than as post-bleaching 
treatment. It can be  seen from Figure  3 that only one 
cellulase stage led to a viscosity typical of a dissolving-grade 
pulp (~8 cP). The results also show that the pulp viscosity 
was efficiently reduced by the application of a cellulase to 
the unbleached pulp.

In terms of Fock’s reactivity, the pulp treated enzymatically 
with xylanase and cellulase showed much higher reactivity than 
the corresponding controls. Enzymatic treatment together with 
CCE at the higher concentration of NaOH (80 g/l) led to a reactivity 
of 70%, compared to only18% without enzyme treatment. Increasing 
the NaOH dosage in CCE reduced the reactivity significantly; a 
greater negative effect being seen in the control than in the 
enzyme-treated pulp. Low reactivity resulting from high NaOH 
concentration in CCE is expected, as mentioned above.

Viscosity and Reactivity of Dissolving Pulp 
Treated With Endoglucanase and LPMO
A commercial dissolving-grade pulp was treated with a GH45 
endoglucanase and AA9 LPMO, either separately or in 
combination. The results regarding the viscosity and reactivity 
are illustrated in Figure  4. The commercial dissolving pulp 
exhibited a relatively low Fock reactivity, compared to the 
dissolving pulp that was produced from a paper-grade pulp 
using enzymes and alkaline extraction processes (Figure  3).

Both the LPMO (AA9) and the EG (GH45) had only a 
small effect on pulp viscosity, compared to the original pulp. 
A small reduction in pulp viscosity was also observed in the 
control experiment, which contained gallic acid. A much higher 
reduction in viscosity was observed after treating the pulp 
with the combination of LPMO and EG. A similar synergistic 
effect was seen in the Fock reactivity. In addition to the effects 
on viscosity and reactivity, the abundance of aldehyde groups 
in the pulps was increased slightly after treatment with LPMO 
and EG separately. Once again, a stronger synergistic effect 
was observed for the combination of these enzymes (Table  5).

DISCUSSION

An alternative process for the production of kraft dissolving pulp 
without the use of pre-hydrolysis has been demonstrated using 
enzymes and alkaline extraction. It has been shown previously 
that GH11 family endo-xylanase hydrolyses xylan in the paper-
grade pulp, but a significant amount of the hydrolysed xylan is 
not released from the fibre wall during enzymatic treatment (Lund 
et  al., 2016). Therefore, subsequent alkaline treatment is required 
to more effectively dissolve, or further degrade and extract, the 
enzymatically degraded xylan. On the one hand, HCE is made 
more efficient as the increase in the number of reducing-end 
groups in xylan, generated by the prior treatment with xylanase, 
triggers end-wise peeling reactions in the xylan backbone as a 
chemical purification process. On the other hand, CCE allows 
pulp purification by solubilising the degraded xylan and releasing 
it from the swollen fibre wall (Syed et  al., 2013). An important 
and significantly lower content of xylan was obtained in this 
study using a combination of enzymes and alkaline treatment, 
than in a previous study on the use of xylanases to remove xylan 
from kraft pulp (Gehmayr and Sixta, 2012).

The use of auxiliary enzymes (glycoside hydrolases and esterases) 
together with a xylanase did not lead to higher purity after the 
subsequent extraction stage. The xylan content was still too high 
for a dissolving-grade pulp after multicomponent cellulolytic 
enzymatic treatment. However, this residual hemicellulose was 
efficiently solubilised by CCE. Prior treatment with enzymes 
significantly improved the purification with CCE, which was evident 
from the lower NaOH concentration required. This effect was 
probably due to improved accessibility and the lower molecular 
mass of the residual hemicellulose fraction resulting from enzymatic 
treatment. This is an important result as high NaOH concentrations 
should be  avoided in CCE in order to minimise the conversion 
of the cellulose crystal packing from native cellulose I into cellulose II. 

FIGURE 2 | Residual xylan content in eucalyptus kraft pulp versus NaOH 
dosage in CCE. The pulp was treated with O-X0-D0-HCE-X1-HCE-D1-CCE 
using enzymes (green) and without any enzymes (control, black). The NaOH 
concentration in the post-treatment CCE was 0, 40 or 80 g/l. CCE conditions: 
35°C; 30 min. X0: GH11 xylanase and cellulase; X1: only GH11 xylanase. The 
value for a commercial pre-hydrolysis kraft (PHK) hardwood dissolving pulp is 
shown as reference (red triangle).

TABLE 4 | ISO brightness of eucalyptus kraft dissolving pulp treated with the 
sequence O-X0-D0-HCE-X1-HCE-D1-CCE.*

Treatment
ISO brightness

(%)

Control sequence with Post-CCE40 90.9
Enzyme sequence with Post-CCE40 92.3
Control sequence with Post-CCE80 91.8
Enzyme sequence with Post-CCE80 92.4

The control experiment was run under the same conditions without any enzymes.  
Post-treatment CCE was run at 40 or 80 g/l NaOH.*X0: GH11 xylanase and cellulase 
(conditions as in Table 2); X1: only GH11 xylanase. CCE stage conditions: 35°C; 
30 min.
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Such a conversion would negatively affect the reactivity of the 
pulp for the manufacturing of viscose (Syed et  al., 2013).

Apart from the use of xylanases for pulp purification, their 
use to improve the pulp bleaching process is well known (Viikari 
et  al., 1991; Bajpai et  al., 1993). The bleach-boosting effect of 
xylanases was also confirmed in this study by the higher brightness 
values obtained. In paper-pulp bleaching, xylanase is used under 
controlled operational conditions to minimise reductions in yield, 
since xylan contributes to the papermaking properties (Schonberg 
et  al., 2001). However, xylanase treatment can be  used in the 

production of dissolving pulp without the risk yield losses (cellulose), 
as long as sufficiently pure xylanases are used.

As endoglucanases increase pulp reactivity, enzyme addition 
can help to reduce the negative impact of CCE on pulp reactivity 
if the two stages are combined in the same sequence. Previous 
studies have shown that a CCE stage increases the efficiency of 
the endoglucanase with regard to cellulose hydrolysis and, thus, 
also viscosity reduction (Kopcke et  al., 2010; Gehmayr and Sixta, 
2012). Furthermore, the use of endoglucanases for the control 
of pulp viscosity constitutes a greener alternative to chemical 
methods relying on chlorine- and oxygen-based chemicals. A 
single stage of enzymatic treatment with endoglucanases could 
reduce pulp viscosity very early in the process.

A novel method of enzymatic modification of fibres is based 
on the use of LPMOs. Much research has been devoted to this 
new class of enzymes, especially in biomass saccharification for 
the production of biofuels (Johansen, 2016). LPMOs may also 
be  useful in the production of nano-cellulose (Hu et  al., 2018; 
Koskela et al., 2019; Valenzuela et al., 2019). However, few studies 
have been performed on fibre modification for pulp and paper 
applications. This study shows that LPMOs can affect the viscosity, 
reactivity and aldehyde content of the dissolving pulp to a similar 
extent as an endoglucanase, despite their strikingly different 
mechanisms in cellulose depolymerisation. Furthermore, when an 
endoglucanase and LPMOs were applied in combination, their 
performance is enhanced, indicating a synergistic effect. The use 
of enzymes for the modification of dissolving pulps can 
be  envisioned in both the pulp production process and in the 
production of regenerated cellulose.

CONCLUSION

We have provided technical proof of concept regarding the 
application of enzymes and alkaline extraction to upgrade an 
ODL paper-grade eucalyptus kraft pulp into dissolving pulp, 
without the use of a pre-hydrolysis step before kraft pulping. 
Although it has not been optimised, the sequence of bleaching 
and purification stages, comprising O-X0-D0-HCE-X1-HCE-
D1-CCE, was demonstrated to produce a dissolving pulp that 
met the specifications for the manufacture of viscose: 2.8% 
xylan; viscosity of 8.5 cP; 92.4% ISO brightness; and 70% Fock’s 
reactivity. The promising results obtained using LPMOs combined 
with endoglucanases clearly show potential for enzymatic fibre 

FIGURE 3 | Fock’s reactivity and viscosity of eucalyptus kraft pulp after the 
treatment O-X0-D0-HCE-X1-HCE-D1-CCE with enzymes (green) and without 
enzymes (control, grey). NaOH concentration in the post-treatment CCE was 
40 or 80 g/l. X0: GH11 xylanase and cellulase; X1: only GH11 xylanase. A 
commercial PHK hardwood (HW) dissolving pulp is used as reference.

FIGURE 4 | Fock’s reactivity and viscosity of a viscose-grade dissolving pulp 
treated with a GH45 endoglucanase (EGs) and an AA9 LPMO. The original 
pulp was not treated, and the control pulp was treated under the same 
conditions but without enzymes. The treatment was carried out at pH 5 in 
50 mm acetate buffer for 25.5 h.

TABLE 5 | Aldehyde group (CHO) content in a viscose-grade dissolving pulp 
treated with a GH45 endoglucanase and AA9 LPMO, supplemented with 1 mm 
gallic acid as an electron donor.

Enzyme treatment
CHO content

(mmol/kg odp)

Original pulp 17.8
Control (no enzymes) 16.3
AA9 LPMO 19.8
GH45 endoglucanase 19.7
AA9 LPMO + GH45 endoglucanase 27.7

The treatment was carried out at pH 5 in 50 mm acetate buffer for 25.5 h.
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modification, as demonstrated in the changes in viscosity and 
reactivity of a dissolving pulp.
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Chemically deuterated cellulose fiber was expected to provide novel applications

due to its spectral, biological, and kinetic isotope effect. In this research, the

performance of the chemically deuterated cotton fibers, including their mechanical

property, enzymatic degradation performance, effect on bacterial treatment, and fast

identification (near-infrared modeling) was investigated. The breaking tenacity of the

deuterated cotton fibers was slightly lower, which might be attributed to the structural

damage during the chemical deuteration. The glucose yield by enzymatic hydrolysis

was less than that of the protonic cotton fibers, implying the deuterated fibers are less

sensitive to enzymatic degradation. Furthermore, the deuterated fibers could promote

the growth of bacteria such as Escherichia. coli, which was associated with the released

low-level deuterium content. At last, the near-infrared technique combined with partial

least squares regression successfully achieved a fast identification of the protiated

and deuterated cotton fibers, which significantly promoted the potential application of

deuterated cellulose as anticounterfeiting materials (e.g., special paper).

Keywords: chemically deuterated cellulose, cotton, hydrogen-deuterium exchange, NIR, PLS

INTRODUCTION

Cellulose is one of the most abundant and sustainable polysaccharides found on earth that has
been extensively applied in fields such as biomaterials and biofuels (Ai et al., 2021). In addition,
there are various modifications of cellulose materials, such as cellulose ester, cellulose ether,
deuterated cellulose, etc., to expand the fields of cellulose application (Russell et al., 2015). As
an important cellulosic modified product, deuterated cellulose, in which hydrogen atoms were
replaced by deuterium atoms, could be produced through either biological or chemical means
(Reishofer and Spirk, 2016). The biological mean involves the culture of plant or bacteria in a
deuterated medium, which could both deuterate OH and CH with OD and CD, respectively.
However, it usually takes a lot of time and effort, and also requires specific species (O’neill et al.,
2015). Chemically deuterated fibers are produced by hydrogen–deuterium exchange treatment,
which is rapid and easy to accomplish for a variety of cellulose materials with only OH replaced
by OD (Tsuchikawa and Siesler, 2003). Therefore, the chemical mean is more frequently applied
for cellulose deuterium incorporation.
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GRAPHICAL ABSTRACT |

Generally, chemically deuterated cellulose was applied in
fundamental research like neutron studies because deuterium
and hydrogen atoms interact with the neutrons very differently
(Langan et al., 1999). The internal structure of cellulose-based
materials (e.g., crystal structure and hydrogen bond parameter)
that could not be detected by ordinary protiated samples was
thus able to be uncovered. Meanwhile, deuterated cellulose
materials are also expected to present spectral, biological, kinetic,
and thermodynamic isotope effects (Reishofer and Spirk, 2016).
These isotope effects alter the protiated cellulose performance
and provide novel potential applications. Cotton fiber is one of
the most important sources of cellulose (Haigler et al., 2012).
Deuterated cotton fiber is not only easy to produce but also a
good representative of various cellulose materials. A study on the
performance of chemically deuterated cotton fibers is desired to
expand the application field of cellulosic materials.

Near-infrared (NIR) spectroscopy provides fast quantitative
and qualitative analyses with advantages of simple operation, low
cost, zero-sample consumption, etc. (Wei et al., 2016). It has been
successfully employed to identify protiated cellulose samples
from different sources, such as different fibers, fabrics, and woods
(Wei et al., 2016; Zhou et al., 2018). As previously reported by
our group, deuterated cellulose fibers had conspicuous spectral
isotope effects in the infrared (IR) and NIR regions (Song
et al., 2021). If a simple NIR method could be established to

distinguish chemically deuterated and protonic cellulose fibers,
the deuterated fibers could be employed as an anticounterfeiting
material. NIR analysis is often combined with different pattern-
recognition methods, such as soft independent modeling of class
analogy (SMICA), principal component regression (PCR), and
partial least squares regression (PLS). SMICA is a supervised
discriminant analysis method, and PCR/PLS are both data
description and dimension reduction method (Li et al., 2020).
All the methods had been successfully used to classify or identify
plant fibrous materials (Wei et al., 2016).

In this research, cotton fibers were chemically deuterated
at different deuteration levels and their performance,
including mechanical property, biological property, and
enzymatic hydrolysis property, was characterized. Then,
NIR coupled with SMICA, PCR, or PLS was investigated
to build a fast and nondestructive method to detect
deuterated fibers.

MATERIALS AND METHODS

Materials
Cotton fibers were obtained from Dezhou Hengfeng Co., Ltd.
Chemical reagents were purchased from Sigma Aldrich and used
as received. The D2O applied was 99.99% in purity.
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Production of Chemically Deuterated
Cellulose Fiber
The cotton fiber samples were first immersed in D2O and frozen-
dried. Then, they were chemically deuterated with D2O (1:30,
w/v) in a 4560 series Parr reactor (Parr Instrument Company,
USA). The cotton fibers and D2O were heated to pre-determined
temperature (from 25 to 205◦C with a step of 10◦C) and reacted
for 8 h. Alkaline catalyst, K2CO3 or NaOH, was added to adjust
the deuteration rate. After the hydrogen–deuterium exchange
treatment, the deuterated fibers were filtered and washed with
D2O until the effluent was pH neutral. Next, the deuterated
fibers were dried at 60◦C in a vacuum oven for 24 h. The
dried deuterated fibers were stored at constant temperature and
humidity (25 ± 2◦C, 65 ± 5% RH, H2O moisture) for at least 2
weeks before analysis.

Deuteration Rate Analysis by
Fourier-Transform Infrared Spectroscopy
(FTIR)
Fourier-transform infrared spectroscopy spectra of the
chemically deuterated fibers were recorded with a PerkinElmer
Spectrum 100 FTIR-ATR spectrometer (Waltham, MA, USA).
The spectra in the wavelength range of 800–4,000 cm−1 were
collected with a resolution of 2 cm−1 and a scan number of 64.
The deuteration level of the fibers was calculated by the peak
intensity ratio of OH/(OH+OD) after baseline correction, as
previously reported (Song et al., 2020).

Breaking Tenacity of the Fibers
Breaking tenacity was chosen as a representative of the
mechanical properties of the fibers in this study. An FAVIMAT
AIROBOT automatic single-fiber-strength tester was employed
to measure the breaking tenacity of the cotton fibers, according
to Chinese national standard GB/T5886-1986 “Experimental
method of ramie single fiber breaking strength.” The original
cotton fibers, cotton fibers treated by D2O (or H2O), and 10% (by
weight) K2CO3 at 25

◦C (FTIR deuteration rate: 15 ± 3%), 65◦C
(FTIR deuteration rate: 25 ± 3%) and 105◦C (FTIR deuteration
rate: 35 ± 3%) were analyzed. For each sample, 50 single fibers
were tested and the average value was recorded.

Enzymatic Hydrolysis of the Fibers
The cotton fibers that were chemically deuterated by D2O (or
H2O) with 10% K2CO3 at 65, 105, 145

◦C (FTIR deuteration rate:
45% ± 3%), and 185◦C (FTIR deuteration rate: 55 ± 3%) were
chosen as representative samples to investigate the enzymatic
hydrolysis performance of the deuterated fibers.

The cotton fiber samples were first cut into small pieces to
pass a 100-mesh sieve. Then, they were filtered with a 120-mesh
sieve to obtain fine cotton fiber particles. Next, 0.1 g of fiber
sample was suspended in 40ml of citric acid salt buffer (0.1
mol/L, pH 4.8) and 1% (v/v) antibiotic and antifungal tertiary
antibody solution. Novozymes Cellic CTec 2 enzyme with a filter
paper activity of 0.147 filter paper unit (FPU)/mg was used in
this study. The enzyme was a mixed enzyme that could hydrolyze

the 1,4-β-D-glucosidic bonds of cellulose and other β-D-glucans.
The amount of Cellic CTec 2 enzyme added was 20 FPU/g
dextran cellulase (Wang et al., 2004, 2006). The above mixture
was continuously oscillated at 50◦C for 21 days to hydrolyze the
cotton fibers. Then, the reaction was quenched with a boiling
water bath for 10min. The sample was centrifuged at 12,000 rpm
for 20min. The supernatant was separated and frozen at −20◦C
until glucose analysis.

The glucose content in the supernatant was quantified with an
Agilent 1,260 Infinity II HPLC equipped with a Agilent PolarGel-
M column (25 cm × 2.0mm × 5µm) and an electrochemical
detector. The supernatant was filtered with a 0.2-µm syringe filter
before injection. The injection volume was 0.5mL, the mobile
phase was tetrahydrofuran, the column temperature was 50◦C,
and the flow rate was 0.40 mL/min. Glucose standard solutions
with concentrations of 0.20, 1.0, 4.0, and 12 g/L were used
for calibration.

Antibacterial Effect of the Deuterated
Fibers
The cotton fibers treated with D2O (or H2O) and 10% K2CO3

at 65, 105, 145, and 185◦C were chosen as representative
samples to study the antibacterial effect of the deuterated fibers.
The Chinese National Standard GB/T 20944.3-2007 “Textiles:
Evaluation of antibacterial properties. Part 3: Oscillationmethod”
was employed. A Gram-negative strain of E. coli (ATCC 11229)
was used in this work. The bacteria were cultivated for 4 h to
evaluate the effects.

In addition, the concentration of deuterium in the bacterial
culture medium was determined by 2H-NMR, with DMSO-d6
as the external standard. The NMR analyses were performed
on a Bruker Avance-III HD 400 MHz spectrometer operating
at a frequency of 400.17 MHz. The 2H-NMR experiments were
performed at a 9.45-µs (90◦) 2H pulse, 5-s recycle delay, and 256
scans. The deuterium concentration in the culture medium was
calculated with the ratio of the deuteron peak areas and moles
of deuteron from DMSO-d6 and HOD (partially deuterated
water), respectively.

NIR Fast Identification of the Deuterated
Fibers
Near-infrared identification models were studied to quickly
distinguish the chemically deuterated cellulose fibers from
common protonic fibers. There were 110 deuterated fibers and
40 controlled protonic fiber samples. Their deuteration rates
were evenly distributed in 1–10, 10–20, 20–30, 30–40, 40–
50, and 50–60% regions, respectively. The deuterated fibers
were further classified as low (1–20%) and high (20–60%)
deuteration level fibers, respectively. NIR spectra of the fibers
were collected using a PerkinElmer Frontier spectrometer with
a wavenumber range of 10,000–4,000 cm−1, resolution of 4
cm−1, and a scan number of 32. The control, low, and high
deuterate rate samples were modeled and verified with SMICA
and PRC/PLS methods, respectively. Concretely, 50 deuterated
samples (20%∼60%) and 30 protonic samples were used for
modeling to identify high deuteration rate fibers. Another 20
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TABLE 1 | Deuteration rate of the deuterated fibers (X◦C-fibers treated at X◦C).

Samples 25◦C 65◦C 105◦C 145◦C 185◦C

Deuteration rate (no catalyst)/% 9.78 ± 1.98 15.31 ± 2.09 22.61 ± 3.01 25.36 ± 3.17 30.84 ± 3.66

Deuteration rate (with catalyst)/% 18.24 ± 2.35 25.49 ± 3.15 35.35 ± 3.52 45.98 ± 3.89 55.99 ± 3.24

FIGURE 1 | Breaking tenacity of deuterated cotton fibers and protonic cotton fibers (X◦C-fibers treated at X◦C).

FIGURE 2 | Enzymatic hydrolysis glucose yield of deuterated cotton fibers and

protonic cotton fibers (X◦C-fibers treated at X◦C).

high deuteration rate samples and 10 protonic samples were
employed for verifying. When involving the low deuteration rate
samples, 80 deuterated samples (1–60%) and 30 protonic samples
were used for modeling. Then, additional 30 deuterated samples
and 10 protonic samples were applied for verifying. The NIR
identification models were established step by step for optimal
identification results.

FIGURE 3 | Escherichia coli growth situation at different D2O concentration

culture.

RESULTS AND DISCUSSION

Deuteration of the Fibers
As previously reported by our group, after chemical deuteration
treatment, the FTIR spectra presented the OD characteristic peak
(2,500 cm−1). The FTIR spectra after baseline correction were
applied to calculate the deuteration rate [OD/(OD+OH)]. It
was also reported that deuteration rate could be controlled by
adjusting the treatment temperature, time, catalyst, etc. (Song
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TABLE 2 | Bacterial increase when cultured with the deuterated fibers (X◦C-fibers

treated at X◦C-with catalyst).

Samples 65◦C 105◦C 145◦C 185◦C

Bacterial increase /% 12.6 31.7 40.2 58.8

Deuterium content in culture medium /‰ 0.16 0.17 0.19 0.23

TABLE 3 | Classification result of soft independent modeling of class analogy

(SMICA) models [A: high deuteration rate (20–60%) fibers and protonic fibers; B:

high and low deuteration rate (1–60%) fibers and protonic fibers].

Sample Protonic cotton

fibers

(Calibration set)

Deuterated

cotton fibers

(Calibration

set)

Verification

set

A Recognition rate

(%)

100

(30/30)

100 (50/50) 97

Rejection rate (%) 100

(50/50)

97 (29/30) 100

B Recognition rate

(%)

100

(30/30)

100 (80/80) 72

Rejection rate (%) 97

(78/80)

83 (25/30) 90

et al., 2020). Certain examples are presented in Table 1 to show
the deuteration rates of the fibers under different treatment
conditions (Song et al., 2021).

Breaking Tenacity of the Chemically
Deuterated Cellulose Fibers
Figure 1 exhibited the breaking tenacities of the deuterated and
control protonic fibers before and after the exchange treatments.
When treated at 25◦C, the breaking tenacities of both the
deuterated and control fibers decreased slightly (from 14.74
cN/tex to 14.08 cN/tex and 14.58 cN/tex, respectively, FTIR
deuteration rate of 15% ± 3%). With the increase of treating
temperature, decreases in the breaking tenacity of the fibers
became larger. The treatments with higher temperatures could
lead to more severe damages to the microstructure of the cotton
fibers which could lower their breaking tenacities. It can also
be noted that the breaking tenacities of the deuterated fibers
were smaller than those of the corresponding control fibers.
Although the exchange of deuterium enhanced the hydrogen
bond, D2O could more seriously damage the microstructure of
the cotton fibers than H2O during the treatment (Bolvig et al.,
2000). In general, the effect of the hydrogen–deuterium exchange
treatment on the breaking tenacity was limited. The breaking
tenacity of the fiber only reduced less than 10% when treated at
105◦C with D2O (FTIR deuteration rate of 35± 3%).

Isotope Effect on Enzymatic Hydrolysis of
the Deuterated Fibers
The isotope effect of the enzymatic hydrolysis performance on
the fibers is illustrated in Figure 2. After the 21-day enzymatic
hydrolysis, the glucose yield of the fibers increased with the

TABLE 4 | Classification result of principal component regression (PCR) models

[cross-validation, A: high deuteration rate (20–60%) fibers and protonic fibers; B:

high and low deuteration rate (1–60%) fibers and protonic fibers].

Sample A B

Protonic

cotton fibers

Deuterated

cotton

fibers

Protonic

cotton

fibers

Deuterated

cotton

fibers

Sample no. 10 30 10 40

Classification value 0.5–1.5 1.51–2.5 0.5–1.5 1.5–2.5

Prediction value 1.04–1.29 1.35–2.49 1.46–1.70 1.64–2.09

Recognition no. 10 27 7 40

Recognition rate 100% 90% 70% 100%

TABLE 5 | Classification result of partial least squares regression (PLS) models

[cross-validation, A: high deuteration rate (20–60%) fibers and protonic fibers; B:

high and low deuteration rate (1–60%) fibers and protonic fibers].

Sample A B

Protonic

cotton fibers

Deuterated

cotton

fibers

Protonic

cotton

fibers

Deuterated

cotton

fibers

Sample no. 10 30 10 40

Classification value 0.5–1.5 1.51–2.5 0.5–1.5 1.51–2.5

Prediction value 1.00–1.21 1.49–2.29 1.11–1.48 1.49–2.25

Recognition no. 10 29 10 39

Recognition rate 100% 97% 100% 97.5%

increase of treating temperature. The decrease in stability
after the higher-temperature treatments was due to the heat
damage of the fibers, which had led to more enzyme contact
areas. Furthermore, the deuterated fibers were hydrolyzed less
than the protonic ones under all treatment temperatures. This
phenomenon is known as the kinetic isotope effect (KIE). The
deuterium-incorporated cotton fibers possessed higher binding
energy and shorter bond length of deuterium bonds compared
with hydrogen bonds, leading to slower reaction rates (Bhagia
et al., 2018). Also, with the increase of treating temperature, the
deuteration rate of the deuterated fibers rose, resulting in more
deuterium bonds. So, a bigger glucose yield gap between the
deuterated and protonic fibers was observed. In summary, the
deuterated fibers were more stable to enzymatic degradation than
the protiated ones.

Antibacterial Effect of the Deuterated
Fibers
Figure 3 exhibits the E.coli growth situation at different D2O
concentrations in the culture medium. Deuterium concentration
could affect the growth of E.coli differently. Very high deuterium
concentration (such as 50% or 100%) had an adverse impact on
the E.coli growth because the bacteria could not adapt to the
high deuterium environment quickly. However, low deuterium
concentration in the medium (such as 1% or 0.1%) promoted
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FIGURE 4 | The correlations between predicted value and specified value for principal component regression (PCR) models in the prediction set. (left): high

deuteration rate (20–60%) fibers and protonic fibers; (right): high and low deuteration rate (1–60%) fibers and protonic fibers.

FIGURE 5 | The correlations between predicted value and specified value for partial least squares regression (PLS) models in the prediction set. (left): high deuteration

rate (20–60%) fibers and protonic fibers; (right): high and low deuteration rate (1–60%) fibers and protonic fibers.

the growth of E.coli, which is consistent with previous reports
(Anthony, 2013; Xueshu et al., 2014).

Table 2 shows the effect of the deuterated fibers on the growth
of E.coli. The bacteria grew quicker in the culture medium
with deuterated fibers by the oscillation method. The bacteria
cultured with the deuterated fibers increased from 12.6 to 58.8%
compared with those cultured with the original protonic cotton
fiber. The higher deuteration rate of the fiber, the larger increase
was observed.

The bacterial increase was related to the deuterium content in
the culturemedium. As shown inTable 2, the deuterium contents
in the medium with deuterated fibers ranged from 0.16 to 0.23‰
after a 4-h culture, which were higher than that in the medium
with ordinary protonic fiber (0.15‰). The additional deuterium

was released dynamically by the deuterated fibers. As mentioned
above, the low-level deuterium enrichment promoted bacterial
growth. This behavior could be explained by both hormesis
as well as the isotopic resonance hypothesis (Anthony, 2013;
Xueshu et al., 2014). However, it begs for additional verification
by more precise measurements. The deuterated fibers may be
used to promote cultures of certain beneficial bacteria.

The NIR Fast Identification of the
Deuterated Fibers
The fast identification of deuterated cellulosic fiber using SMICA,
PCR, and PLS methods was investigated in this research. SMICA
models exhibit their identification result by recognition rate and
rejection rate, which refer to the number of samples in and
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out of the area of the models. Prior to modeling, the original
NIR spectra were baseline corrected and pretreated using the
Savitzky–Golay first derivative (SG 1st-Der) to minimize the
influence of baseline drift, reduce noise, and enhance the spectral
characteristic features. The identification models were optimized
step by step by adjusting model parameters, pretreatments, and
spectral ranges.

As shown in Table 3, the best SMICA model distinguished
the high deuteration rate (20–60%) and protonic fibers very well.
All the recognition and rejection rates for both the training and
verification sets were higher than 97%. However, when the low
deuteration rate (1%∼20%) fibers were added, the performance
of the SMICA model dropped significantly, especially for the
verification set. The recognition and rejection rates were as low as
72 and 90%, respectively. Thus, the SMICA model could only be
used to distinguish the protonic and high deuteration rate fibers.

Both PCR and PLS models first assign different samples with
different values (1, 2, 3, . . . n). Then, the models are evaluated by
whether the predicted value is inside the ± 0.5 error range of the
assigned values.

Tables 4, 5 exhibit the PCR and PLS model identification
results, respectively. Figures 4, 5 depict the correlations between
the predicted and specific values for the PCR and PLS models in
the prediction set, respectively. As shown inTable 4, the best PCR
models also distinguished the high deuteration rate and protonic
fibers nicely. The recognition and rejection rates were as high as
100 and 90%, respectively. However, the recognition rate lowered
to 70%, and the predicted values scatteredmuch wider when both
the high and low deuteration rate fibers were included in the
model, as can be seen from Figure 4. They suggest that the PCR
models could not effectively identify the chemically deuterated
fibers when the deuteration rate was lower than 20%.

As shown in Table 5 and Figure 5, the optimized PLS models
effectively identified the deuterated fibers with both high and
low deuteration rates. In the PLS models for high deuteration
rate fibers, the recognition and rejection rates were 100 and
97%, respectively. In the PLS models for 1–60% deuteration rate
fibers, the recognition and rejection rates were still as high as
100 and 97.5%, respectively. The predicted values of the samples
in both models were closely gathered near the specified values
as can be seen from Figure 5. These results indicate that the
PLS models could achieve fast and accurate identification of the
deuterated fibers with wide deuteration rates. The convenient
NIR identification supports the potential application of the
deuterated fibers as anticounterfeiting in this specialty study.

CONCLUSION

Cotton fibers with a variety of deuteration levels were generated
through a chemical hydrogen–deuterium exchange treatment.
The deuterated fibers were characterized by FTIR, braking
tenacity test, enzymatic hydrolysis, and bacterial culture test.
The results showed that the breaking tenacity of chemically
deuterated fibers was slightly lower than the controlled protonic
fibers, which may be caused by the structural damage during
the exchange treatment. The deuterated fibers were more
stable to enzymatic hydrolysis degradation due to the KIE.
Also, the low-level deuterium released from the deuterated
fibers stimulated the growth of E.coli. NIR with SMICA,
PCR, or PLS modeling was investigated for fast identification
of the deuterated fibers. The PLS model showed the best
results, which accurately distinguished protonic fibers from
deuterated fibers with a deuteration rate of 1–60%. The fast
identification of the deuterated fiber will help broaden its
potential application.
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The precise role of KNAT7 transcription factors (TFs) in regulating secondary cell wall
(SCW) biosynthesis in poplars has remained unknown, while our understanding of
KNAT7 functions in other plants is continuously evolving. To study the impact of genetic
modifications of homologous and heterologous KNAT7 gene expression on SCW
formation in transgenic poplars, we prepared poplar KNAT7 (PtKNAT7) overexpression
(PtKNAT7-OE) and antisense suppression (PtKNAT7-AS) vector constructs for the
generation of transgenic poplar lines via Agrobacterium-mediated transformation. Since
the overexpression of homologous genes can sometimes result in co-suppression,
we also overexpressed Arabidopsis KNAT7 (AtKNAT7-OE) in transgenic poplars. In
all these constructs, the expression of KNAT7 transgenes was driven by developing
xylem (DX)-specific promoter, DX15. Compared to wild-type (WT) controls, many
SCW biosynthesis genes downstream of KNAT7 were highly expressed in poplar
PtKNAT7-OE and AtKNAT7-OE lines. Yet, no significant increase in lignin content of
woody biomass of these transgenic lines was observed. PtKNAT7-AS lines, however,
showed reduced expression of many SCW biosynthesis genes downstream of KNAT7
accompanied by a reduction in lignin content of wood compared to WT controls.
Syringyl to Guaiacyl lignin (S/G) ratios were significantly increased in all three KNAT7
knockdown and overexpression transgenic lines than WT controls. These transgenic
lines were essentially indistinguishable from WT controls in terms of their growth
phenotype. Saccharification efficiency of woody biomass was significantly increased
in all transgenic lines than WT controls. Overall, our results demonstrated that
developing xylem-specific alteration of KNAT7 expression affects the expression of
SCW biosynthesis genes, impacting at least the lignification process and improving
saccharification efficiency, hence providing one of the powerful tools for improving
bioethanol production from woody biomass of bioenergy crops and trees.
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INTRODUCTION

Plant cell walls serve as significant sinks for the irreversible
sequestering of fixed atmospheric carbon (Pauly and Keegstra,
2008). Lignocellulosic biomass from secondary cell walls (SCW)
is one of the most promising bioenergy feedstocks for producing
second-generation bioethanol (Demura and Ye, 2010; Nookaraju
et al., 2013; Zhong et al., 2019). The unraveling of the poplar
genome sequence by Tuskan et al. (2006) has opened up many
new avenues into the production of transgenic poplars with
altered expression of cell wall genes for enhanced saccharification
and biomass growth assisting in an efficient bioconversion of cell
wall biomass to bioethanol (Sahoo and Maiti, 2014; Busov, 2018;
Cho et al., 2019; Bryant et al., 2020). A battery of transcription
factors (TFs) regulates SCW formation (Zhong and Ye, 2014).
For example, Zhong et al. (2008) suggested that NAC TFs are
the top-tier master regulators directly activating the expression
of several lower-level TFs, including MYBs and KNAT7. Second-
tier regulators like MYB46 also directly regulate the expression of
third-tier targets like KNAT7, impacting the biosynthesis of SCW
components, namely, cellulose, xylan, and lignin (Ko et al., 2012a;
Rao and Dixon, 2018). Thus, KNAT7 TF expression is directly
or indirectly regulated by upstream regulators, but KNAT7 also
plays an essential role in SCW formation. Genetic manipulation
of KNAT7 gene expression in poplars has not yet been reported,
but such knowledge will assist in using transgenic woody biomass
for bioethanol production in the future.

In Arabidopsis, AtKNAT7 (KNOTTED ARABIDOPSIS
THALIANA) is one of the KNOX (KNOTTED1-like
homeodomain) TF gene family members, which is highly
conserved across the angiosperms (Rao and Dixon, 2018; Ma
et al., 2019). There are at least two main classes of KNOX
genes. Class I KNOX genes play an essential role in meristem
function, leaf development, and hormone homeostasis (Hake
et al., 2004). In contrast, the functions of Class II KNOX genes
have primarily remained unclear until recently, although some
members were reported to be involved in root development (e.g.,
Hay and Tsiantis, 2010). AtKNAT7, belonging to the AtKNOX
II gene family, recently came into the limelight because of
its paradoxical role in regulating SCW biosynthesis (Zhong
et al., 2008; Li et al., 2012). It was suggested that AtKNAT7
is a negative regulator (or transcriptional repressor) of the
downstream genes involved in SCW formation in Arabidopsis
because, in the knockout mutant Atknat7, significant thickening
in the secondary walls of interfascicular fibers was observed
than the wild type plants. However, SCWs of vessels of Atknat7
mutant remained thin-walled and showed irregular xylem (irx)
or collapsed xylem phenomenon due to weak SCWs. Thus,
AtKNAT7 appears to be differentially regulating SCW formation
in different cells/tissues of the same plant. AtKNAT7 was also
shown to be a functional ortholog of poplar KNAT7 (PtKNAT7)
because PtKNAT7 complemented the Atknat7 mutant (Li et al.,
2012). Overexpression of AtKNAT7 in wild-type Arabidopsis
showed thinning in the interfascicular fiber walls, and RT-PCR
results showed upregulation of many SCW biosynthetic genes
in Atknat7 mutant (Li et al., 2012). In contrast, primary cell
wall gene expression remained unaffected. Collectively, these

results suggested that AtKNAT7 TF is a negative regulator of
SCW formation in fiber walls (but perhaps a positive regulator of
SCW synthesis in vessel walls). However, contrasting results were
earlier reported by Zhong et al. (2008) in Arabidopsis expressing
engineered dominant repression variant of AtKNAT7. Dominant
repression of AtKNAT7 caused a severe reduction in secondary
wall thickening in both interfascicular fibers and intrafascicular
xylem fibers in inflorescence stems, suggesting that AtKNAT7
TF is a positive regulator of SCW formation in fibers. The
severity of reduction in cell wall thickness correlated with the
degree of repression. Similarly, Pandey et al. (2016) identified
NbKNAT7 as a positive regulator of SCW formation in tobacco
by using virus-induced gene silencing (VIGS) experiments. The
NbKNAT7 overexpression lines had thicker cell walls, suggesting
that KNAT7 TF is a positive regulator of the SCW biosynthesis
in tobacco. Also, the saccharification from SCW biomass of the
VIGS NbKNAT7 lines was 40% higher than the controls. It was
recently reported that KNAT7 also positively controls the xylan
biosynthesis pathway by binding to the promoter of the IRX9
gene, and expression studies showed that the transcript levels
of IRX9, IRX10, and FRA8 genes were lower in the Atknat7
mutant (He et al., 2018). So, the data reported so far regarding
the role of KNAT7 in SCW regulation appears to be confusing
and contrasting. No studies have been reported in woody
plant species like poplars regarding the precise role of KNAT7
during SCW formation.

The main goal of this research was to understand how genetic
modifications in the expression of the PtKNAT7 gene affect the
SCW formation and study its impact on the saccharification
efficiency of lignocellulosic biomass from such transgenic
poplars. Here, we investigated the role of PtKNAT7 in poplars
by creating overexpression and antisense suppression lines of
transgenic poplar. In addition, we present results of heterologous
overexpression of AtKNAT7 in transgenic poplars to examine
the impact of such genetic manipulations on SCW formation
and saccharification properties in transgenic poplars. These
experiments were set to circumvent the co-suppression that
commonly occurs during the overexpression of native genes due
to high sequence homology.

MATERIALS AND METHODS

Vector Construction and Plant
Transformation
The PtKNAT7 gene overexpression (sense) and suppression
(antisense) vector constructs were designated as PtKNAT7-OE
and PtKNAT7-AS. The full-length KNAT7 cDNA from
poplar stems was amplified using gene-specific primers (see
Supplementary Table 1) with integrated XbaI and SacI
Restriction Enzyme sites and inserted into the DX15pBI101
vector by replacing the GUS gene (Kindly provided by Dr.
K-H Han, Michigan State University). The PtKNAT7 insert was
flipped over in the opposite direction for the antisense construct
from the sense constructs. For the second part of this study,
we overexpressed AtKNAT7 in poplars using the same DX15
promoter and designated this construct as AtKNAT7-OE. For
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this vector construct, AtKNAT7 cDNA was amplified using gene-
specific primers and ligated into XbaI/SacI digested DX15pBI101
vector to replace the GUS gene. All the three constructs,
PtKNAT7-OE, PtKNAT7-AS, and AtKNAT7-OE, were used for
the transformation of hybrid poplar (Populus tremula × Populus
alba clone 717-1 B4) explants using Agrobacterium C58 strain by
leaf disc infiltration method (Liu et al., 2012).

RNA Extraction and Gene Expression
Studies
Total RNA was isolated from Stem Differentiating Xylem (SDX)
scraped from 20 to 50 aerial internodes of hybrid poplar plants
using the TRIZOL (Ambion, Life Technologies) method as
described earlier (Liu et al., 2012). Extracted RNA was treated
with DNase (Turbo DNA free, Thermo-fisher). First-strand
cDNA synthesis was performed using 1 µg of total RNA using
reverse transcription kit (Applied Bio-systems). qRT-PCR was
performed using PowerUp SYBR green master mix (Applied
Biosystems). Real-time primers were designed for poplar KNAT7
and Arabidopsis KNAT7 using Integrated DNA Technologies
(IDT) software. The total reaction was 12 µl containing 6 µl
of SYBR green, 1 µl of each primer (1 µM), 1 µl of cDNA
template, and 3 µl of RNase-free water. The reaction for each
gene was performed in triplicates with thermocycler conditions
as follows: 95◦C for 10 min followed by 45 cycles for 95◦C for
30 s, and 60◦C for 30 s. Relative gene expression was calculated
by the 1CT method. Actin7 was used as an internal control
(Zhang et al., 2010).

Microscopic Studies
For histology, sections were cut at the seventh internode from
the apex of poplar plants (with about 50 internodes above the
soil) and preserved in ice-cold FAA (37% formaldehyde, glacial
acetic acid, and 95% ethanol). The internodes were infiltrated
under a vacuum for about 10–15 min and kept overnight at 4◦C.
Dehydration and embedding in wax were done for fixing the
sections on slides. Dewaxing was performed using two washes
of xylene and decreasing concentrations of ethanol followed
by washing with water. Autofluorescence was observed from
dewaxed sections using fluorescent light imaging.

Growth Measurements
The growth characteristics of the greenhouse-grown plants
were measured every week. All the independent lines for each
gene construct were grown under identical conditions in the
greenhouse as described by Liu et al. (2012). Three parameters,
namely, stem height, stem thickness, and the number of leaves
were measured for one-month-old plants from week 1 until the
day of harvest in week 9 in the greenhouse.

Lignin Analysis Using
Pyrolysis-Molecular Mass Beam
Spectrometry
After scraping the developing xylem from transgenic plants,
the wood was dried at room temperature for 2 weeks and
then milled through a 20-gage mesh filter. One gram of wood

powder was stored in falcon tubes, destarched with amylase and
ethanol extracted (described in the following section), and 4 mg
of destarched-extracted material was used for lignin analysis.
Three samples from each gene construct were sent to National
Renewable Energy Laboratory (NREL) for analysis by Pyrolysis-
Molecular Mass Beam Spectrometry (Py-MBMS) to estimate
lignin content and for S/G ratio measurement (Decker et al.,
2018). Duplicate samples were analyzed for each line.

Saccharification Assays
Pretreatment and enzymatic hydrolysis of biomass was carried
out as described previously with some modifications (Biswal
et al., 2015, 2018). Before the analysis, biomass was treated with
alpha-amylase (0.47 U per mg biomass, Sigma Cat # A6255) in
100 mM ammonium formate (pH 5.0) buffer at 25◦C for 48 h to
remove starch, followed by three water and two acetone washes.
Then biomass samples were kept under the hood for 72 h for
drying. This was followed by an ethanol Soxhlet extraction for
an additional 24 h to remove extractives. After drying overnight,
pretreatment was carried out with 5 mg of dry biomass at 180◦C
for 17.5 min. About 40 µl of buffer-enzyme stock, 8% CTec2
(Novozymes) in 1.0 M sodium citrate buffer, was added to the
pretreated biomass. The samples were incubated at 50◦C for 70 h.
After 70 h of incubation, the hydrolysate was analyzed using
Megazyme’s GOPOD and XDH assays as described earlier (Biswal
et al., 2015, 2018).

RESULTS

Gene Expression Studies in KNAT7
Transgenic Poplar Lines
The relative expression of the KNAT7 gene in wild-type control
(WT) and transgenic KNAT7 poplars were quantified using
qRT-PCR. The PtKNAT7 gene transcripts were significantly
increased in PtKNAT7-OE lines compared to the WT plants
(Figure 1A), whereas significant suppression of PtKNAT7
transcript formation was observed in PtKNAT7-AS transgenic
trees (Figure 1B). Figure 1C shows the substantial upregulation
in AtKNAT7 transcripts in AtKNAT7-OE transgenic poplar
lines. We used the same PtKNAT7-OE, PtKNAT7-AS, and
AtKNAT7-OE lines for further analyses. We selected four
representative poplar SCW genes, namely CesA8, IRX9, PAL,
and CCR for the expression studies in these transgenic poplar
lines. In the case of PtKNAT7-OE lines, all four SCW genes were
upregulated and the same genes were significantly downregulated
in PtKNAT7-AS lines (Figure 2A). We also observed that the
same four SCW biosynthesis genes were also upregulated in the
AtKNAT7-OE lines of transgenic poplar lines (Figure 2B). These
results suggest that KNAT7 TF is involved in the expression of
downstream SCW genes and transgenic plants show expected
altered expression of SCW genes.

Growth Measurements of Transgenic
KNAT7 Poplar Plants
Once the homologous or heterologous KNAT7 gene
overexpression or silencing was confirmed in a variety
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FIGURE 1 | Relative transcript expression was estimated through quantitative RT-PCR using three independent transgenic lines in each of the poplar gene
constructs: PtKNAT7-OE (A), PtKNAT7-AS (B), and AtKNAT7-OE (C). Sampling was done in triplicate of each sample of the transgenic line.

FIGURE 2 | Effect of KNAT7 transgene expression on four selected SCW
biosynthetic genes in poplars, namely, CesA8, PAL, IRX9, and CCR. (A) SCW
gene expressions patterns in PtKNAT7-OE and PtKNAT7-AS transgenic lines.
(B) SCW gene expressions patterns in AtKNAT7-OE transgenic lines. Bars
represent the average of three replicates of three transgenic lines. All
differences were significant when compared to WT controls.

of transgenic poplar KNAT7 lines using gene expression
studies, the same three independent transgenic lines for each
construct were chosen for measuring the growth parameters.
The plant height, stem thickness, and the number of leaves
measurements were recorded every week until the day of
harvest in about 9 weeks (Figures 3A–C). The height of most

of the three transgenic lines was not significantly greater
than WT plants, except for the PtKNAT7-OE-3 line, and
PtKNAT7-AS-3 line (Figure 3A) by week 9 but eight of the
nine transgenic lines examined had significantly increased
stem diameter (Figure 3B) than the WT plants by week 9. In
terms of the number of leaves in all three types of transgenic
lines, there was a significant increase as compared to WT
plants by week 9 (Figure 3C). Thus, growth phenotypes of
most of the transgenic KNAT7 lines examined were either
similar or a little better than WT lines by the time of harvest
(Supplementary Figure 1).

Transgenic KNAT7 Poplar Lines Show
Altered Xylem Growth Phenotype
Pandey et al. (2016) reported that genetic modifications of the
KNAT7 gene expression in tobacco showed the altered amount
of xylem occupying stem sections. VIGS and RNAi-suppression
lines for the NbKNAT7 gene showed about 50% increase in xylem
area with reduced xylem fiber wall thickness whereas NbKNAT7
overexpression lines showed increased xylem cell wall thickness
but did not show such increase in xylem area. Here, we used
autofluorescence of lignin in the dewaxed stem sections from
the top 7th internode to estimate the xylem area in transgenic
KNAT7 poplars compared to WT plants (Figures 4A–E). In
the case of PtKNAT7-OE overexpression lines (Figures 4B,E),
we observed a 15% decrease in the xylem area as compared to
controls (Figures 4A,E) whereas a 26% increase in the xylem
area was observed in the PtKNAT7-AS lines (Figures 4C,E)
over the WT control plants (Figures 4A,E). About a 13%
increase in the xylem area was observed in AtKNAT7-OE sections
(Figures 4D,E) over control. Qualitatively, a slight increase in the
lignin autofluorescence signal was also observed in the KNAT7
overexpression lines of poplars as compared to the stem sections
of WT control plants (Figures 4A,B). However, no changes
in autofluorescence levels were observed in the case of the
AtKNAT7-OE lines than controls (Figure 4D). There were no
obvious differences in the fiber or vessel wall thickness in any of
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FIGURE 3 | (Continued)
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FIGURE 3 | (Continued)
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FIGURE 3 | Phenotypic measurements were performed every week in WT control and transgenic poplars until the day of harvest in the 9th week. (A) Plant Height,
(B) stem thickness, and (C) the number of leaves in PtKNAT7-OE, PtKNAT7-AS, and AtKNAT7-OE were measured for 9 weeks until the day of harvest. The data is
represented as a means ± SD (n = 3).
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FIGURE 4 | Autofluorescence images of cross-sections and measurements of xylem area. Tissue sections for histological studies were performed at the 7th
internode from the top. Cross-section of wild type (A) compared from PtKNAT7-OE (B), PtKNAT7-AS (C), AtKNAT7-OE (D), Scale bars-100 micrometers. (E) Xylem
area measurements in WT and three KNAT7 transgenic lines in poplars. Significant differences were observed as compared to WT controls. Measurements were
calculated from the xylem area observed at three separate points and averaged (n = 3).
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the KNAT7 transgenic lines and these observations are similar to
a previous report by Zhong et al. (2008).

Changes in KNAT7 Gene Expression
Leads to Altered Lignin Content and
Constitution in Some Transgenic Lines
Lignin analysis was performed using py-MBMS. No significant
changes in lignin content were observed for PtKNAT7-OE lines,
but there was a significant decrease of about 6% lignin in the case
of PtKNAT7-AS lines as compared to the controls (Figure 5A).
AtKNAT7-OE expression lines also did not show any observable
changes in lignin content. However, the S/G lignin ratios were
significantly increased in all three KNAT7 transgenic lines
(Figure 5B). Overall, a 5–7% increase in PtKNAT7-OE, 8–12%
increase in PtKNAT7-AS lines, and 7% increase in AtKNAT7-OE
lines were observed for the S/G lignin ratios as compared
to controls. A change in the S/G lignin ratio could bring
about structural and other property changes in the cell walls.
Therefore, we further explored how these changes in the cell wall
composition resulted in changes in the saccharification efficiency.

FIGURE 5 | Lignin content and S/G lignin ratio measurements in poplar
transgenic lines: (A) Lignin contents in three PtKNAT7-OE, PtKNAT7-AS, and
AtKNAT7-OE transgenic lines in poplar. (B) S/G lignin ratio measurements in
three PtKNAT7-OE, PtKNAT7-AS, and AtKNAT7-OE transgenic lines in poplar.
Data analyses were performed in duplicate for each sample. Significant
observations are marked by * when compared to WT controls
(P-value < 0.05).

Saccharification Efficiency Was
Significantly Improved in the Genetically
Manipulated KNAT7 Transgenic Lines of
Poplars
Saccharification efficiency measurements were performed to
estimate simple sugar release from the wood samples obtained
from greenhouse-grown transgenic and WT poplar plants.
Glucose release was increased in all KNAT7 transgenic lines
as compared to WT controls. PtKNAT7-OE lines showed an
overall 22–26% increase in glucose release whereas PtKNAT7-AS
lines showed a 44–53% increase in glucose release over the
WT controls (Figure 6A). There was also a 24–30% increase in
glucose release for AtKNAT7-OE expression lines (Figure 6A).
The data on xylose released also showed a similar trend of sugar
release with a 28–34% increase in PtKNAT7-OE lines, 55–67% in
PtKNAT7-AS lines, and 37–44% increase in AtKNAT7-OE lines
(Figure 6B). The total increase in sugar release varied from 24
to 58% in these KNAT7 transgenic lines and that could be mainly
attributed to the alteration in the SCW formation that occurred as
a result of changes in the expression of KNAT7 genes (Figure 6C).
Also, the increase in the S/G ratio and changes in lignin content
might have contributed to the reduced cell wall recalcitrance.

DISCUSSION

Investigations into the role of KNAT7, one of the members
of the plant KNOX II TF family, began with the Arabidopsis
microarray data mining studies where the KNAT7 gene
was highly co-expressed with Cellulose synthase A (CESA)
genes involved in the SCW formation (Brown et al., 2005;
Ehlting et al., 2005; Persson et al., 2005). To understand the
role of KNAT7 in SCW synthesis, Zhong et al. (2008) reported
that dominant repression of AtKNAT7 TF exhibited reduced
SCW thickening in interfascicular and xylary fibers and vessels
(but no irx phenomenon) suggesting a positive regulation of
SCW biosynthesis by KNAT7 TF. Overexpression of the KNAT7
gene did not change the SCW thickness of vessels and fibers
in transgenics compared to wild-type control plants (Zhong
et al., 2008). Similarly, in another study by Pandey et al. (2016),
overexpression of NbKNAT7 in tobacco resulted in thickening of
the SCW in the xylem while suppression of NbKNAT7 in tobacco
VIGS and RNAi plants resulted in thinner xylem SCWs coupled
with increased xylem area. Furthermore, the positive regulation
of xylan biosynthesis by KNAT7 TF has been recently reported
in Arabidopsis inflorescence stems (He et al., 2018) and seed
mucilage formation (Wang Y. et al., 2020). The use of constitutive
promoters like CaMV 35S driving the expression of transgenes
for such studies is known to produce several undesirable growth
outcomes. In order to circumvent such growth phenotypes, Ko
et al. (2012b) described the discovery of utility promoters, such
as DX15 that drive strong developing xylem-specific expression
of transgenes. A number of papers have described the use
of DX15 promoters for biomass engineering (e.g., Cho et al.,
2019). We have, therefore, used DX15-promoter for driving the
expression of KNAT7 transgenes in this work. In the present
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FIGURE 6 | Saccharification yield of three PtKNAT7-OE, PtKNAT7-AS, and AtKNAT7-OE lines. (A) Glucose released, (B) xylose released, and (C) total sugars
released from all the three independent KNAT7 transgenic lines of poplars. Significant differences were observed when compared to WT controls, P-value < 0.01.

study, we overexpressed poplar and Arabidopsis KNAT7 genes
in transgenic poplars under the regulation of DX15 promoters
and our observations suggest that KNAT7 acts like a positive
regulator in poplars. It is also possible that there are species-
specific differences in KNAT7 functions in SCW biosynthesis.
Overall, the xylem area in PtKNAT7-AS lines increased by 26%
while the xylem area was decreased in PtKNAT7-OE lines by 15%
as compared to WT stems confirming the earlier observations
in NbKNAT7 transgenic lines of tobacco (Pandey et al., 2016),
where the increased xylem proliferation in antisense lines could
be partially attributed as a compensatory mechanism in response
to reduced fiber cell wall thickness. However, in the present
study, we did not observe any significant changes in the cell
wall thickness in stems of PtKNAT7 transgenic lines. It has
not escaped our attention that AtKNAT7-OE transgenics showed
xylem area phenotype similar to PtKNAT7-AS and not like
PtKNAT7-OE. We are still far away from understanding the
impact of such manipulations on plant phenotypes and it appears
that at least, in this case, specific-specific variations in the KNAT7
gene source might be responsible for this phenotype. But further
investigations are warranted into this phenomenon in the future.

On the contrary, Li et al. (2012) initially claimed KNAT7 TF
to be a negative regulator of SCW formation because Atknat7
mutants had thicker interfascicular fibers but curiously also had
irx phenotype in the vessels. However, these studies could not
explain the irx phenotype in vessels when interfascicular fiber
cells displayed SCW thickening at the same time. Recently, Qin
et al. (2020) and Wang S. et al. (2020) elegantly reconciled these
paradoxical observations by suggesting that KNAT3 and KNAT7
work synergistically in fibers but antagonistically in vessels in the
regulation of SCW biosynthesis. As suggested by He et al. (2018),
KNAT7 may not simply activate or repress every component of
the secondary wall equally. Rather, it may differentially activate
and suppress the deposition of various SCW components in
specific cell types. Also, it is possible that KNAT7 functions either
as an activator or repressor, depending upon the composition
of the TF network active in different tissues or cell types of
plants. Lastly, one cannot ignore species-specific variations in the
transgenes that may result in different phenotypes.

We observed that overexpression of the PtKNAT7 and
AtKNAT7 genes did not significantly increase the total
lignin content although some monolignol biosynthesis genes,
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as well as some other representative genes involved in SCW
formation, were upregulated. This observation is similar to
Zhong et al. (2008) who also did not see significant changes in
lignin quantities when the AtKNAT7 gene was overexpressed.
However, antisense PtKNAT7 suppressed lines in poplars had
lower lignin content and suppressed expression of SCW genes.
This observation is again different than the earlier findings by
Li et al. (2012), where they reported increased lignin deposition
in Arabidopsis knat7 mutants. We also observed that S/G
lignin ratios were significantly increased in both PtKNAT7-OE,
AtKNAT7-OE, and PtKNAT7-AS lines. Considering the potential
importance of KNAT7 TF in syringyl lignin biosynthesis (Qin
et al., 2020; Wang S. et al., 2020), it is expected that overexpression
of KNAT7 may increase S lignin synthesis but it is puzzling
why antisense suppression of KNAT7 also increased S lignin
content. It is possible that all the components of the TF network
that interact with KNAT7 are not yet completely identified and
there might be some complex regulation of S lignin synthesis or
suppression of G lignin production that might be occurring in
such transgenic lines.

Recently, Yoo et al. (2018) reported a negative correlation
between lignin content and saccharification efficiency of poplar
woody tissues and a positive correlation between S/G ratio
and saccharification efficiency of SCW biomass. The current
report is the first time when transgenic KNAT7 poplar lines
have been examined for their lignin quantities and content as
well as saccharification efficiencies. We have observed increased
saccharification efficiencies in all the transgenic lines of poplar
altered in KNAT7 gene expression compared to WT controls.
The decrease in lignin content in PtKNAT7-AS lines and an
increase in S/G ratios in all transgenic lines are positively
associated with increased saccharification efficiencies. Similar to
present findings, Pandey et al. (2016) also observed that tobacco
NbKNAT7 VIGS lines had increased saccharification efficiency
than control plants.

While the focus of this study is on the biotechnological
application of genetic manipulation of KNAT7, it is a common
observation that in transgenic plants manipulated in lignin
biosynthesis genes show abnormal growth phenotypes (e.g.,
Ko et al., 2012a). We observed that KNAT7 transgenic poplar
lines show almost similar or slightly better growth phenotypes
compared to WT control plants. These observations are
similar to an earlier report in tobacco KNAT7 transgenic
plants where normal-looking transgenic KNAT7 plants
were produced (Pandey et al., 2016). An increase in
saccharification efficiencies, indicative of increased bioethanol
production potential, without altering growth is a desirable
characteristic of these KNAT7 transgenic poplar lines from

a bioenergy production perspective. In conclusion, the
genetic alteration of KNAT7 could be one of the powerful
strategies for increasing saccharification efficiency in transgenic
bioenergy plants and has a great potential for improving
bioethanol production.
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Evaluating the pyrolysis of lignocellulose via theoretical and computational approaches

is of great importance for the efficient utilization of biomass. In this work, the dynamic

changes in physicochemical properties of eucalyptus and bamboo during plant-rich

metallic element-catalyzed pyrolysis process were investigated, and their thermal

decomposition behaviors were explored by kinetic analysis. Results showed that the

metal absorption capacity and thermal stability of eucalyptus were better than those of

bamboo. The temperatures corresponding to the initial devolatilization and the highest

weight loss value of eucalyptus/bamboo decreased in the catalysis order of Mg >

Fe > Ca > Cu > K > Na. Fourier-transform infrared (FT-IR) results showed that

the thermal stability of ester bond of glucuronoarabinoxylan was higher than that of

acetyl groups. The maximum weight loss rate could be observed for samples with the

lowest metal-loaded concentration (5%). Moreover, Mg and Fe presented the better

catalytic performance for facilitating the lignocellulose pyrolysis in comparison with other

investigated metallic elements.

Keywords: pyrolysis, plant-rich metallic element, thermal behavior, eucalyptus, bamboo

INTRODUCTION

With the draining of fossil fuels and the increasing demand of energy, extensive studies had been
conducted on the production of fuels and chemicals from alternatives to displace petroleum-
derived products. Lignocellulose, which is abundant and cheap, can be served as an important
renewable feedstock in the predominant carbon-neutral sources of biofuels and biomaterials
(Huang et al., 2019; Soltanian et al., 2020). Plants possess metal-rich properties that usually absorb
over much metallic elements for growth (Kroukamp et al., 2016; Rezania et al., 2016; Batool and
Saleh, 2020). Therefore, the over-observed metallic elements should be used fully to enhance the
utilization efficiency of lignocellulose.
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Pyrolysis is a fundamental principle of various
thermochemical conversion processes of lignocellulose, and
it is one of the key pathways for the efficient generation of fuels
and chemicals from abundant materials (George et al., 2006; Cao
et al., 2014). However, the pyrolysis process of lignocellulose is
extremely complex. It can be influenced by many factors and
generally goes through a series of reactions. Lignocellulose is
primarily comprised of cellulose, hemicellulose, and lignin with
small traces of other components (Wang et al., 2020). Incumbent
approaches for biomass pyrolysis involve mainly four stages:
moisture evaporation (100◦C), hemicellulose decomposition
(220–315◦C), cellulose decomposition (314–400◦C), and lignin
decomposition (160–900◦C) (Yang et al., 2007; Chen et al., 2019).
The pyrolysis behavior of lignocellulose varied in accordance
with many factors, such as the plant species, catalyst types, etc.
Thus, monitoring changes during lignocellulose pyrolysis is
vitally important to efficiently control and regulate the process
(Chen et al., 2014; Gao et al., 2015; Naron et al., 2019; Zhang
et al., 2019).

Small traces of other components of lignocellulose include
metallic elements that exist in the form of oxides or salts,
such as potassium (K), calcium (Ca), and magnesium (Mg),
varying from the growth environment and plant species.
Previous studies demonstrated that alkali metals in lignocellulose
exerted a catalytic effect during the pyrolysis of plant biomass
(Shi et al., 2012; Jiang et al., 2013; Oudenhoven et al.,
2015). Gao et al. (2015) indicated that both inherent and
external metallic elements had influences on the products
formation during straw pyrolysis. Studies showed that the
impregnation of rice straw with CaCl2 and MgCl2 solution
not only greatly promoted the pyrolysis of lignocellulose but
also reduced the reaction temperature for desired products.
Saddawi et al. (2012) demonstrated that the apparent activation
energy for willow pyrolysis was reduced in the presence of
alkali metals (K, Na) (Saddawi et al., 2012). Although the
catalytic pyrolysis of lignocellulose via metal oxides/salts has
been investigated by various studies previously in the aspect
of reaction conditions and apparent activation energy, detailed
information on the comprehensive study of the effect of metallic
elements that are enriched in plant growth on the dynamic
changes of thermal behavior during different lignocellulose
pyrolysis is inadequate.

Eucalyptus is one of the fast-growing and high-density tree
species in the world with a fixed biomass efficiently (Sgroi et al.,
2015). Bamboo, which is regarded as an alternative to wood in
many aspects, is also a fast-growing perennial herbaceous plant
with a large phytomass (Oyedun et al., 2013). Both eucalyptus
and bamboo are economic species, which are usually used
for industrial purpose. In the present study, a comprehensive
understanding to the effects of plant-rich metallic elements on
the changes in physicochemical properties of eucalyptus and
bamboo during pyrolysis was prospected. The metallic elements
used in this study were selected according to the plant growth
requirements as well as metallic elements those may be enriched
in the metal-contaminated soil. Kinetic models of the catalytic
pyrolysis of eucalyptus and bamboo after plant-rich metal-loaded
were established. This work provided a feasible theoretical basis

for the efficient utilization of plants intrinsically enriched metals
to catalyze themselves pyrolysis.

MATERIALS AND METHODS

Materials
Eucalyptus trunk was obtained from Chinese Academy of
Forestry (Guangzhou, China). Bamboo stems were obtained
from Zhejiang A&F University (Hangzhou, China). Before
experiments, the samples were grounded to particle size >80
mesh and dried at 65◦C for 4 days. Wax and other extracts
of eucalyptus and bamboo were removed by refluxing with
acetone/ethanol (2:1, v/v) at 65◦C for 8 h in a Soxhlet apparatus,
and the samples were washed with DI water and oven-
dried at 60◦C to constant weight. Chemical compositions
of eucalyptus and bamboo were measured by following the
established National Renewable Energy Laboratory standard
analytic procedure (NREL/TP-510-42618) (Sluiter et al., 2008).
The contents of ash, volatile, and fixed carbon in raw materials
were determined according to the existing literature (Cai et al.,
2017). Acid-washed samples were prepared by the acid wash
method. In brief, lignocellulosic particles were impregnated by
14.44% hydrochloric acid for 12 h, then washed by DI water
until pH of the eluent became neutral. The obtained acid-washed
samples were oven-dried at 60◦C to constant weight. Extracted
materials without acid-washed were named as REP (eucalyptus)
and RBB (bamboo), while acid-washed samples were named
as EP (acid-washed eucalyptus) and BB (acid-washed bamboo).
Metal-loaded biomass was prepared by the wet impregnation
method. Acid-washed materials were immersed by NaCl, KCl,
CaCl2, MgCl2, CuCl2, and FeCl3 aqueous solutions for 24 h with
the metal weight percentage of 5, 10, and 15 wt%, respectively.
Solid fraction was washed by DI water and oven-dried at 65◦C
for 6 h. Metal-loaded material was annotated as A-B-C, where A
was the plant species (EP or BB), B was the metallic element (Na,
K, Ca, Mg, Cu, Fe), and Cwas themetal weight percentage (wt%).

All chemicals, which were of AR grade, were purchased from
Shanghai Sigma-Aldrich Trading Co. Ltd and used without any
purification (Shanghai, China). Deionized water was used to
prepare all solutions. All of the chemicals and reagents were used
without any purification.

Analytical Methods
Water retention value (WRV) of EP and BB was measured
according to the literature (Sherpa et al., 2018). In brief, 1 g
of sample was mixed with 5mL of DI water and shaken
at 150 rpm for 1 h at room temperature. The mixture was
filtered subsequently. The solid fraction was transferred into a
small non-woven bag and soaked in DI water for 2 h at room
temperature, followed by centrifugation at 1,830 rpm for 15min.
Solid products were oven-dried at 105◦C for 24 h. WRV was
defined as the following equation:

WRV(
g

g
dry biomass) =

WRVwet −WRVdry

WRVdry
(1)

where Wwet is the weight of solid products after centrifugation;
Wdry is the weight of the final oven-dried samples.
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Atomic absorption spectrometer (AAS, 220FS, Varian,
Australia) was used to analyze the contents of metallic elements
in treated and untreated samples. About 300mg of sample was
dissolved in the mixture containing 7mL of nitric acid and 2mL
of hydrogen peroxide. Standard curve was used to determine the
metallic element contents in the samples. Metal element removal
rate of acid-washed was calculated. The removal rate was defined
as the following equation:

Removal rate =
CR − C

CR
× 100% (2)

where CR is the metal element content of raw materials without
acid wash, and C is the metal element content of raw materials
with acid wash.

The pyrolysis behavior of the raw materials, acid-washed
materials, and metal-loaded samples was performed by a
thermogravimetric analyzer (TGA, Q500, TA, America). Sample
(5–10mg) was distributed evenly into a ceramic crucible and
heated up to the desired temperature (700◦C) with a constant
heating rate of 20◦C/min. Purified nitrogen (99.9%) was used
as the carrier gas at a flow rate of 40 mL/min. In order
to investigate the dynamic structure change during pyrolysis,
pyrolyzed samples were prepared by the pyrolysis method in a
tube furnace with different pyrolyzed temperature with 50mg
granular sample dosage. The heating rate and the nitrogen flow
rate were the same as those of TG analysis. The final temperature
was set as 160, 220, 280, 340, 400, 460, 520, 580, 640, and
700◦C. The structural changes of eucalyptus and bamboo during
pyrolysis were measured by Fourier-transform infrared (FT-IR)
spectra (Bruker, Tensor II, Germany) using a KBr disk containing
1% ground sample. Fourteen scans were collected in the range of
500–2,500 cm−1 at a resolution of 4 cm−1.

Kinetic Analysis
Biomass pyrolysis is a complex process that includes a series
of physical and chemical changes. Previous studies showed that
biomass pyrolysis is a non-independent process (Li and Suzuki,
2009; Sutcu and Piskin, 2009; Yorulmaz and Atimtay, 2009).
Coast–Redfern integral method with the first-order reaction
assumption was widely used to calculate apparent activation
energy (Ea) of biomass pyrolysis (Naqvi et al., 2019). A non-
isothermal kinetic equation of the biomass pyrolysis reaction was
applied as Equation. (3):

dα

1− α
=

A

β
exp(−

Ea

RT
)dT (3)

where A is the pre-exponential factor (s−1), Ea is the apparent
activation energy (kJ/mol), β is the linear heating rate for non-
isothermal conditions (20◦C/min), R is the gas constant of 8.314
J/(mol·K), and T is the absolute temperature (K). Moreover, α

refers to the conversion rate of raw material, which could be
calculated by Equation. (4):

α =
W0 −Wt

W0 −Wf
(4)

where W0 is the initial sample weight for TG analysis, Wt refers
to the weight at corresponding time t, and Wf is the weight of
pyrolysis residues.

Equation. (3) could be written as follows:

∫

α

0

dα

1−α
=
A

β

∫ T

T0

exp(−
Ea

RT
)dT (5)

ln (1− α) = T2(
AR

βEa
×

Ea− 2RT

Ea
)× exp(−

Ea

RT
) (6)

ln

[

−
ln (1− α)

T2

]

= −
Ea

RT
+ ln

AR

βEa
(7)

A linear equation of Y=M+NX was obtained by plotting of
Equation. (8).

where,

Y = ln

[

−
ln (1− α)

T2

]

, M = ln
AR

βEa
, N = −

Ea

R
, X =

1

T
(8)

RESULTS AND DISCUSSIONS

Physicochemical Properties of Raw

Materials
The compositions of raw materials (REP and RBB) are shown
in Table 1. The cellulose, hemicellulose, and lignin contents of
REP were 45.62, 18.72, and 31.59%, respectively, while RBB
consisted of 46.24% cellulose, 14.37% hemicellulose, and 36.34%
lignin. WRV was a parameter to reflect the swelling ability of
biomass. It could be used as an indicator of the accessibility
of interior surface. The WRV of REP and RBB was 241.58
and 221.27%, respectively. Therefore, we conjectured that the
adsorption capacity of REP may be better than that of RBB,
which was also confirmed by the following metal absorption
results. The volatile matter of REP was 79.34%, which was a
little higher than that of RBB (76.79%). However, the opposite
trend was observed for fixed carbon. The fixed carbon contents
of RBB and REP were 19.10 and 15.30%, respectively. Difference
in volatile matter and fixed carbon contents between REP and
RBB may be ascribed to their different chemical compositions.
According to the literature, the higher carbohydrates content
resulted in the larger volatile percentage (Demirbas, 2003). The
more lignin content in the lignocellulose is, the higher fixed
carbon percentage could be obtained (Demirbas, 2003). The ash
contents of REP and RBB were 0.22 and 1.37%, respectively.
The diversity of ash content between REP and RBB may be
due to their different growth environment and physiological
characteristics (Fahmi et al., 2007).

Metal Absorption Capacity Analysis
The metal absorption capacity of lignocellulose plays an
important role in the further catalytic pyrolysis process. Different
plant species present different metal absorption ability. In
the present study, the contents of metallic elements of raw
materials and metal-loaded samples were measured by AAS,
and the results are shown in Figure 1. Compared with other
investigated metallic elements, Mg and Ca were the two major
metallic elements in REP and RBB, which may be attributed
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TABLE 1 | Composition analysis of raw materials.

Sample Lignin (%) Cellulose (%) Hemicellulose (%) WRV (g/g) Volatile matter (%) Fixed carbon (%) Ash (%)

EP 31.59 ± 1.32 45.62 ± 0.95 18.72 ± 0.88 241.58 ± 4.21 79.34 ± 2.12 15.30 ± 3.20 0.22 ± 0.012

BB 36.34 ± 1.54 46.24 ± 0.78 14.37 ± 1.02 221.27 ± 5.50 76.79 ± 2.86 19.10 ± 1.92 1.37 ± 0.018

FIGURE 1 | Metal element content of samples (µg/g). (A) Metal element content of eucalyptus samples. (B) Metal element content of bamboo samples. (C) Metal

element removal rate of acid wash samples.

FIGURE 2 | (A,B) TG and DTG curves of raw material and acid-washed samples.

to the higher content of Mg/Ca in plant growth environment
(Kroukamp et al., 2016). As shown in Figure 1C, the contents
of the investigated metallic elements (Ca, K, Na, Mg, Cu, Fe)
in eucalyptus and bamboo significantly reduced after acid-
washed with 50.72–97.79% decrement in eucalyptus samples,

while 46.20–95.60% decrement in bamboo samples. These
results reflected that metallic elements in lignocellulose could
be efficiently removed by the acid-washed pretreatment, thus
reducing the influence of original metallic elements on the
subsequent experiments. Moreover, acid-washed could also affect
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physicochemical properties of lignocellulose by changing the
functional groups and complex structure (Dong et al., 2015).
However, a certain amount of original metal ions still existed
after acid-washed under the investigated conditions. Therefore,
the finalmetallic element content inmetal-loaded samples should
be considered.

As shown in Figures 1A,B, the content of the investigated
metallic elements in the metal-loaded samples was increased
significantly with the increment of impregnation concentration.
After treated with the highest concentration (15 wt%), the
increment of different metallic elements in eucalyptus was
9802.80% (K), 520.44% (Ca), 121491.30% (Na), 1407.03% (Mg),
16654.25% (Cu), and 1162.80% (Fe) in comparison with acid-
washed samples (before impregnation), respectively. Different
metals had different loaded capacity in the same plant material.
Moreover, the content of metallic elements in eucalyptus and
bamboo was different even treated under the same conditions.
These phenomena may be due to the reason that the transport
capacity and the complexing ability of metal ions with functional
groups vary among different materials (Krishnani et al., 2008).
The lower the ion radius is, the stronger the metal ion transport
capacity is. Moreover, the complexing ability of metal ions
with function groups in eucalyptus and bamboo varied due
to their different natural structure and growth characteristics.
In addition, the number of functional groups also plays an
important role in the metal absorption capacity of plant
materials (Oudenhoven et al., 2015). Metal ion adsorption
usually occurs in the presence of highly electronegative atoms,
such as O, N, P, S. Lignocellulose is rich in oxygen-containing
groups such as carboxyl groups (mainly in hemicellulose),
phenolic hydroxyl groups (mainly in lignin), hydroxyl groups,
and other electronegative atoms in the existence form of
nutrients. In addition, eucalyptus is a hardwood plant whose
mainly hemicellulose structure is glucuronoxylan, while bamboo
belongs to the grass family and its hemicellulose structure is
glucuronoarabinoxylan. Compared with glucuronoarabinoxylan,
glucuronoxylan possesses the larger carboxyl amount. Moreover,
the hemicellulose content of eucalyptus was higher than that
of bamboo. Hence, the metal loading ability of eucalyptus was
higher than that of bamboo. Furthermore, we considered that
the structure of lignocellulose also played an important role in
themetallic element enrichment process during the plant growth.
Due to the structural diversity of the three major components of
lignocellulose, plants showed enrichment, and storage capability
for different metallic elements. However, the absorption of
metallic elements was a complex process for lignocellulose, which
may be relevant to many factors, such as their natural structure,
nutrient content, and chemical composition.

Catalytic Pyrolysis Behavior
The pyrolysis behavior of metal-loaded eucalyptus and bamboo
samples was evaluated by TG and DTG, and the results are
shown in Figures 2–4. Generally, the thermal decomposition of
lignocellulose could be divided into three stages (Li et al., 2016).
In the first stage, the absorbed water lost near 100◦C. The second
stage was the fast pyrolysis stage to generate volatile compounds.
The decomposition temperature range of eucalyptus and bamboo

in the second stage was 220–398◦C and 190–375◦C, respectively.
The third stage at the temperature up to 400◦C corresponded to
the formation of biochar. The degradation rates of REP and RBB
during the second pyrolysis stage were 78 and 75%, respectively,
which was in good agreement with the volatile matter results
in Table 1. The weight loss of the investigated biomass was
resulted from the decomposition of cellulose, hemicellulose, and
partial lignin to produce CO2, CO, CH4, and other products.
According to the literature, the weight loss of hemicellulose
occurred at 220–315◦C, while the pyrolysis of cellulose focused
at a higher temperature range of 315–400◦C (Yang et al., 2007).
However, lignin pyrolyzes at the wider temperature ranging from
160 to 900◦C (Yang et al., 2007). In comparison with REP and
RBB, the weight loss of acid-washed materials (EP and BB) in
the second stage was larger than that of raw materials (REP
and RBB), which may be assigned to the fact that acid-washed
could destroy the surface of materials and partly hydrolyze
hemicellulose and cellulose (Dong et al., 2015). DTG curves
also showed that the temperatures corresponding to the highest
mass weight loss peak of eucalyptus-based materials were higher
than those of bamboo-based materials even treated at the same
conditions, indicating that the fast pyrolysis process of eucalyptus
occurred at the higher temperature. This phenomenon may be
mainly ascribed to the different contents of hemicellulose and
crystalline cellulose between bamboo and eucalyptus. In addition,
eucalyptus is a hardwood plant whose main hemicellulose
structure is glucuronoxylan, while bamboo belongs to the grass
family and contains glucuronoarabinoxylan. The hemicellulose
side chain and the degree of branching could affect its thermal
stability. The higher branching degree of hemicellulose is, the
lower thermal stability could be achieved (Dai et al., 2021).
The difference in hemicellulose structure may be one of the
reasons for the various thermal stabilities between eucalyptus and
bamboo (Werner et al., 2014). In addition, the temperature of the
maximum weight loss rate in the DTG curves was reduced with
the reduction of cellulose crystallinity, which may be due to the
reason that the lower crystallinity of cellulose has less number of
hydrogen bonds needed to be broken (Leng et al., 2020).

The pyrolysis residue weights of raw materials (REP and RBB)
after 400◦C were higher than those of acid-washed samples,
which may be ascribed to the removal of inorganic compounds
by the acid-washed approach. Moreover, the difference of
hemicellulose structure and lignin methoxy groups content
between eucalyptus and bamboo could also influence the final
char yield. The quality of the residue was negatively correlated
with the methoxy group content in lignin. Less methoxy groups
led to the higher pyrolysis residue quality. Bamboo lignin
includes three types: p-hydroxyphenyl lignin, guaiacyl lignin, and
sinapyl lignin, while eucalyptus lignin was composed of guaiacyl
lignin and sinapyl lignin (Wen et al., 2013). This was likely to
cause the methoxy content of bamboo to be lower than that of
eucalyptus, resulting in the higher residual carbon content. In
addition, the pyrolysis gas product CO2 wasmainly released from
-COOH and C=O in hemicellulose (Yang et al., 2007). Compared
with bamboo, eucalyptus hemicellulose contained more -COOH,
which could release more CO2 and reduce the pyrolysis residue
weight. Compared with hemicellulose, lignin had a greater effect
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FIGURE 3 | (A–F) TG and DTG curves of metal loaded eucalyptus samples.
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FIGURE 4 | (A–F) TG and DTG curves of metal loaded bamboo samples.
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on the pyrolysis residue content. Specifically, the higher the lignin
content was, the larger the quality of pyrolysis residue could be
obtained (Yang et al., 2007).

As shown in Figures 3, 4, the temperatures corresponded to
the initial devolatilization and the highest weight loss rate of
metal-loaded samples was decreased significantly in comparison
with the acid-washed materials, indicating that the existence of
investigated metal ions could accelerate the pyrolysis process of
EP and BB (Shimada et al., 2008). This phenomenon was in
good agreement with the following Ea results.Moreover, different
metal ions at the same concentration have different effects on
the thermal degradation of lignocellulose. The influence of the
investigated metal ions on the reduction of initial devolatilization
temperature of eucalyptus-based and bamboo-based materials
was in order of Mg-form > Fe-form > Ca-form > Cu-form >

K-form > Na-form. In terms of TG curves, the pyrolysis residue
weight of eucalyptus and bamboo samples was increased with
the increment of metal impregnation concentration, except for
Mg-loaded samples. The existence of metal ions may hinder the
evaporation of volatiles, thus enhancing the quality of pyrolysis
residues (Xiao et al., 2020). Therefore, the generation and release
of pyrolysis steam reduced, and the yield of biochar increased.
Moreover, this phenomenon may be related to the characteristics
of metallic elements. Na and K are alkali metals, Mg and
Ca are alkaline earth metals, and Cu and Fe are transition
metals. Compared with Na and K, other metal ions presented
the better oxidizability, thus promoting the decomposition of
lignocellulose. The maximum weight loss rate of 5% metal-
loaded samples was larger than that of 10 and 15% metal-
loaded materials, which indicated that the lower concentration
of the investigated metallic elements was likely to promote the
pyrolysis of carbohydrates in lignocellulose. Furthermore, the
DTG curves showed that Mg-loaded samples exhibited more
shoulders than other materials, which may be ascribed to the
strong integration between bounded water and MgCl2. Bounded
water of MgCl2·XH2Owas difficult to be removed even at boiling
point. In addition, Mg undergoes many changes (MgCl·4H2O,
MgCl2·2H2O, Mg(OH)Cl, MgCl2, MgO) in the process of
pyrolysis and produces HCl (Shimada et al., 2008). Fe and Cu also
had the ability to generate hydrates, and DTG curves of Fe/Cu-
loaded materials were similar to those of Mg-loaded samples.
Among all the investigated metallic elements, Mg showed the
best catalytic performance for facilitating the pyrolysis process
of eucalyptus and bamboo. It should be noted that the existence
form of metallic elements changed and can catalyze the pyrolysis
of lignocellulose. We speculated that different internal metallic
elements of plants will cause significant differences in their
subsequent utilization process.

Fourier-Transform Infrared Analysis
Chemical structural changes of eucalyptus and bamboo samples
during the pyrolysis temperature ranged from 160 to 700◦C
were analyzed by FT-IR, and the results are shown in Figure 5.
Signals of typical functional groups in the pyrolyzed samples are
listed in Table 2. The peak at 898 cm−1 is assigned to the C-H
vibration of β-glucosidic linkage between sugar units disappeared
when the temperature was up to 400◦C (eucalyptus) and 340◦C

(bamboo), which suggested that the destruction of sugar unit
linkage may take place at high temperature. Strong band at 1,740
cm−1 that corresponded to the C=O stretching vibration in the
acetyl groups of hemicellulose was weakened or even missed
when the temperature was up to 280◦C. Absorption at 1,160
cm−1 originated from the ester bond of glucuronoarabinoxylan
disappeared at the relatively high temperature (> 400◦C). These
results indicated that the thermal stability of ester bond of
glucuronoarabinoxylan was higher than that of acetyl groups.
Therefore, acetyl groups may be decomposed prior to ester
bond of glucuronoarabinoxylan during the pyrolysis process.
Moreover, the intensity of the vibration at 898 cm−1, 1,160
cm−1, and 1,740 cm−1 related to the carbohydrates was
decreased sharply when the pyrolysis temperature was increased
from 220 to 400◦C, which indicated that 220–400◦C was
the major degradation interval for carbohydrates during the
pyrolysis process. These results were in good agreement with the
TG results.

Peak at 1,113 cm−1 corresponded to the C-H deformation of
lignin. Signals at 1,244 cm−1 and 1,328 cm−1 were assigned to
the C-O linkage of lignin. There was no significant change for
the bands at 1,328 cm−1 of eucalyptus lignin in the pyrolysis
temperature of 160–400◦C, while the absorption band at 1,244
cm−1 disappeared at 400◦C. The intensity of the lignin signals
was reduced with the increment of pyrolysis temperature from
400 to 700◦C. Interestingly, the strength of the peak at 1,605
cm−1 enhanced first and then decreased, whichmay be attributed
to the change in lignin content during pyrolysis. Since the
thermal stability of lignin was higher than that of carbohydrates,
the relative content of lignin was initially increased and then
decreased during the pyrolysis process.

The intensity of absorption bands of different metal-
loaded eucalyptus materials remained stable within 220◦C
(Figures 5C–J). However, when the pyrolysis temperature
increased from 280 to 340◦C, the signals related to carbohydrates
and lignin of Mg-, Ca-, and Fe-loaded eucalyptus weakened
gradually, and the carbohydrate-related peaks decreased
significantly. Compared with K, Na, and Cu, the intensity of the
absorption bands of Mg-, Fe-, and Ca-loaded samples decreased
more obviously when the pyrolysis temperature was up to 340◦C.
This phenomenon was consistent with the phenomenon that the
catalytic ability of Mg, Fe, and Ca for the pyrolysis of eucalyptus
and bamboo was better than that of K, Na, and Cu.

Kinetic Analysis
In order to achieve a better understanding of the carbohydrates
decomposition stage at the temperature range of 220–400◦C,
apparent activation energy (Ea) of the reactions was calculated
according to Equations 7 and 8, and the results are shown in
Figure 6. Results showed that the kinetic models had a good fit
with R2 over 0.85. Compared with REP and RBB, Ea of EP and BB
increased after acid-washed, whichmay be contributed to the fact
that the acid-washed treatment could lower the intrinsic metallic
elements content of raw materials. In comparison with bamboo,
more energy was required for the pyrolysis of eucalyptus-based
materials when treated under the same conditions, which may be
due to the tighter structure of eucalyptus. Hence, the pyrolysis
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FIGURE 5 | Different samples FT-IR spectrums. (A) IR spectral of EP with different pyrolysis temperature. (B) IR spectral of BB with different pyrolysis temperature. (C)

IR spectral of EP-5 which pyrolysis temperature was 220◦C. (D) IR spectral of BB-5 which pyrolysis temperature was 220◦C. (E) IR spectral of EP-5 which pyrolysis

temperature was 280◦C. (F) IR spectral of BB-5 which pyrolysis temperature was 280◦C. (G) IR spectral of EP-5 which pyrolysis temperature was 340◦C. (H) IR

spectral of BB-5 which pyrolysis temperature was 340◦C. (I) IR spectral of EP-5 which pyrolysis temperature was 400◦C. (J) IR spectral of BB-5 which pyrolysis

temperature was 400◦C.
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TABLE 2 | The main functional groups of the solid pyrolysis residues.

Wavenumber (cm−1) Description of functional groups Compounds References

898 C-H vibration β-Glucosidic linkage between sugar units Peng et al., 2010

1,113 C-H deformation Lignin Villaverde et al., 2009

1,160 C-O stretching Ester bond of arabinoxylan Bilba and Ouensanga, 1996

1,244 C-O Lignin Siengchum et al., 2013

1,328 C-O bending Lignin Bilba and Ouensanga, 1996

1,605 Aromatic ring vibration and C=O stretching Lignin Xu et al., 2006

1,740 C=O stretching Hemicellulose Siengchum et al., 2013

FIGURE 6 | (A) Ea of AM-loaded eucalyptus samples during pyrolysis process. (B) Ea of AM-loaded bamboo samples during pyrolysis process. (C) Ea of REP, EP,

RBB, BB during pyrolysis process. (D) R2 of the Kinetic models.

of second stage of eucalyptus-based materials occurred at the
higher temperature than that of bamboo-based materials, which
was consistent with the TG analysis. Among the investigated
metallic elements, K and Na had a slight promoting effect on the

rapid pyrolysis stage (mainly carbohydrates decomposition) of
eucalyptus and bamboo, which was in good agreement with the
literature (Cai et al., 2017). However, the presence of Mg, Fe, Cu,
and Ca could effectively promote the pyrolysis of carbohydrates

Frontiers in Plant Science | www.frontiersin.org 10 November 2021 | Volume 12 | Article 665470181

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Huang et al. Thermal Behavior of Lignocellulose

in eucalyptus and bamboo, and the Ea value decreased as the
concentration increased. Mg and Fe showed the best catalytic
performance for the pyrolysis of eucalyptus and bamboo, which
may be due to the existence form of Mg and Fe in plants.
Mg/Fe may complex with functional groups in lignocellulose,
thus promoting the pyrolysis process in situ directly. Therefore,
we presumed that some kind of plant absorbed metallic elements
can be used fully to enhance its pyrolysis efficiency.

CONCLUSIONS

In summary, the dynamic changes of thermal behavior during
the pyrolysis of eucalyptus and bamboo were investigated under
the catalyzation of six kinds of plant-rich metallic elements.
Results showed that eucalyptus presented the better metal
absorption capacity and thermal stability in comparison with
bamboo. Compared with acid-washed materials (EP and BB),
the temperatures corresponded to the initial devolatilization and
the highest weight loss rate of metal-loaded samples decreased
in the order of Mg > Fe > Ca > Cu > K > Na. The
existence form of metallic elements changed and can catalyze the
pyrolysis of lignocellulose. FT-IR results showed that the thermal
stability of ester bond of glucuronoarabinoxylan was higher than
that of acetyl groups, leading to the easier decomposition of
acetyl groups in hemicellulose during pyrolysis. Kinetic analysis
indicated that Mg and Fe could greatly accelerate the pyrolysis
process of eucalyptus and bamboo with a reduction of Ea.
Compared with bamboo, more energy was required for the
pyrolysis of eucalyptus-based materials when treated under the

same conditions. Further study was in progress to study the
influence of plant cultivation conditions on its pyrolysis behavior.
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Biomass from perennial plants can be considered a carbon-neutral renewable resource.
The tall wheatgrass hybrid Szarvasi-1 (Agropyron elongatum, hereafter referred to as
“Szarvasi”) belongs to the perennial Poaceae representing a species, which can grow
on marginal soils and produce large amounts of biomass. Several conventional and
advanced pretreatment methods have been developed to enhance the saccharification
efficiency of plant biomass. Advanced pretreatment methods, such as microwave-
assisted pretreatment methods are faster and use less energy compared to conventional
pretreatment methods. In this study, we investigated the potential of Szarvasi biomass
as a biorefinery feedstock. For this purpose, the lignocellulosic structure of Szarvasi
biomass was investigated in detail. In addition, microwave-assisted pretreatments were
applied to Szarvasi biomass using different reagents including weak acids and alkali. The
produced pulp, hydrolysates, and extracted lignin were quantitatively characterized. In
particular, the alkali pretreatment significantly enhanced the saccharification efficiency of
the pulp 16-fold compared to untreated biomass of Szarvasi. The acid pretreatment
directly converted 25% of the cellulose into glucose without the need of enzymatic
digestion. In addition, based on lignin compositional and lignin linkage analysis a lignin
chemical model structure present in Szarvasi biomass could be established.

Keywords: Szarvasi (Agropyron elongatum), microwave pretreatment, lignocellulosic biomass, plant cell wall,
biofuels, perennial plants

INTRODUCTION

In terms of a sustainable bio-economy, alternative renewable resources have to be identified to
replace fossil-based resources. The production of such biogenic resources should ideally avoid
land-use conflicts, be ecologically sensible, and should further be easily processable to meet the
future demands of raw materials and resulting products in a sustainable manner. Lignocellulosic
biomass represents a renewable carbon resource that can be converted into biofuels and other
valuable commodity chemicals (Binod et al., 2012; Sasaki et al., 2019). Lignocellulosic biomass
consists mainly of the carbohydrate’s cellulose (38–50%) and various hemicelluloses (20–32%),
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and the polyphenol lignin (10–25%) (Mohammad and
Keikhosro, 2008; Pauly and Keegstra, 2008; Kumar et al., 2009).
However, the production of lignocellulosic biomass competes
with land usage for food/feed production and may have adverse
effects on soil and ecological systems (Tilman et al., 2009;
Nahm and Morhart, 2018). To address this land-use trilemma
for sustainable production of lignocellulosic biomass, certain
perennial plants were found to be capable to grow on marginal
soils which are unsuitable for food or feed production, and still
produce large amounts of biomass. Some prominent examples
are e.g., Sida (Sida hermaphrodita L. Rusby), Silphium (Silphium
perfoliatum L.), Miscanthus (Miscanthus × giganteus), and
Szarvasi (Agropyron elongatum) (Csete et al., 2011; Arnoult and
Brancourt-Hulmel, 2015; Nabel et al., 2016; Cossel et al., 2020).

The tall wheatgrass cultivar Szarvasi-1, a perennial grass
species also known as Elymus elongatus subsp. ponticus cv.
Szarvasi-1 (hereafter referred to as “Szarvasi” only), originated
from the Mediterranean basin and has been grown as an
energy grass in Hungary to provide biomass for solid biofuel
energy production (Csete et al., 2011). The wheatgrass genus is
known by various names, represented by Elymus elongatus (Host)
Runemark (tall wheatgrass), Agropyron elongatum (Host) Beauv.,
Elytrigia elongata (Host) Nevski, E. pontica (Podp.) Holub,
Elymus varnensis (Velen.) Runemark, Lophopyrum elongatum
(Host) A. Löve and Thinopyrum ponticum (Podp.) Liu &
Wang, among others (Csete et al., 2011). As an intra-specific
hybrid of drought-tolerant and robust E. elongatus subsp.
ponticus populations from Hungary and different pontic areas,
the Szarvasi-1 energy grass was originally bred in Szarvas
(East Hungary), officially recognized by the Hungarian Central
Agricultural Office in 2004 (Janowszky and Janowszky, 2007;
Csete et al., 2011). While tall wheatgrass has been grown
throughout the world for various purposes such as land
remediation, erosion control, and forage (Csete et al., 2011), it
has recently been proposed as an alternative feedstock crop to
maize for biogas production (Dickeduisberg et al., 2017). Szarvasi
grass varieties were subsequently adapted in Germany, the Czech
Republic, and other countries (Bernas et al., 2019). Szarvasi
can grow on semiarid lands and can tolerate a large range of
temperatures (35 to –35◦C). Szarvasi can yield 10–25 tons dry
matter/ha biomass per year depending on the soil conditions and
water availability (Csete et al., 2011). Recent studies show that
Szarvasi biomass yields can be augmented with sewage sludge
treatment from communal wastewater (Rev et al., 2017).

Lignocellulosic biomass is recalcitrant toward enzymatic
digestion since the polymer’s cellulose, lignin, and hemicellulose
are interconnected. For example, the enzymatic accessibility of
cellulose is strongly impeded by lignin (Zhao et al., 2021).
Biomass pretreatment methods are thus required to open up
the lignocellulose to allow enhanced accessibility of enzymes.
However, pretreatment processes are the most expensive step
in bioethanol production (Agu et al., 2018). Hence efficient
pretreatment methods are required to release sugars from
lignocellulosic biomass that are then converted by microbes to
commodity chemicals. Most pretreatment methods involve a
separation step of lignin and hemicelluloses from the biomass
to produce a cellulose enriched pulp. The cellulose enriched

pulp can then be used as raw material for paper production or
further hydrolyzed to glucose. Examples of such pretreatments
encompass physical methods such as mechanical comminution
(Mayer-Laigle et al., 2018), pyrolysis (Zadeh et al., 2020),
physicochemical pretreatments such as steam explosion (Pielhop
et al., 2016), ammonia fiber explosion (AFEX) (Mathew et al.,
2016), carbon dioxide explosion (Morais et al., 2015), and
chemical pretreatments such as ozonolysis (Travaini et al., 2016),
acid hydrolysis (Dávila et al., 2021), alkaline hydrolysis (Kim
et al., 2016), oxidative delignification (Hernández-Guzmán et al.,
2020), an Organosolv Process (Borand and Karaosmanoğlu,
2018), an Organocat method (Grande et al., 2019) and various
biological pretreatment methods (Sindhu et al., 2016).

Microwave (MW) pretreatment is one of the suitable
pretreatment methods which can be faster and may require
less energy compared to conventional methods (Binod et al.,
2012). MW treatment involves physical-chemical processes and
combines both thermal and non-thermal effects on biomass.
Moreover, MW pretreatment disrupts the recalcitrant structures
of the biomass by selectively applying the heating on the polar
parts in the aqueous environment. While conventional heating
transfers the heat through the surface, the microwave produces
the heat directly inside the material, which reduces the energy loss
in the process. Moreover, the use of MW has advantages in faster
energy transfer, controlled heating, shorter residence time, etc.
Hence, MW pretreatment can considerably decrease the overall
pretreatment time of the biomass and increase the efficiency of
the pretreatment (Agu et al., 2018). Several studies have shown
that MW pretreatment is an efficient technique to reduce energy
consumption during the pretreatment of biomass. However, MW
pretreatment conditions such as time, temperature, reagents, and
microwave power influence the recalcitrance of the pulp and
formation of other by-products (Zhu et al., 2015a,b; Bundhoo,
2018; Sweygers et al., 2018). Combining MW with chemical
pretreatments increases the removal of lignin and hemicellulose
and increases the accessibility of cellulose to the enzymes of a
later saccharification process. Due to these advantages, several
microwave pretreatment methods have been optimized for
various types of biomass (Bundhoo, 2018). In addition to energy
consumption, pretreatment reagents can account for nearly 19%
of the total production cost of biofuel production (Kumar et al.,
2019). Therefore, the used reagents in the pretreatment process
should be economically competitive, act efficiently, and should
be recyclable. For example, MW pretreatment of e.g., Miscanthus
biomass using 0.4 M NaOH or 0.2 M H2SO4 at 180◦C shows a
higher saccharification efficiency compared to other conditions
(Zhu et al., 2015a,b). Another study employing bode wood
(Styrax tonkinensis) biomass shows that a MW pretreatment with
1.0% (w/w) H2SO4 produced glucose from cellulose successfully
without an enzymatic follow-up step (Sasaki et al., 2019).

Another important prerequisite for an economically
competitive bio-refinery process is the valorization of lignin
(Ragauskas et al., 2014; Xie et al., 2016). Several chemicals
and value-added products can be produced from lignin such
as aromatic building blocks, fuels, bulk chemicals, bio-based
polymers, antioxidants, immunostimulants, and others (Zakzeski
et al., 2010; Sun et al., 2018). However, the lignin composition
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varies among plant species (HatWeld et al., 2009; Lupoi et al.,
2015). For an optimized utilization of lignin in a biorefinery
process chain, it is thus important that lignin composition and
linkages are structurally and quantitatively characterized (Yelle
et al., 2008; Cheng et al., 2013; Lupoi et al., 2015).

In this study, a detailed quantitative analysis of lignocellulosic
biomass of Szarvasi is presented including cellulose,
hemicellulose, and lignin content and composition using in
addition to traditional chemical methodologies also a 2D
HSQC (Heteronuclear single quantum coherence) NMR
(Nuclear Magnetic Resonance) spectroscopy method. Different
microwave pretreatment conditions, using different reagents and
concentrations (0.1 M NaOH, 0.2 M NaOH, 0.4 M NaOH, 0.6 M
NaOH, 0.1 M H2SO4, 0.2 M H2SO4, 0.4 M H2SO4, 0.6 M H2SO4,
and H2O), were applied on Szarvasi biomass. In addition, the
production of both pulp and direct glucose conversion were
investigated to find suitable microwave pretreatment methods
for the Szarvasi biomass.

MATERIALS AND METHODS

Plant production and plant material used: Biomass of Szarvasi
was produced on fields and was harvested for several years
after establishment. The experimental field site was established
in May 2012, located in direct proximity to the Research
Centre Jülich (Forschungszentrum Jülich GmbH; 50◦53′47′′
north and 6◦25′′ n′′ east; 80 m a.s.l.) and had a size of
approx. 360 m2. Seeds of Szarvasi were sown at 32 kg/ha
employing a Combiliner Integra 3003, HRB 302 (Kuhn S.
A., Saverne, France), and a John Deere 6620 (John Deere,
Illinois, United States). The soil type of the field site is a
luvisol with a clear gradient of pebble stone share as described
elsewhere (Nabel et al., 2017). No fertilizers or pesticides were
applied until biomass harvest in its third year of growth,
on August 26, 2015. The mean temperature in the year of
the harvest was 11.1◦C, and the mean precipitation amount
accounted for 678 mm. Plants were harvested manually from
randomly chosen spots of 1 m2. The harvested biomass was
dried at 85◦C, subsequently milled (<1 mm, Retsch SM 200)
and homogenized. Plants of the biomass material used in this
study had a median height of 147 cm and a dry matter
content of 68%.

Alcohol insoluble residue (AIR) of the biomass was prepared
as described elsewhere (Weidener et al., 2020). In brief, Szarvasi
plant material (500 mg) was ground to a powder using a
PM100 Retsch ball mill in 10 ml grinding jars. The ground
material was washed with 70% aqueous ethanol (20 ml)
followed by washing the material with methanol:chloroform
solution (1:1, v:v, 20 ml a total of 3 times) to obtain the AIR
material. The obtained lignocellulosic AIR material was de-
starched using α-amylase and Pullulanase (Sigma-Aldrich/Merck
KGaA, Darmstadt, Germany). The de-starched AIR material
of the Szarvasi biomass was used to quantify the lignin
content, lignin composition, crystalline cellulose content, and
acetylation content.

Microwave pretreatment procedure: The microwave
pretreatment was performed as previously described with
some modifications (Zhu et al., 2015b). A sample of 400 mg
homogenized Szarvasi biomass was mixed with 16 ml of a
pretreatment reagent (different reagents: 0.1 M NaOH, 0.2 M
NaOH, 0.4 M NaOH, 0.6 M NaOH, 0.1 M H2SO4, 0.2 M H2SO4,
0.4 M H2SO4, 0.6 M H2SO4, or H2O) in a microwaveable glass
reactor (30 ml), which was sealed with a Teflon cap and equipped
with a magnetic stir bar. A microwave (Monowave 450) was used
to treat the biomass at 180◦C for 20 min at 600 rpm stirring
conditions. After the microwave pretreatment, the mixture
was neutralized with 1 M HCl or 1 M NaOH. The neutralized
mixture was centrifuged at 4,000 rpm for 20 min to separate the
solid biomass (pulp) and hydrolysate fractions. After that, the
hydrolysate fraction was separated by careful decantation and
stored at –80◦C for further analysis. The separated solid material
(pulp) was rinsed with a small amount of ethanol (5 ml) and
dried in an oven at 50◦C. As mentioned in the literature (Zhu
et al., 2015b), the ethanol washing of the solid fraction helps to
remove any possible inhibitors formed during the microwave
process and also helps to dry the solid biomass fraction quickly.

Structural characterization of Szarvasi AIR: The crystalline
cellulose content of Szarvasi biomass and pulp materials were
determined as previously described (Foster et al., 2010b). In
brief, plant material (2 mg) was treated with 1 ml of Updegraff
reagent (Acetic acid:nitric acid:water, 8:1:2 v/v) by incubating
30 min at 100◦C. Subsequently, the mixture was cooled to
room temperature (RT), the supernatant was discarded, and the
pellet dried at 40◦C using a nitrogen sample concentrator. The
dried pellet was treated with 72% aqueous sulfuric acid (seaman
hydrolysis) (Saeman et al., 1954). The resulting hydrolyzed
glucose was then treated with the anthrone reagent (2 mg
anthrone/1 ml sulfuric acid). The absorbance (625 nm) was
measured using a plate reader (Spectra Max, Molecular Devices,
LLC. San Jose, CA, United States). Glucose (and hence the
crystalline cellulose content), was calculated from the measured
absorbance and by establishing the standard curve.

The lignin content of the raw biomass and pulp materials
was determined by the acetyl bromide (AcBr) soluble lignin
method as described elsewhere (Foster et al., 2010a). In brief,
Szarvasi biomass or pulp (1 mg) was treated with freshly made
acetyl bromide solution (25% v/v acetyl bromide in glacial acetic
acid) at 50◦C for 3 h. After neutralization with 2 M NaOH and
hydroxylamine hydrochloride, the lignin content was determined
by measuring the absorbance at 280 nm using a plate reader
(Spectramax instrument, Molecular Devices, LLC. San Jose, CA,
United States). Kraft-Lignin (0.1–0.6 mg) was used as a standard
(Sigma-Aldrich/Merck KGaA, Darmstadt, Germany).

Lignin composition was determined by the thioacidolysis
derivatization method followed by separation of the derivatives
using a gas chromatograph coupled with a quadrupole mass
spectrometer (GC-MS) as described previously (Foster et al.,
2010a). In brief, 200 ml of thioacidolysis reagent [2.5% boron
trifluoride diethyl etherate (BF3), 10% ethanethiol (EtSH) in
dioxane] was added to the Szarvasi biomass or pulp (2 mg) and
replaced the remaining air in the sample vial with nitrogen gas.
The samples were incubated at 100◦C for 4 h and subsequently
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cooled to RT and, neutralized with 0.4 M sodium bicarbonate.
In the following, the dissolved lignin was extracted by ethyl
acetate. The extracted lignin was derivatized by adding 100 µl of
TMS [N,O-bis(trimethylsilyl) acetamide], 20 µl of pyridine, and
500 µl of ethyl acetate, and the mixture was incubated for 2 h
at RT. The lignin composition was determined by using GC-MS
(Gas chromatography–Mass spectrometry, Agilent Technologies,
Santa Clara, CA, United States) utilizing an SLB-5 column
(30 m × 250 µm i.d., 0.25 µm; Sigma-Aldrich/Merck KGaA,
Darmstadt, Germany). The employed MS detection settings were:
Single-Ion monitoring (SIM) m/z 239, 269, and 299.

The hemicellulosic monosaccharide composition was
determined as described previously (Foster et al., 2010b). In
brief, 1 mg of dried raw biomass, pulp, or hydrolysates were
treated with 2 M trifluoroacetic acid (TFA hydrolysis) for
90 min at 120◦C. After incubation, the TFA was evaporated
under nitrogen gas at 40◦C. The dried sample was dissolved
in Ribose solution (internal standard Ribose (30 µg/ml) in
water). The released monosaccharides were quantified using
an ion chromatography method (IC/HPAEC-PAD, KNAUER
Wissenschaftliche Geräte GmbH, Berlin, Germany).

The acetate content was determined as described in an earlier
study (Schultink et al., 2015). In brief, Szarvasi biomass and pulp
(2 mg) samples were saponified through incubation of 1 M NaOH
for 1 h at room temperature. An acetic acid kit (Megazyme Bray,
Ireland) was used to detect the acetic acid content and follow the
described procedure (Schultink et al., 2015; Megazyme, 2018).
The absorbance (340 nm) of the samples was measured using a
plate reader (Spectramax instrument, Molecular Devices, LLC.
San Jose, CA, United States). The released acetic acid in the
supernatant was quantified from the measured values using the
formula mentioned in the above literature.

Furfural quantification in the aqueous hydrolysate was
achieved by using a published procedure (Martinez et al., 2000).
The aqueous hydrolysate was measured using a BioTek Power
Wave HT UV-VIS Spectrometer at 284 nm.

2D HSQC NMR measurements and quantification:
Homogenized Szarvasi biomass AIR and Szarvasi pulp material
were further ground in a PM 100 Retsch ball mill as previously
described (Cheng et al., 2013). The ground material (25 mg) was
dissolved in 0.75 ml of DMSO-d6 containing 10 µl EMIM(OAc)
and stirred for 2 h at 600 rpm at 60◦C. The dissolved material
was transferred to an NMR tube, and a 2D HSQC (Heteronuclear
Single Quantum Coherence) NMR spectrum was recorded on
a 600 MHz Bruker NMR spectrometer using the following
parameters: Pulse program: hsqcetgpsisp.2, NS: 300. The NMR
spectroscopic data were processed using Bruker’s Topspin 3.6
software. The chemical shifts were referenced to the solvent
DMSO-d6 peak (δC 39.5 ppm, δH 2.49 ppm). The degree of xylan
O-acetylation was quantified as described in Schultink et al.
(2015); monosaccharide composition, polymer composition,
lignin composition, and lignin linkages were determined as
earlier described (Cheng et al., 2013; Grande et al., 2019).

The saccharification (enzymatic hydrolysis) assay was
performed as previously published (Damm et al., 2017).
The pulp materials (1 mg) were suspended in 0.1 M citrate
buffer (pH 4.5). Celluclast enzyme (0.5 µl) was added (from

Trichoderma reesei (≥700 units/g), Sigma-Aldrich/Merck KGaA,
Darmstadt, Germany) and incubated at 50◦C for various
periods (24–72 h). After enzymatic treatment, the glucose
concentration of the samples was determined using a YSI
instrument (Hodgson-Kratky et al., 2019).

RESULTS AND DISCUSSION

Szarvasi straw was harvested from the field, dried, and de-
starched alcohol insoluble residue (AIR) was prepared (Szarvasi
biomass) to determine its lignocellulosic attributes (Table 1 and
Figure 1). Based on the analysis, Szarvasi biomass represents a
typical grass lignocellulosic material such as Miscanthus straw or
maize stover (Damm et al., 2017). In particular, Szarvasi biomass
contains a high amount of xylose content and a significant
amount of arabinose in its hemicellulose. Guaiacyl (G)-lignin
(52.8%) and significant amounts of p-hydroxy phenyl (H)-lignin
(3.3%) units (Table 1), which are indicative of a typical grass
cell wall (Loqué et al., 2015) were found in Szarvasi biomass as
well as Syringyl (S)-lignin (43.9%), which is lower compared to
G-lignin (Table 1).

2D HSQC NMR spectroscopy was used to quantitatively
characterize Szarvasi biomass in more detail. Such an analysis
allows for additional lignocellulosic structural information such
as p-coumarate and ferulate content and the various linkages
between the lignin units (Figure 2 and Supplementary Table 1).
This analysis confirmed that Szarvasi biomass represents a typical
grass-based biomass due to the presence of p-coumarate (pCA;
6%) and ferulic acid (FA, 5%; Table 2) and the high abundance of
β-aryl-ether (β-O-4) lignin linkages (84%). In addition, Szarvasi
biomass also contains other types of lignin linkages such as
Phenyl-coumaran (β-5 (Bα), 3.3%), Resinol (β-β (Cα), 1.6%) and
Dibenzodioxocin (5-5′/4-O-β′ (Dα), 10.7%), which are typical
for grass lignocellulosics. Based on the quantitative data of
the lignin analysis a representative model of lignin in Szarvasi
could be assembled (Figure 3). This model is very similar
to that proposed for another grass straw, namely Miscanthus
(Cheng et al., 2013).

Szarvasi biomass was subjected to various microwave
pretreatments. These pretreatments included ultrapure water
(pH 5.5), various acid (0.1 –0.6 M H2SO4), and various alkali
(0.1–0.6 M NaOH) concentrations. After the various microwave
pretreatments, the remaining solids (pulps) were separated
from the hydrolysate by centrifugation and both fractions were
analyzed further.

Depending on the treatment, various colorizations of the
pulps could be observed (Figure 1). The pulps after NaOH
pretreatments appeared more bleached with higher alkali
concentrations, whereas the pulp of the H2SO4 pretreatments
turned dark brown with higher acid concentrations (Figure 1).
The darker color might be due to the precipitation of cleaved
lignin onto the cellulose surface of the pulp (Li et al., 2007; Zhu
et al., 2015b). Lignin precipitation on the surface of the pulp
fibers was also observed in ethanol-based Organosolv processing
of wheat straw by studying the pulp material through a scanning
electron microscope (Xu et al., 2007).
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TABLE 1 | Characterization of szarvasi biomass and pulps after various microwave treatments including alkaline (NaOH), neutral (H2O), or acidic pretreatments (H2SO4).

Pretreatment
(Pulp) (± St. dev)

Pulp weight
(mg)

Lignin (%) Crystalline
cellulose (%)

Syringyl (S)
(%)

Guaiacyl (G)
(%)

p-Hydroxy-phenyl
(H) (%)

S/G ratio O-Acetylation
(%)

Szarvasi biomass 400 19.6 ± 0.3df 39.7 ± 4.6d 43.9 ± 1.1b 52.8 ± 2.0b 3.3 ± 0.9 0.8 2.4 ± 0.1c

0.1 M NaOH 213 ± 7 7.7 ± 0.5a 57.5 ± 7.3a 44.6 ± 0.1ab 53.9 ± 0.3ab 1.5 ± 0.2 0.8 0.0a

0.2 M NaOH 191 ± 3 4.5 ± 0.7c 64.0 ± 2.3abc 42.4 ± 0.5bd 55.1 ± 0.3bd 2.5 ± 0.2 0.8 0.0a

0.4 M NaOH 161 ± 6 2.8 ± 1.2c 69.4 ± 3.8bc 39.8 ± 1.5cd 56.0 ± 1.4cd 4.2 ± 0.2 0.7 0.02a

0.6 M NaOH 146 ± 5 2.3 ± 0.2c 72.2 ± 5.8c 38.2c
± 0.4 57.0c

± 0.4. 4.8 ± 0.2 0.7 0.0a

H2O 252 ± 6 17.6 ± 1.3f 54.4 ± 4.6a 43.7 ± 2.8b 53.9 ± 2.6b 2.4 ± 0.2 0.8 1.9 ± 0.1d

0.1 M H2SO4 153 ± 17 11.0 ± 1.1b 76.0 ± 4.0c 40.4 ± 0.1cd 57.5 ± 0.0cd 2.1 ± 0.2 0.7 0.03a

0.2 M H2SO4 102 ± 4 13.2 ± 0.6b 56.6 ± 3.3a 47.5 ± 0.2a 50.6 ± 0.1a 1.9 ± 0.1 0.9 0.06 ± 0.1a

0.4 M H2SO4 68 ± 3 20.4 ± 0.3d 28.4 ± 0.3d 52.0 ± 0.9e 44.9 ± 0.9e 3.1 ± 0.5 1.2 0.2ab

0.6 M H2SO4 67 ± 6 25.4 ± 1.1e 2.8 ± 3.4e 53.4 ± 0.0e 42.8 ± 0.4e 3.8 ± 0.3 1.2 0.3b

St. dev: standard deviation, n = 3. The superscript letters indicate significant differences based on an ANOVA Tukey HSD test.

FIGURE 1 | Szarvasi biomass and pulps after various microwave pretreatments including alkaline (NaOH), near neutral (H2O), or acidic pretreatments (H2SO4).

As shown in Table 1 the microwave pretreatments resulted
in significant hydrolysis of components from the Szarvasi
biomass as indicated by the weights of the remaining pulps.
The microwave treatment in water resulted already in a 37%
mass loss (400 mg raw material–remaining pulp 252 mg,
Table 1). The addition of an alkaline catalyst resulted in a
higher mass loss—at the highest NaOH concentration used
(0.6 M) only 36.5% pulp remained. An even more pronounced
pulp mass loss was achieved with the acid catalyst—at the
highest sulfuric acid concentration, only 17% solids remained.
Alkaline pretreatment (10% NaOH, 90◦C, 1 h) of Napier
grass yielded around 47.4% solid recovery, which is higher
compared to 0.6 M NaOH MW pretreatment. However, the
Alkaline pretreatment could not efficiently remove the lignin
and still contains 19.5% lignin of a total 25% lignin content
(Tsai et al., 2018).

The higher concentrations of alkali catalyst lead to a near loss
of lignin in the remaining pulp. Considering that the Szarvasi
biomass contained 78.4 mg lignin (corresponding to 19.6% in a
total of 400 mg, Table 1) the remaining pulp after microwave
treatment in the presence of 0.6 M NaOH contained only
3.3 mg (corresponding to 2.3% in a total of 146 mg). This result
demonstrates that under these conditions 96% of the biomass
lignin was hydrolyzed. The addition of an acid catalyst was not as
effective. The lowest concentration of sulfuric acid (0.1 M) leads
to a reduction of the initial 78.4 mg lignin before the pretreatment

to 16.8 mg after pretreatment (pulp: 11.0% of 153 mg). Increasing
the amount of acid catalyst did not decrease the remaining pulp
lignin any further. In our study, we obtained better results with
0.6 M NaOH compared to the 0.4 M NaOH MW pretreatment
of Miscanthus biomass (Zhu et al., 2015b) and compared to
Alkaline pretreatment (10% NaOH, 90◦C, 1 h) of Napier grass
(Tsai et al., 2018).

The crystalline cellulose and lignin content of the remaining
pulps were determined by classical chemical means (Table 1)
and by 2D HSQC analyses (Supplementary Table 1). At high
concentrations of the acid catalyst, most of the cellulose in
the pulp was removed with a relatively high percentage of
lignin remaining. A similar trend has been shown previously
by microwave pretreatment of Miscanthus biomass and using
acetic acid as an acid catalyst of aspen wood (Li et al., 2007;
Zhu et al., 2015b). Also, as published previously, dilute acid
pretreatment of Napier grass did not show any effect on lignin
removal and showed slightly higher amounts of lignin compared
to raw biomass (Tsai et al., 2018). One explanation is the re-
deposition of cleaved lignin on the surface of the material
by re-polymerization (Li et al., 2007; Zhu et al., 2015b). In
addition, under acidic pretreatment conditions, the formation of
pseudo-lignin was observed (Sannigrahi et al., 2011). Increasing
the concentration of acid catalyst or pretreatment time also
increased lignin content by the formation of pseudo-lignin
(Shinde et al., 2018).
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FIGURE 2 | 2D 13C-1H HSQC NMR spectrum of Szarvasi biomass. (A) Expansion of the aromatic region of the spectrum; (B) aliphatic region; (C) anomeric and
O-acetylation region. The assignment of the cross-peaks is indicated (for abbreviations see Supplementary Table 1).

In contrast, high alkaline catalyst concentrations removed
lignin with a high residual cellulose content. The hemicellulose
content was reduced in the pulp utilizing both types of
catalysts–the higher the catalyst concentration the more of the
hemicellulosic sugars were removed from the pulp (Figure 3

and Supplementary Table 1). In particular, the pentosyl-units
xylose and arabinose are removed upon pretreatment with higher
amounts of both catalysts indicating that the hemicellulose
arabinoxylan is hydrolyzed and/or degraded. The acidic catalyst
at a low concentration leads to a significant and at higher
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TABLE 2 | Release of glucose [µg glucose/mg (biomass/pulp)] by enzymatic hydrolysis at different incubation times and enzyme concentrations of Szarvasi materials
(biomass, remaining pulps after microwave pretreatment with various concentrations of acidic or alkali catalyst).

Pulp/biomass µg (glucose)/mg
(biomass/pulp) (± St. dev)

Amount of glucose released at different time intervals (hours) and (amount of enzyme used)

24 h (0.5 µl) 48 h (0.5 µl) 72 h (0.5 µl) 24 h (5 µl) 48 h (5 µl)

Szarvasi biomass 31.7 ± 3e 43.8 ± 3 42.5 ± 5 84.4 ± 6 86.2 ± 5

0.6 M H2SO4 39.7 ± 4e 67.5 ± 5 74.9 ± 8 95.7 ± 7 107.3 ± 9

0.4 M H2SO4 63.7 ± 13be 105.8 ± 26 122.5 ± 34 152.0 ± 26 193.5 ± 33

0.2 M H2SO4 114.4 ± 16bc 188.3 ± 31 212.4 ± 42 335.5 ± 9 468.4 ± 31

0.1 M H2SO4 164.5 ± 44cg 267.4 ± 59 289.3 ± 75 412.5 ± 82 510.5 ± 94

H2O 123.8 ± 5bc 204.6 ± 7 228.6 ± 6 261.6 ± 12 306.7 ± 17

Crystalline cellulose 275.4 ± 29f 442.4 ± 45 494.9 ± 48 627.7 ± 6 782.0 ± 13

0.1 M NaOH 440.2 ± 28a 598.5 ± 34 608.7 ± 32 708.4 ± 32 737.5 ± 43

0.2M NaOH 470.6 ± 41ad 678.1 ± 24 677.3 ± 22 738.3 ± 64 763.7 ± 54

0.4M NaOH 501.9 ± 32ad 686.9 ± 28 690.9 ± 25 791.7 ± 70 820.5 ± 71

0.6M NaOH 529.0 ± 15d 729.8 ± 18 733.5 ± 13 836.6 ± 49 870.0 ± 52

Organocat 225.3 ± 42fg N.D N.D N.D N.D

St. dev: standard deviation, n = 3. Different letters above bars indicate significant differences, assigned based on the ANOVA Tukey HSD test (n = 3). N.D., not detected.

FIGURE 3 | Lignin model structure present in Szarvasi biomass. The lignin model was constructed based on the HSQC NMR data analysis (Supplementary
Table 1). Lignin monomers: S, syringyl; G, guaiacyl; H, p-hydroxyphenyl; FA, ferulate; pCA, p-coumarate. Lignin linkages: A, β-aryl ether; B, phenylcoumaran; C,
resinol; D, dibenzodioxocin linkages.

concentration complete removal of arabinoxylan. Similar results
have been obtained previously with microwave pretreatment of
Miscanthus biomass (Zhu et al., 2015a,b).

The lignin composition and linkage types in the remaining
pulps were established using thioacidolysis (Table 1) and
2D HSQC (Supplementary Table 1) methods. Overall

the lignin composition did not show major changes upon
microwave pretreatment using either acid or alkali catalysts.
The addition of the acid catalyst leads to a change of the S/G
(Syringyl/Guaiacyl) ratio with a higher abundance of S-lignin
in the remaining pulp. Concerning the lignin linkages, the acid
catalyst eliminated the resinol and dibenzodioxacin linkages,
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and the remaining lignin in the pulp contained only the β-aryl-
ether (92%) and phenyl coumaran (8%) linkages. Since the
alkali treatment leads to a removal of lignin units no linkages
could be detected.

The Szarvasi lignocellulosic biomass contains polysaccharides
that are O-acetylated, but the degree of O-acetylation is lower
(2.4%; Table 1) compared to the one reported for Miscanthus
biomass (∼4%) and corn stover (∼3%) but higher compared to
rice straw (∼2%) (Bhatia et al., 2020). Based on 2D-HSQC NMR
analysis, the Szarvasi biomass contained 26% of O-acetylation on
xylan (Supplementary Table 1 and Supplementary Figures 1–
6), mainly at the O-3 position, O-2 position, and to a much
lesser extent at both O-2 and O-3 positions of the xylosyl-residue.
Microwave pretreatments with both acid and alkali catalysts
significantly reduced the degree of O-acetylation. In the case of
the alkali pretreatment, even at a low concentration, the (xylan)
acetyl esters are completely removed.

The economic competitiveness of processing plant biomass to
commodity chemicals demands the utilization of all fractionation
streams. Hence, the hydrolysate (liquid phase) of the microwave
pretreated Szarvasi biomass was analyzed. Using an acid catalyst

in the microwave pretreatment resulted in the release of a large
amount of glucose due to the hydrolysis of cellulose (Figure 4).
An increase in acid catalyst concentration resulted in a reduction
in glucose likely due to the degradation of glucose to furfural,
levulinic acid, and hydroxymethylfurfural (HMF) as has been
reported in a previous study (Shinde et al., 2018). Indeed,
furfural was found in the hydrolysate particularly when higher
concentrations of the acidic catalyst were used (Supplementary
Table 2). It should be noted that significantly lower amounts of
furfural were formed during the microwave pretreatments used
here compared to other pretreatment methods (27.5–122.4 mg/L)
(Jönsson and Martín, 2016; Grande et al., 2019). In contrast, the
use of the alkaline catalyst showed the predominant release of
xylose due to the degradation of the hemicellulose arabinoxylan
(Figures 4, 5). The conversion of cellulose to glucose was
marginal as was the production of furfural. Arabinoxylan was also
hydrolyzed using the acid catalyst (xylose content in the pulp,
Figure 4). However, little xylose was found in the hydrolysate
suggesting that the released xylose was converted into furfural
and other chemicals (Aarum et al., 2018; Shinde et al., 2018;
Figure 5).

FIGURE 4 | Monosaccharide composition [µg sugar/mg biomass (pulp)] in Szarvasi pulp after different microwave pretreatments. Different letters above bars
indicate significant differences, assigned based on the ANOVA Tukey HSD test (n = 3).

FIGURE 5 | Monosaccharide composition (µg sugar/mg biomass) in Szarvasi hydrolysates of different microwave pretreatments. Different letters above bars indicate
significant differences, assigned based on the ANOVA Tukey HSD test (n = 3).
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The lignin content in the hydrolysates was quantified as well
(Supplementary Figure 7). Adding a catalyst to the microwave
pretreatment resulted in an increase of lignin in the hydrolysate
in particular when using the highest concentration of the alkaline
catalyst. The lignin composition of extracted lignin is different
compared to Szarvasi biomass (Table 1 and Supplementary
Table 3). The extracted lignin contains a higher abundance
of S-lignin and a lower amount of G-lignin compared to the
Szarvasi raw biomass. The lignin composition in hydrolysates
using higher concentrations of acid catalyst could not be
determined with the thioacidolysis method used here, even
though the samples contained lignin when using the photometric
method (Supplementary Figure 7). One explanation is the
formation of condensed, modified lignin sometimes referred to
as pseudolignin under these conditions (Aarum et al., 2018;
Shinde et al., 2018), which would be detected photometrically,
but it’s content of S, G, H-units cannot be determined with the
method used here.

In the current plant biomass conversion process the pretreated
pulp material is subjected to enzymatic digestion to convert
cellulose to glucose, which can then be fermented by microbes.
Hence, the various pulps after the microwave pretreatments
were subjected to such an enzymatic saccharification process
and the resulting glucose amounts were quantified (Table 2
and Supplementary Figure 8). The saccharification assay
results showed that the NaOH pretreatments significantly
enhanced the saccharification efficiency of Szarvasi biomass.
The saccharification yield of pulp obtained from the 0.1 to 0.6
M NaOH pretreatments are significantly higher compared to
untreated Szarvasi biomass and the pulp obtained from H2O
pretreatment. The addition of the alkaline catalysts enhances
significantly the saccharification yield of Szarvasi biomass in
particular when using the highest catalyst concentration (0.6 M
NaOH). This might be due to a reduction of the cellulose polymer
length as well as swelling of the cellulose microfibrils allowing
enhanced enzyme access to its substrate (McParland et al.,
1982). In contrast to the NaOH pretreatment, the saccharification
yield of 0.1–0.6 M H2SO4 pretreatments was different and
the saccharification efficiency of the pulp was decreased with
the increase of the concentration of H2SO4 (Table 2 and
Supplementary Figure 8). The addition of the acid catalyst also
enhances saccharification yield but to a much lesser extent. Using
the highest concentrations of acidic catalyst yields very little
glucose during the enzymatic digestion as most of the glucose is
already released in the hydrolysate of the pretreatment (Table 2
and Figure 4). The effect of different pretreatments on glucose
release in the enzymatic hydrolysis can be clearly observed from
Table 2, Figure 6 and Supplementary Figures 8, 9. If a different
amount of enzyme was added to each pulp sample based on the
crystalline cellulose content, we would expect similar results. In
a biorefinery setting enzymes are also supplied to the reaction in
excess of substrate and based on biomass rather than substrate,
i.e., cellulose, loading.

In addition, at acidic pretreatment conditions, less lignin
was removed and/or re-precipitated on the surface of cellulose
microfibrils, thus reducing enzyme accessibility to cellulose and
removing enzyme due to adhesion (Hu et al., 2012; Li et al., 2018;

FIGURE 6 | Inverse correlation between lignin content (Table 1) and glucose
saccharification yield (Table 2) of various pretreated Szarvasi pulps.

Santos et al., 2019). Moreover, the formation of lignin-like
structures (pseudo-lignins or humins) by degradation of plant
polysaccharides during acidic pretreatments (e.g., H2SO4 or OA)
could also prevent the enzyme accessibility to cellulose, which
leads to lower saccharification efficiency (Shinde et al., 2018).
The saccharification efficiency of the pulp obtained in acid-
pretreatment can be improved by removing the residual lignin
and by altering the recalcitrance structure of pulp using a post-
extraction process with reagents such as phosphoric acid, urea,
and ethanol (Huang et al., 2019). Our results show an inverse
relationship between lignin content and saccharification yield
of the various pretreated pulps, as shown in Figure 6. We
observed that even though the 0.1 M H2SO4 pulp contained
higher amounts of cellulose, lower saccharification yields were
obtained compared to 0.1 M NaOH pulp, since 0.1 M H2SO4
contains slightly higher amounts of lignin (11.0%) compared
to 0.1 M NaOH pulp (7.7%, Tables 1, 2). Some recent studies
showed that lignin can interact with the β-glucosidase or
endoglucanase enzymes and could reduce their activities to a
very low level by their binding through hydrogen bonding,
electrostatic and/or, hydrophobic interactions, or others (Zhao
et al., 2021). Moreover, a positive correlation was observed
between the cellulose content and saccharification yield of the
various pretreated pulps (Supplementary Figure 9). Hence,
other acidic catalyst pretreatments such as Organocat yields less
glucose in the saccharification assay than the alkaline microwave
pretreatment (Table 2).

CONCLUSION

A comprehensive analysis of the lignocellulosic structure of
the biomass of Szarvasi, a perennial energy grass, demonstrates
its similar lignocellulosic attributes compared to other energy
grasses. Hence, one can expect similar yields with tested
pretreatment and conversion processes carried out on other grass
biomass materials.

Under the conditions used here, a microwave pretreatment
with an alkaline catalyst (0.6 M NaOH) produced a pulp with
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significant enrichment in crystalline cellulose and a concomitant
low lignin and hemicellulose content. A pulp with such attributes
might be advantageous for the production of paper/tissue
products. In addition, the enzymatic saccharification efficiency of
such a pulp was increased 16-fold when compared to untreated
Szarvasi biomass. The pretreatment hydrolysate contained large
amounts of monosaccharides such as xylose that can be used
for the production of e.g., xylitol, sorbitol, itaconic acid, and/or
levulinic acid. Conversely, microwave pretreatments with an
acidic catalyst did not result in a reduction in lignin content
and hence yielded only slightly higher saccharification yields.
However, it should be noted that the use of the acidic catalyst
at lower concentrations leads to the direct production of glucose
in the hydrolysate of the pretreatment without the necessity of a
follow-up enzymatic saccharification step.
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Plant Cell Wall Polymers
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Efficient separation of the plant cell wall polymers during lignocellulose processing has 
been historically challenging due to insolubility of the polymers and their propensity for 
recalcitrant reassembly. Methods, such as “lignin first” extraction techniques, have 
advanced efficient biomass use, but the molecular mechanisms for recalcitrance remain 
enigmatic. Here, we  discuss how solid-state Nuclear Magnetic Resonance (NMR) 
approaches report on the 3D organization of cellulose, xylan, and lignin in the plant cell 
wall. Recent results illustrate that the organization of these polymers varies across biomass 
sources and sample preparation methods, with even minimal physical processing causing 
significant effects. These structural differences contribute to variable extraction efficiencies 
for bioproducts after downstream processing. We propose that solid-state NMR methods 
can be applied to follow biomass processing, providing an understanding of the polymer 
rearrangements that can lead to poor yields for the desired bioproducts. The utility of the 
technique is illustrated for mechanical processing using lab-scale vibratory ball milling of 
Sorghum bicolor.

Keywords: solid-state nuclear magnetic resonance, Sorghum bicolor, cellulose, hemicellulose, lignin, ball milling, 
recalcitrance (saccharification), preprocessing

INTRODUCTION

Plant lignocellulosic biomass is a sustainable, renewable feedstock for producing bio-based fuels, 
chemicals, and materials (U.S. Department of Energy, 2016; Li and Takkellapati, 2018). There 
are two types of plant cell walls: the thin and expandable primary cell wall surrounding all 
cells and the thicker secondary cell wall deposited at the cessation of cell expansion in some 
cell types. Due to its thickness, the secondary cell wall forms the vast majority of lignocellulosic 
biomass (Marriott et  al., 2016). It is predominantly composed of the polysaccharide cellulose, 
a class of polysaccharides called hemicelluloses, and the aromatic polymer, lignin (Marriot et 
al., 2016). These polymers can then be  converted via chemical or biological routes into fuels 
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and other valuable chemicals that are conventionally derived 
from fossil resources (van Putten et al., 2013; Li and Takkellapati, 
2018; Baral et al., 2019; Genuino et al., 2019; Priharto et al., 2020).

A major bottleneck in the extraction of chemical precursors 
from lignocellulosic biomass is the high recalcitrance of the 
plant cell wall (Marriott et  al., 2016; Gilna et  al., 2017). 
Strategies to decrease this intrinsic recalcitrance include the 
development of plants with altered biomass composition 
(Pauly and Keegstra, 2010) and novel deconstruction methods, 
such as the use of new solvents (Kim et  al., 2018) and 
enzyme cocktails (Lopes et  al., 2018), which target key 
polymer linkages. Deconstruction methods can also introduce 
recalcitrance, for example, by the deposition of more condensed 
lignin following solubilization (Li et  al., 2016). Efforts to 
reduce recalcitrance include pretreating biomass before 
deconstruction (Yao et al., 2018; Baig et  al., 2019) and 
“lignin first” deconstruction (Li et al., 2016; Li and Takkellapati, 
2018). However, an understanding of how mechanical 
processing can cause biomass recalcitrance is needed (Gilna 
et  al., 2017; Li and Takkellapati, 2018; Baig et  al., 2019).

Mechanical processing is commonly used to reduce biomass 
particle size to increase solvent accessibility and polymer 
solubilization (Zhao et  al., 2016; Zhai et al., 2019). Lab-scale 
vibratory ball milling achieves this goal by rapidly vibrating a 
chamber containing lignocellulosic biomass with either steel or 
zirconium balls. An overview of this process is provided in 
Figure 1A. However, milling leading to recalcitrance is frequently 
reported during lignocellulosic biomass conversion efforts, impeding 
the efficiency of subsequent processing and separation steps (Tolbert 
et  al., 2014; Li et  al., 2016; Wang et  al., 2021). Milling-induced 
recalcitrance could be  due to the production of reactive lignin 
species (Zhao et al., 2016) promoting aberrant hemicellulose-lignin 
crosslinks (Terrett and Dupree, 2019) as the lignin recondenses 
(Li et al., 2016; Kang et al., 2019). Additionally, increased amorphous 
cellulose content (Ling et  al., 2019) could induce reorganization 
of hemicellulose-cellulose contacts due to their multiple modes 
of interaction (Simmons et al., 2016; Gao et al., 2020). Importantly, 
past studies on the plant cell wall structure have used mechanical 
milling to prepare samples for analysis, so the outcomes may 
be  influenced by non-native interactions and contacts between 
these polymers (Foston et  al., 2012; Park and Cosgrove, 2012; 
Zhao et  al., 2016; Li and Takkellapati, 2018; Ishak et  al., 2020).

Recent advances in the incorporation of 13C isotopes into 
living plant tissues allow characterization of the native plant 
cell wall structure at unprecedented resolution using solid-state 
Nuclear Magnetic Resonance (NMR; Dick-Pérez et  al., 2011; 
Gao and Mortimer, 2020). Current efforts reveal significant 
diversity in the organization of plant cell wall polymers across 
plant species and tissue types (Dick-Pérez et  al., 2011; Dupree 
et  al., 2015; Simmons et  al., 2016; Kang et  al., 2019; Terrett 
et  al., 2019; Gao et  al., 2020). After summarizing the current 

experimental understanding of the plant cell wall architecture 
with emphasis on solid-state NMR methods, we  illustrate the 
potential of solid-state NMR measurements to assess molecular 
changes during mechanical preprocessing using Sorghum bicolor 
(sorghum) biomass as an example. The future use of solid-state 
NMR-based methods to monitor biomass structure during 
deconstruction will provide an understanding of the molecular 
mechanisms of recalcitrance, guiding the development of rationally 
designed deconstruction and crop engineering approaches to 
enable efficient production of chemical precursors from plants.

CHEMICAL COMPOSITION AND 
ORGANIZATION OF THE SECONDARY 
PLANT CELL WALL

Complexity and insolubility are major barriers for in situ 
characterization of the native plant cell wall structure 

A

B C

D

FIGURE 1 | Ball milling approach and overview of the secondary plant 
cell wall. (A) 13C-enriched plant stems are harvested, frozen in liquid 
nitrogen, sectioned on a dry ice cooled surface, and subjected to 
vibrational ball milling using a zirconium chamber and balls. (B) The 
macroscopic organization of the secondary plant cell wall based on the 
studies reviewed in Marriot et al. (2016) and Zhang et al. (2021a). 
Cellulose fibrils are blue, lignin interspersed in the plant cell wall matrix and 
on carbohydrate surfaces is yellow, and unbound and cellulose-associated 
hemicellulose is black. (C) Solid-state NMR-based model for 
hemicellulose-cellulose interactions in eudicot Arabidopsis based on 
Simmons et al. (2016). (D) Solid-state NMR-based model for 
hemicellulose-cellulose interactions in monocot sorghum based on Gao 
et al. (2020). A major pattern of xylan substitutions is represented as 
orange ovals in (C,D). Even patterning of glucuronic acid dictates 2-fold 
xylan associates with crystalline cellulose in eudicots (Simmons et al., 
2016; Grantham et al., 2017). The irregular L-arabinosyl xylan 
substitutions in monocots allow 3-fold xylan and amorphous cellulose 
interactions (Gao et al., 2020).

Abbreviations: MS, Mass Spectrometry; CP, Cross Polarization; INADEQUATE, 
Incredible Natural Abundance Double Quantum Transfer Experiment; NMR, 
Nuclear Magnetic Resonance; PDSD, Proton Driven Spin Diffusion; DARR, Dipolar 
Assisted Rotational Resonance; FE-SEM, Field Emission Scanning Electron 
Microscopy.
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(Agarwal, 2019; Zhao et al., 2020). The chemical composition 
of the secondary plant cell wall has been primarily defined 
using liquid chromatography (Sluiter et  al., 2008), mass 
spectrometry (MS) (Jung et  al., 2012; Qi and Volmer, 2019; 
Zhang et  al., 2021b), and solution-state NMR measurements 
on solvent-extracted polymers (Kim and Ralph, 2010; Foston 
et  al., 2016; Ding et  al., 2019) and solid-state NMR (Dick-
Pérez et al., 2011; Zhao et al., 2020), vibrational spectroscopy 
(Agarwal, 2019), and X-ray diffraction (Nishiyama et  al., 
2002) measurements on native (intact) plant tissues. To help 
the reader appreciate the potential for polymer reorganization 
during processing, we  present an overview of the current 
understanding of the secondary plant cell wall chemical 
composition and architecture.

Figures 1B–D provide an overview of the major polymers 
present in the secondary plant cell wall and the current 
understanding of their general macroscopic organization. 
Interspersed cellulose fibrils provide an immobilized 
framework for a plant cell wall matrix containing water, 
soluble proteins, lignin, and hemicellulose polymers (Marriot 
et al., 2016; Zhang et  al., 2021a). The individual cellulose 
fibrils are built from linear β-(1,4)-glucan polymers composed 
of crystalline and amorphous arrangements, which differ 
primarily in their water content and hydrogen bonding 
patterns, the precise details of which are still under 
investigation (Song et  al., 2020). Hemicellulose polymers 
both rigidly associate with cellulose fibrils and extend into 
the matrix environment where they exhibit significant 
molecular motion and can interact with lignin polymers 
(Scheller and Ulvskov, 2010; Li et al., 2016; Ding et  al., 
2019; Kang et  al., 2019). Differences across monocot and 
eudicot plant species have been observed, such as variable 
substitution patterns on hemicellulose (Simmons et al., 2016; 
Grantham et  al., 2017; Zhang et  al., 2019; Gao et  al., 2020) 
and variable hemicellulose-lignin contacts (Scheller and 
Ulvskov, 2010; Terrett and Dupree, 2019).

The details of lignin structure are particularly challenging 
to analyze due to its high heterogeneity and mobility, so 
partial extraction of the polymer is often necessary to assess 
it (Foston et  al., 2012; Li and Takkellapati, 2018; Zhao 
et  al., 2020; Zhang et  al., 2021b). Lignin is a polyphenolic 
network formed from the oxidative cross-linking of the 
monolignols p-coumaryl alcohol (H), coniferyl alcohol (G), 
and sinapyl alcohol (S) (Li and Takkellapati, 2018). Lignin 
exists within the plant cell matrix, interfacing with both 
hemicellulose and cellulose (Foston et al., 2012, Figure 1B). 
Solution-state NMR in combination with MS, which relies 
on swelling ball-milled plant cell walls with deuterated 
solvents, provides detailed information on the types, 
functionalization, abundance of lignin linkages present, and 
linkage size (Kim and Ralph, 2010; Pu et al., 2011; Balakshin 
and Capanema, 2015; Foston et  al., 2016; Bergs et  al., 2020; 
Hyväkkö et  al., 2020; Zhang et  al., 2021b). However, due 
to the necessity for drying, mechanical treatment, dissolution, 
or solvent extraction in these techniques, they do not report 
on recalcitrance in the intact (native) secondary plant 
cell wall.

ADVANCES TOWARD AN ACCURATE 3D 
MODEL FOR THE NATIVE PLANT CELL 
WALL USING SOLID-STATE NMR

Like MRI, NMR is a non-invasive way to probe the chemical 
environment in tissues. Unlike MRI, NMR is inherently an 
atomic resolution technique, as the observed signals derive 
from nuclear spin magnetic moments located at precise locations 
in the molecules under study. In contrast to solution-state 
NMR, which requires solubilization of the sample, solid-state 
NMR methods allow for analysis of intact plant tissues. Here, 
we  discuss how solid-state NMR and access to cost effective 
13C labeling has contributed to our understanding of plant cell 
wall structure.

The requirement of NMR-active 13C isotopes was a major 
hurdle for characterizations of native plant cell wall structure. 
13C has a low natural abundance (~1%) and the cost of early 
efforts at isotope incorporation restricted their use. Relatively 
low (~11%) 13C enrichment enabled early studies on hardwood 
(Lesage et al., 1999). The ability to detect the relative populations 
of rigid polymers (e.g., cellulose and a fraction of hemicellulose) 
was then applied to samples of pure cellulose and heterogeneous 
assemblies containing cellulose (VanderHart and Atalla, 1984; 
Newman and Hemmingson, 1995; Lesage et al., 1997; Wickholm 
et  al., 1998; Bootten et  al., 2004; Fayon et  al., 2005).

While early X-ray diffraction studies demonstrated the 
crystalline nature of cellulose in plant cell walls (Hauser, 1929; 
Sisson, 1935; Ward, 1950; Gardner and Blackwell, 1974; Sarko 
and Muggli, 1974), solid-state NMR measurements provided 
more detail, such as the pattern of hydrogen bond interactions 
responsible for the macroscopic shape of in situ cellulose fibers 
(VanderHart and Atalla, 1984; Nishiyama et  al., 2002). A set 
of 1D cross polarization (CP) measurements have been successfully 
applied to crystalline cellulose in birch and spruce biomass 
and offer the possibility of detecting exterior and interior cellulose 
components in macroscopic cellulose fibers (Wickholm et  al., 
1998; Fernandes et  al., 2011). These straightforward 1D 
experiments were also useful for characterizing amorphous 
cellulose after ionic liquid processing of crystalline cellulose 
fibrils (Mori et al., 2012). The 2D Incredible Natural Abundance 
Double Quantum Transfer Experiment (INADEQUATE) method 
reports on directly bonded carbon atoms within polymers and 
has been useful for probing rigid structure, for example, resolving 
C2, C3, and C5 signals of cellulose in Populus euramericana 
hardwood samples (Lesage et  al., 1999) and characterizing the 
structure of amorphous cellulose (Mori et  al., 2012).

A major breakthrough occurred when a highly efficient 
method of 13C incorporation (13C glucose feeding to cultured 
plant cells) was coupled with multi-dimensional solid-state 
NMR to investigate the primary plant cell wall structure (Dick-
Pérez et  al., 2011). This series of studies provided both a 
compositional and architectural description of the primary 
plant cell wall (Dick-Pérez et  al., 2011; Wang et  al., 2012, 
2013, 2014, 2015; White et  al., 2014; Phyo et  al., 2017, 2018; 
Zhao et  al., 2020). Hemicellulose-cellulose interactions were 
found to be  much less prevalent in the primary plant cell 
wall than suggested by earlier models based on solvent-extracted 
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hemicellulose (Keegstra et al., 1973; Talmadge et  al., 1973; 
Pauly et  al., 1999; Dick-Pérez et  al., 2011; White et  al., 2014; 
Phyo et  al., 2017). Furthermore, it was also revealed that the 
hemicellulose xyloglucan interacts mainly with the flat surfaces 
of crystalline cellulose fibers (Dick-Pérez et  al., 2011; White 
et  al., 2014), expanding on the idea of xyloglucan associating, 
cross-linking, and embedding into cellulose fibrils (Bootten 
et  al., 2004). Semiquantitative distance measurements recorded 
with the Proton Driven Spin Diffusion (PDSD) experiments 
substantiated the organization of cellulose, xyloglucan, and 
pectin in primary cell walls of both monocot and eudicot cell 
species (Wang et  al., 2012, 2014; White et  al., 2014). These 
advances in 13C enrichment have shaped our understanding 
of the primary plant cell wall architecture (Wang and Hong, 2016).

The strategy of 13C glucose feeding is not suitable to the 
study of the secondary plant cell wall because the plants 
need to be grown to relative maturity, which is prohibitively 
expensive and complicated by respiration-dependent glucose 
synthesis. The development of inexpensive growth chambers, 
utilizing 13C enriched carbon dioxide as the sole carbon 
source, which support the growth of plants throughout their 
lifecycle, enabled the efficient incorporation of 13C isotopes 
(>90%) into plant tissues (Chen et  al., 2011; Dupree et  al., 
2015; Gao and Mortimer, 2020). Use of these growth chambers 
revealed significant differences in the dominant hemicellulose-
cellulose contacts in different plant species (Simmons et  al., 
2016; Terrett et  al., 2019; Gao et  al., 2020). For example, 
in eudicot Arabidopsis thaliana (Arabidopsis), 2-fold screw 
conformations of hemicellulose, dictated by even patterns 
of substitution on xylan, enable a close association with 
crystalline cellulose (Simmons et  al., 2016; Grantham et  al., 
2017, Figure  1C). In contrast, in monocot sorghum, the 
high degree and irregularity of arabinose substitution patterns 
on xylan dictate a 3-fold screw conformation, enabling the 
association with amorphous cellulose (Gao et  al., 2020, 
Figure  1D). Additionally, in softwoods, cellulose fibrils can 
be  tethered by both xylan and mannan hemicellulose, 
increasing the strength of the plant cell wall (Terrett et  al., 
2019). For the sorghum case, limitations in biochemical 
techniques prevent the analysis of carbohydrate substitutions 
on xylan and the solid-state NMR measurements therefore 
describe the xylan-cellulose interaction that is otherwise 
unobtainable using other methods (Gao et  al., 2020, 
Figure  1D).

Carbon dioxide 13C labeling and new applications of 
advanced solid-state NMR techniques have helped elucidate 
the structure of lignin in the secondary plant cell wall. 
Signal enhancement by dynamic nuclear polarization (DNP) 
demonstrated lignin directly bridges hemicellulose polymers 
that interact strongly with cellulose fibers in uniformly 
labeled switchgrass, highlighting the role of lignin in 
supporting the 3D organization of hemicellulose and cellulose 
(Kang et  al., 2019). However, effective penetration of the 
DNP reagent into the plant cell wall for this signal 
enhancement required 15–20 min of milling (Kang et  al., 
2019), which could perturb native lignin structure. Direct 
polarization experiments utilizing PDSD (Addison et  al., 

2020) performed on 13C enriched poplar stems highlight a 
potential avenue to probe lignin contacts and spatial 
proximities through selective excitation and magnetization 
transfer from lignin to other polymers, which provide support 
for the putative organization of lignin in switchgrass (Kang 
et  al., 2019) and Arabidopsis (Dupree et  al., 2015). Further 
development of selective excitation and other solid-state 
NMR methods to probe biomass with minimal sample 
manipulation have the potential to provide a more complete 
picture of the secondary plant cell wall structure and how 
established sample preparation methods influence 
that structure.

Although a wide variety of solid-state NMR methods can 
be  applied to highly 13C enriched plant tissues, two methods 
provide rapid and straightforward characterization of the polymer 
organization in them. First, the INADEQUATE approach provides 
an avenue for the characterization of the polymers present 
within a secondary cell wall sample at relatively high resolution 
and can distinguish at least three populations of amorphous 
and crystalline cellulose, in addition to three populations of 
xylan (Simmons et  al., 2016; Gao et  al., 2020). Second, 13C-13C 
recoupling methods, such as PDSD and Dipolar Assisted 
Rotational Resonance (DARR), report on the spatial proximity 
of cellulose, hemicellulose, and lignin (Simmons et  al., 2016; 
Grantham et  al., 2017; Kang et  al., 2019; Terrett et  al., 2019; 
Gao et  al., 2020). These experiments provide a more complete 
picture of contacts between the polymers in the plant cell 
wall then has ever been obtainable before. For example, the 
differences hemicellulose-cellulose interactions (Busse-Wicher 
et al., 2016; Gao et al., 2020) that likely underlie the recalcitrance 
observed in deconstruction efforts can direct plant selection 
the biofuel and biomaterials industry.

MONITORING SECONDARY PLANT 
CELL WALL REORGANIZATION DURING 
BALL MILLING

Examining the reorganization of the secondary plant cell 
wall polymers due to mechanical conversion is important 
for the development of the plant cell wall model and effective 
utilization of biomass without recalcitrance (Marriott et  al., 
2016; Zhao et  al., 2020; Zhang et al., 2021a). Solid-state 
NMR measurements on commercial cotton balls subjected 
to 15–120 min of vibrational ball milling readily show the 
conversion of crystalline to amorphous cellulose (Ling et al., 
2019). The results are consistent with X-ray diffraction and 
vibrational spectroscopy measurements that show loss of 
crystallinity within the cellulose fibers of up to 60% during 
this same time period (Ling et al., 2019). However, relatively 
little work has been done on monitoring the native plant 
cell wall during the milling process. Conversion techniques 
commonly utilize mechanical milling for times typically as 
short as 2 min and can exceed 4 h (Kim and Ralph, 2010). 
As a result, these experiments report on cell wall structure 
after reorganization of the plant cell wall polymers occurs 
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during mechanical preprocessing. For example, solid-state 
NMR measurements on maize biomass after mechanical and 
solvent processing methods support lignin association with 
the surface of hemicellulose coated cellulose fibers in the 
cell wall (Foston et  al., 2012), a different result than those 
obtained from recent solid-state NMR measurements on less 
processed grass and other plant species biomass (Kang et al., 
2019; Terrett et  al., 2019; Gao et  al., 2020). However, these 
experiments used different sample preparation methods and 
are from different species, so further investigation is required 
to make conclusive and precise statements about the influence 
of these processing methods on plant cell wall structure.

Currently, we are examining the structural rearrangements 
that occur in native secondary plant cell walls during 
mechanical preprocessing using 13C sorghum stems subjected 
to ball milling by solid-state NMR. Milling of stem tissue 
at 30 Hz for 2 min was selected to allow direct comparison 
to DMSO swelling studies employing the same milling time 
(Kim and Ralph, 2010). Figure  2A shows the percent 
difference in integrated signal intensities from 2D 
CP-INADEQUATE spectra of the ball milled sample and 
unprocessed control samples, normalized to minimize the 
difference in the integrals of the C1-C2 signals of cellulose. 
Samples were obtained from plants flash frozen in liquid 
nitrogen after harvest and sectioned on a dry ice cooled 
surface (Figure  1A). Control experiments show that a cycle 
of flash freezing does not alter the solid-state NMR spectra 
of our samples, at least beyond any influence of the initial 
flash freezing process. Figure  2B shows the polysaccharide 
region of the control sample spectrum. Signals in these 
spectra arise from highly immobilized polymers in the 
secondary plant cell wall (Lesage et  al., 1997, 1999). Signal 
intensities from arabinose all significantly decrease by at 
least 30% after ball milling while 3-fold xylan C4 and C5 
signal intensities increase. The signals from other carbons 
in xylan, arabinose substituted xylan, and the amorphous 
and crystalline cellulose intensities do not show a clear 
trend. Interpretation of these signals is less straightforward 
due to resonance overlap for these carbohydrates (Gao et al., 
2020). The field emission scanning electron microscopy 
(FE-SEM) images of the control and milled samples in 
Figure  2C show the macroscopic structure of the plant 
biomass is lost even after 2 min of ball milling, yet at 
higher magnification, the individual fibers within the sample 
are largely similar, with a slightly rougher texture. Although 
more sophisticated analyses and a wider variety of NMR 
experiments are possible, this simple example highlights 
the ability of solid-state NMR to detect structural changes 
during lignocellulosic biomass conversion.

Although solid-state NMR has the huge advantage of being 
able to characterize molecular structure of plant cell wall 
polymers within intact plant material, there are careful 
considerations to be  aware of when planning for these 
experiments. The time required for 2D solid-state NMR can 
range from a few hours to almost a day, therefore requiring 
a few days of experimental time for an extensive set of spectra 
to be  recorded. In our laboratory, we  minimize the potential 

for sample degradation to influence the results of long 2D 
experiments by interweaving 1D control measurements into 
the data acquisition. Experiments can be stopped once significant 
changes in these 1D spectra are observed. Since multiple samples 
can be  obtained from a single plant, dividing acquisition of 
different data sets between several identical samples is not a 
problem. Furthermore, the requirement of 13C isotope labeled 
tissue limits the range of plant types and processing methods 
that can be  investigated. We see a bright outlook in this regard 
with DNP technology, where the future development of 
non-invasive polarization agents can permit high signal-to-noise 
data to be  obtained from samples with natural abundance 13C 
isotope distributions (Wang et al., 2013; Fernando et al., 2020).

CONCLUSION AND OUTLOOK

Efficient 13C labeling of living plants has opened the door for 
understanding how biopolymer organization within the plant 
cell wall confers biomass recalcitrance. Since solid-state NMR 
does not require solubilization of the plant cell wall, access 
to 13C labeled plant material allows for the native secondary 
plant cell wall architecture to be  tracked during biomass 
conversion at high resolution. Here, we  present a method for 
quantitative comparison using normalized integration of 2D 
spectra before and after milling for the refocused 
CP-INADEQUATE. Although initial results clearly indicate a 
>30% decrease in arabinose substitutions of xylan, other results 
remain inconclusive. Future experiments will explore, for example, 
structural changes in rigid cellulose and the mobile components 
of hemicellulose and lignin. Contrasts between tissue types 
containing more or less secondary plant cell wall (e.g., comparing 
stem and leaf tissue) will also aid in assessing lignin associated 
recalcitrance. Genetic engineering efforts based on a molecular 
understanding of recalcitrance will surely also prove invaluable 
(Carpita and McCann, 2020). In conclusion, recalcitrance remains 
to be  defined within the 3D structure of the plant cell wall 
and solid-state NMR will be  an invaluable tool to investigate 
native secondary plant cell wall structure and for monitoring 
structural changes due to genetic engineering and biomass 
conversion approaches.
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FIGURE 2 | Changes in the rigid structure of sorghum stem tissue after 2 min of ball milling. (A) Percent difference in integrated signal intensities from the 2 min 
ball-milled sample, relative to the unprocessed control sample. Due to the nature of the CP-INADEQUATE experiment, two signals are observed for most sites. 
Severely overlapping signals were omitted from this analysis. Error bars derive from the root-mean-squared noise in the spectra. (B) The CP-INADEQUATE spectrum 
of the unprocessed control sample. Semi-transparent lines are drawn to show the connections between signals within amorphous cellulose (blue), 3-fold xylan (red), 
and arabinosyl units from xylan (green). The spectrum was recorded at a 1H frequency of 500 MHz with 10 kHz magic angle spinning and high power 1H decoupling. 
(C) Field emission SEM images of the 2 min ball-milled and control samples. For all experiments, sorghum Tx430 was grown to maturity in a custom 13CO2 chamber 
as previously described (Gao and Mortimer, 2020), and the material used here had at least 92% 13C incorporation. Ball milling was adapted from Kim and Ralph 
(2010), INADEQUATE experiments were performed according to Gao et al. (2020), and samples prepared for FE-SEM and imaged according to Zheng et al. (2020). 
NMR data were processed in NMRPipe (Delaglio et al., 1995) and plotted in Sparky (Lee et al., 2015).
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The rapid analysis of biopolymers including lignin and sugars in lignocellulosic
biomass cell walls is essential for the analysis of the large sample populations
needed for identifying heritable genetic variation in biomass feedstocks for biofuels
and bioproducts. In this study, we reported the analysis of cell wall lignin content,
syringyl/guaiacyl (S/G) ratio, as well as glucose and xylose content by high-throughput
pyrolysis-molecular beam mass spectrometry (py-MBMS) for >3,600 samples derived
from hundreds of accessions of Populus trichocarpa from natural populations, as
well as pedigrees constructed from 14 parents (7 × 7). Partial Least Squares (PLS)
regression models were built from the samples of known sugar composition previously
determined by hydrolysis followed by nuclear magnetic resonance (NMR) analysis.
Key spectral features positively correlated with glucose content consisted of m/z 126,
98, and 69, among others, deriving from pyrolyzates such as hydroxymethylfurfural,
maltol, and other sugar-derived species. Xylose content positively correlated primarily
with many lignin-derived ions and to a lesser degree with m/z 114, deriving from a
lactone produced from xylose pyrolysis. Models were capable of predicting glucose and
xylose contents with an average error of less than 4%, and accuracy was significantly
improved over previously used methods. The differences in the models constructed
from the two sample sets varied in training sample number, but the genetic and
compositional uniformity of the pedigree set could be a potential driver in the slightly
better performance of that model in comparison with the natural variants. Broad-sense
heritability of glucose and xylose composition using these data was 0.32 and 0.34,
respectively. In summary, we have demonstrated the use of a single high-throughput
method to predict sugar and lignin composition in thousands of poplar samples
to estimate the heritability and phenotypic plasticity of traits necessary to develop
optimized feedstocks for bioenergy applications.

Keywords: biomass cell wall composition, high-throughput analysis, pyrolysis-molecular beam mass
spectrometry, bioenergy, glucose, xylose, heritability
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INTRODUCTION

The composition of lignocellulosic biomass cell walls is a
crucial factor in the feasibility of a feedstock for use as a
renewable source of fuels and chemicals. Lignocellulosic biomass
cell walls are composed of biopolymers including cellulose,
hemicelluloses, and lignin that could be used to produce
bio-derived products. Carbohydrates, including cellulose,
hemicelluloses, and pectins, comprise a large fraction of
Populus wood cell walls (approximately 45% cellulose, 20%
hemicelluloses, and 3% pectins) while lignin constitutes the
remaining ∼25% (Mellerowicz et al., 2001; Sannigrahi et al.,
2010). Cell wall composition is not only a crucial feedstock
characteristic due to the number of products that can be obtained
through the processing of the lignocellulosic biomass but also
because the interaction of these components may affect biomass
recalcitrance (Foston et al., 2011; Gilna et al., 2017). Thus, the
optimization of biomass composition could be used to improve
biomass processing and conversion. To do so, several approaches
could be taken in order to control the composition such as
plantation management (e.g., logging intervals, watering, or
spacing) and genetic modification [through genetic engineering
or breeding (Harman-Ware et al., 2021)].

Breeding uses the natural variation within species complexes
to attain desirable values of a trait of interest, both mean
and variance values of the traits. Aside from the inherent
complexity and cost of managing a breeding program, one
underlying biological factor is key for success: the traits of
interest must be under at least moderate genetic control and
not strongly negatively correlated with each other. Previous
studies have shown that the heritability of components of
wood is moderate to high. A study on Populus nigra showed
that broad-sense heritability (H2) values were 0.48, 0.46, 0.58,
and 0.70 for C5, C6 sugars, lignin, and syringyl/guaiacyl
(S/G) ratio units in lignin, respectively (Guerra et al., 2013).
More recently, our study that controlled for technical and
micro-spatial error on several controlled crosses in Populus
trichocarpa were similar: H2 was 0.56 for lignin content
and 0.81 for the S/G ratio (Harman-Ware et al., 2021).
Correlations between C5 and C6 sugars, lignin content, and
S/G ratio have been observed in P. trichocarpa (Guerra
et al., 2016; Happs et al., 2021); for example, lignin and
the S/G ratio displayed a moderate positive correlation
(rg = 0.37). Other phenotypes such as enzymatic sugar
release (a biomass recalcitrance metric) have also shown
correlations with biomass composition phenotypes such as
S/G ratio, as demonstrated recently in willow (rp = ∼0.4)
(Ohlsson et al., 2019).

Another approach to feedstock improvement is to identify
the loci that control variation in lignocellulosic biomass
composition and then specifically target those through breeding
or genetic engineering. Genome-wide association studies
(GWAS) and quantitative trait loci (QTL) mapping have been
used to identify genes associated with wood anatomical and
morphological traits (including growth and composition)
in various types of Populus (Porth et al., 2013; Muchero
et al., 2015; Fahrenkrog et al., 2017; Chhetri et al., 2020).

Similar to heritability and breeding studies, GWAS and
QTL analyses require large populations and replication to
maximize diversity, statistical power, resolution, and accuracy
of resulting maps and associations. Therefore, an important
technical factor needs to be considered: reliable and affordable
phenotyping procedures are required to guide breeding and
genetic association processes.

Currently, there is a need to utilize rapid techniques capable
of analyzing large datasets to determine the sugar composition
derived from cellulose and hemicelluloses in biomass in an
effort to inform systems biology models, to develop sustainable
and consistent feedstocks, and to inform field-to-fuel insights
to track changes in biomass composition. The high-throughput
analysis of cell wall sugars in lignocellulosic biomass is
difficult to achieve as typical methodologies require many steps,
including hydrolysis, prior to the analysis of released sugars
by high-performance liquid chromatography (HPLC) or nuclear
magnetic resonance (NMR; Sluiter et al., 2011; Happs et al.,
2020). Various types of high-throughput methods have been
developed to estimate sugar composition in biomass and typically
involve the use of hydrolysis steps, robotics, and plate reading
technology (Decker et al., 2018). Gjersing et al. (2013) and Happs
et al. (2021) have developed high-throughput methods for the
determination of sugar content in biomass by means of hydrolysis
followed by the analysis of hydrolyzates using NMR. The NMR
analysis of biomass hydrolyzates is capable of estimating the
composition of major and minor sugars present in lignocellulosic
biomass cell walls but is still limited in throughput by laborious
hydrolysis steps prior to the rapid analysis of the products on
the spectrometer.

Pyrolysis-molecular beam mass spectrometry (py-MBMS) has
also previously been used to estimate the sugar composition
of different types of biomass using Partial Least Squares (PLS)
models (Sykes et al., 2015). However, mixed species models
cannot accurately predict the sugar compositions of large
populations of single species sets. Since there is no need to
hydrolyze the samples prior to the py-MBMS analysis and less
biomass sample is required, this method is advantageous for
the high-throughput estimation of biomass sugar composition
if improvements in accuracy and precision can be made.
Additionally, lignin content and monolignol composition can
be simultaneously measured making py-MBMS potentially
capable of comprehensive secondary cell wall analysis in
lignocellulosic biomass.

In this study, we reported the development of an accurate
high-throughput py-MBMS method that was used to determine
the glucose and xylose composition of a large set of P. trichocarpa
natural variants and a large pedigree set of P. trichocarpa by
means of PLS models constructed from P. trichocarpa of varying
sugar content and composition. We compared the cell wall
composition of the natural variants and the pedigrees as well as
the models that are used to predict the sugar compositions, and
also reported the heritability of glucose and xylose composition in
the pedigree set. We also used py-MBMS to rapidly predict lignin
content in the samples, thus reporting the use of a single method
to predict cell wall composition of major components in poplar
at a rate of approximately 1 min per sample.
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MATERIALS AND METHODS

Populus trichocarpa Sample Collection
In total, 924 P. trichocarpa natural accessions were grown in OR,
United States, and sampled as described previously (Muchero
et al., 2015; Chhetri et al., 2019; Happs et al., 2020). In brief,
increment cores from 3-year-old trees were debarked, dried, and
milled. P. trichocarpa pedigrees were grown in OR, United States,
and collected as previously described for the construction of
a separate model and subsequent prediction of the remaining
samples of sugar composition.

Sugar Composition Analysis
Biomass that had been dried, debarked, milled, and sieved to
−20/+80 mesh, ethanol extracted, and destarched was used to
determine cell wall sugar composition using high-throughput
hydrolysis followed by the NMR analysis of hydrolyzates based
on methods described previously (Sluiter et al., 2011; Gjersing
et al., 2013; Happs et al., 2021). This method was chosen as it
was able to quickly obtain the sugar composition of biomass
to build models for sugar prediction by py-MBMS and for the
validation of sugar composition estimates. In brief, biomass
was hydrolyzed using two-stage acid hydrolysis with H2SO4,
neutralized with CaCO3, and filtered. The liquid hydrolyzate was
added to D2O with a final concentration of 0.01 mg/ml TSP-
d4 for 1H NMR analysis. The 1H NMR analysis was conducted
on a Bruker Avance III spectrometer at 14.1 T (600.16 MHz)
using the following experimental parameters: NOESY-1D with
presaturation for water suppression, 5-s recycle delay, and 64
scans. The spectrometer was equipped with a SampleJet sample
changer and a Bruker 5-mm BBO probe. Sugar composition
by the NMR analysis of hydrolyzates was achieved using PLS
modeling approaches described previously (Happs et al., 2021).
Notably, 93 samples representing a range of sugar composition
were selected from the 924 natural accessions to use as calibration
samples to create a model using py-MBMS spectral data. The
remaining accessions were analyzed by hydrolysis followed
by NMR using the same methodology to validate the sugar
composition determined by the py-MBMS analysis. Additionally,
the 14 parents plus 10–20 progeny from each of the seven
maternal half-sib families were selected, for a total of 121 samples
from the 7 × 7 cross pedigree (Supplementary Table 1). These
were used for the analysis of sugars by hydrolysis and NMR
based on the py-MBMS analyses to cover a range of lignin and
sugar-derived ion abundances.

Pyrolysis-Molecular Beam Mass
Spectrometry Analysis
A Frontier PY2020 unit pyrolyzed 4 mg of biomass that had been
dried, debarked, milled, and sieved to +80/−20 mesh, ethanol
extracted, and destarched. Pyrolysis occurred at 500◦C for 30 s
(analysis took about 1 min total to analyze a single sample) in 80-
µl deactivated stainless steel cups, and each sample was analyzed
in duplicate. An Extrel Super-Sonic MBMS Model Max 1000 was
used to collect mass spectra, which was processed using Merlin
Automation software (V3). Spectra were collected from m/z 30

to 450 at 17 eV and mean normalized or total ion chromatogram
(TIC) normalized for data analysis and composition prediction.
Lignin content was estimated as described elsewhere using a
standard of known Klason lignin content and comparing samples
based on the summation of ion intensities of m/z 120, 124 (G),
137 (G), 138 (G), 150 (G), 152, 154 (S), 164 (G), 167 (S), 168 (S),
178 (G), 180, 181, 182 (S), 194 (S), 208 (S), and 210 (S) where
monolignol S/G ratio was calculated by dividing the sum of (S)
ions by the sum of (G) ions (Sykes et al., 2008, 2009; Decker et al.,
2018). Xylan content was estimated by the use of a PLS regression
model that was built using 93 samples whose xylose content was
previously determined by the high-throughput NMR analysis of
two-stage acid hydrolysis. Additionally, xylose was estimated by
the summation of ion intensities of C5 ions m/z 57, 73, 85, 96,
and 114. Glucose content was estimated by the summation of C6
ions m/z 57, 60, 73, 98, 126, and 144 and also determined by PLS
regression models built using the data from the high-throughput
NMR analysis of hydrolyzates.

Partial Least Squares Regression Models
and Other Data Analyses
The PLS models were constructed using sugar composition data
obtained from the NMR analysis of biomass hydrolysis from
93 natural variants of P. trichocarpa samples to predict sugar
composition in the natural variant population. Natural variant
models were cross-validated using both the 93 calibration/model
samples and were also later validated on the remaining >800
samples by hydrolysis followed by the NMR analysis of
hydrolyzates. PLS models were also separately constructed using
hydrolysis followed by the NMR analysis for sugar composition
from a pedigree set consisting of 121 samples to predict sugar
composition in the remaining ∼2,600 pedigree samples. The
121 pedigree samples were used to validate the sugar models,
but further validation by the hydrolysis-NMR analysis of the
remaining samples was not possible due to the substantial size
of the population. The Unscrambler X version 10.5 was used
to build PLS models for py-MBMS spectra from m/z 30 to
450. Glucose models were constructed from 4-factor models,
and xylose models were constructed from 5-factor models.
Other methods of data analysis including descriptive statistics,
principal component analysis, and so on were performed
using The Unscrambler X version 10.5 and using R Studio
(R Core Team, 2013).

RESULTS

Glucose and Xylose Models and
Contents in P. trichocarpa Natural
Variants
The P. trichocarpa natural variants analyzed by NMR for sugar
composition are described in detail by Happs et al. (2021). In
brief, the glucose content of the set ranged from approximately
43 to 57% of dry weight (DW) biomass [average of 48 DW%,
glucose NMR model root mean square error (RMSE) = 0.01 mg
glucose/mg biomass], and the xylose content ranged from 11
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to 20% DW biomass (average 17 DW%, xylose NMR model
RMSE = 0.01 mg xylose/mg biomass). Of note, 93 training
samples for the construction of the py-MBMS PLS model ranged
in the glucose content of 43–54% (average 48%) and in the xylose
content of 12–20% (average 17%). Previously, C5 (primarily
xylose) and C6 (primarily glucose) contents in biomass have been
estimated using the py-MBMS data by comparing the relative
abundance of C5 and C6 ions described previously, to reference
materials of known sugar composition (Sykes et al., 2015).
However, this method (reduced-ion, single-point, or response
factor comparison) is not sufficient for the estimation of glucose
and xylose content in a large sample set of a single biomass
type as validated using hydrolysis followed by the NMR analysis
(Supplementary Figure 1). The R2 for the reduced-ion single-
point comparison method for xylose content was 0.05 and for
glucose content was 0.22 using data from the entire (>900)
sample set. Since this simplified ion method is not accurate for the
analysis of a single biomass type, PLS models were constructed
using glucose and xylose contents determined by hydrolysis
followed by the NMR analysis to predict the content of these
components in P. trichocarpa based on the py-MBMS data.

The errors associated with the PLS model used to determine
the glucose content of the natural variant poplar samples using
py-MBMS spectra are outlined in Supplementary Table 2 (RMSE
of the py-MBMS glucose model was 0.01 mg glucose/mg biomass,
total average error including NMR and MBMS error = 0.03 mg
glucose/mg biomass). The training set had R2 = 0.74 for the
calibration of measured and predicted values and had Pearson’s

correlation coefficient (PCC) of 0.86 (Figure 1A). The error in
the values of the training samples ranged from −5.8 to +5.7%
(relative to the value) with an average error of | 1.4%| (SD = 1.2%)
(Supplementary Table 2). The validation of the glucose content
estimates for the full natural variant sample set (n = 924) by the
NMR analysis of hydrolyzates based on the model constructed of
the 93 samples resulted in larger errors (Supplementary Table 2
and Figure 1B).

Table 1 lists the ions with the highest correlation to glucose
content (also refer to model correlation Factor 1 loadings,
Figure 1C). Several of the ions with the highest correlation
coefficients to glucose content have previously been associated
with estimating glucose and C6 content of biomass (Sykes et al.,
2015). However, additional ions that have also been attributed
to sugar-derived pyrolyzates (Evans and Milne, 1987; Sykes
et al., 2015) were also among those most strongly correlated
with glucose abundance. These glucose-derived ions were also
generally negatively correlated with ions derived from lignin
(Figure 1C) including m/z 154 (S), 167 (S), 180, 194 (S),
and 210 (S) (e.g., PCC for glucose content determined by
NMR and S-derived lignin ions is approximately −0.5). There
was no strong correlation observed between the S/G ratio
and the glucose content (PCC = −0.2). The contribution of
ions 69, 70, 84, and potentially 96 is likely important for
predicting glucose content, particularly in comparison with
the single-point comparison method previously reported. These
findings indicate that the simplified ion summation with single-
point response prediction previously used for estimating C6

FIGURE 1 | Natural variant glucose models constructed from hydrolysis-nuclear magnetic resonance (NMR) and pyrolysis-molecular beam mass spectrometry
(py-MBMS) spectra and validation. (A) Glucose content validation for natural variant training set, (B) glucose content validation for all natural variants tested, and (C)
factor-1 spectral loadings for natural variant glucose model.
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TABLE 1 | Pearson’s correlation coefficients (PCCs) for selected ions as they
relate to glucose content in P. trichocarpa natural variant biomass samples.

m/z Pearson’s correlation
coefficient – glucose content

Known source

126* 0.69 C6

98* 0.64 C6

69 0.58 C5, C6

70 0.57 C5, C6

84 0.57 C6

57* 0.44 C5, C6

60* 0.38 C5, C6

73* 0.36 C5, C6

144* 0.28 C6

96 0.25 C5, C6

*Reduced-ion single-point comparison method to estimate glucose content sums
and compares the intensities of m/z 57, 60, 73, 98, 126, and 144.

content did not consist of all ions of interest needed for
accurate analyses.

The py-MBMS PLS model used to determine the xylose
content of the natural variant training poplar samples (n = 93)
had R2 = 0.86 for the calibration of measured and predicted
values, and errors are outlined in Supplementary Table 3 and
shown in Figure 2A. RMSE of the py-MBMS xylose model was
0.004 mg xylose/mg biomass, when combined with the error
of NMR model = 0.05 mg xylose/mg biomass total error. The
predicted and measured xylose content of the training set had a

PCC of 0.93. While the xylose content estimates of the natural
variant set had higher R2 and correlation coefficients for the
training set and entire validation set (Figure 2B) in comparison
with the glucose content estimates, the range of error of xylose
estimates was substantially higher. Similar to glucose estimates,
the errors associated with the entire set based on the model
constructed from the training set were substantially higher.

Interestingly, ions with the highest correlation to xylose
content were primarily attributed to lignin-derived species,
including m/z 165, 180, 168, and 167 (Table 2 and Figure 2C).
Ions previously used to estimate xylose content and otherwise
known to derive from sugars actually had a negative correlation
with xylose content, with an exception for m/z 114 which
only moderately correlated with xylose content. The positive
correlation between xylose and lignin content likely has genetic
origins related to carbon allocation and may not necessarily be
extrapolated to other biomass types and may also be a reason
for the higher errors observed for xylose content determination.
There was no strong correlation observed between S/G and xylose
content (PCC = 0.2). Additionally, these findings also support the
need for PLS models to more accurately predict C5 sugars such as
xylose content in a single biomass type in comparison with the
previously used simplified ion summation method.

Glucose and Xylose Models and
Contents in P. trichocarpa Pedigrees
The py-MBMS PLS model that was used to determine the
glucose content of the pedigree poplar samples had R2 = 0.85

FIGURE 2 | Natural variant xylose models constructed from hydrolysis-NMR and py-MBMS spectra and validation. (A) Xylose content validation for natural variant
training set, (B) xylose content validation for all natural variants tested, and (C) factor-1 spectral loadings for natural variant xylose model.
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TABLE 2 | PCCs for selected ions as they relate to xylose content in P. trichocarpa
natural variant biomass samples.

m/z Pearson’s correlation
coefficient – xylose content

Known source

6 lignin ions 0.54 lignin

165 0.54 S lignin

180 0.52 lignin

168 0.50 S lignin, vanillic acid

167 0.47 S lignin

153 0.47 S lignin, vanillic acid

114* 0.32 C5

150 0.28 C5, lignin, ferulate

103 0.27 C5

57* −0.41 C5, C6

73* −0.34 C5, C6

85* −0.04 C5, C6

96* −0.23 C5, C6

*Reduced-ion single-point comparison method for the estimation of xylose content
sums and compares the intensities of m/z 57, 73, 85, 96, and 114.

(Figure 3A) for the calibration of measured and predicted values,
and the error ranged from −3.8 to +5.8% of the value with an
average error of | 1.3%| (SD = 1.0%, n = 121). The predicted
and measured glucose content of the training set had a PCC
of 0.92. RMSE of both the NMR and py-MBMS models for
glucose prediction was 0.01 mg glucose/mg biomass, for a total
error of 0.03 mg glucose/mg biomass. The validation of the
glucose (and xylose) content estimates was not established for all
samples due to the size of this sample set (an additional 2,600
test samples in addition to the training samples), although the
high degree of correlation and relatively low error range of the

training set indicated reasonable accuracy of glucose prediction
of this sample set.

Similar to the natural variant set, the model constructed for
xylose content estimates of the pedigree set had higher R2 and
PCCs as well as higher error ranges in comparison with the
glucose models. The validation of the training set (n = 121) of
pedigree samples for xylose content (Figure 3B) had R2 = 0.94
for the calibration of measured and predicted values with a PCC
of 0.97. The xylose content error of the training set ranged from
−6.3 to +6.3% of the value with an average error of | 1.8%|
(SD = 1.5%). RMSE of the py-MBMS xylose model was 0.004 mg
xylose/mg biomass, when combined with the error of NMR
model = 0.05 mg xylose/mg biomass total error. In summary, the
PLS models for xylose prediction were acceptable for the training
set in the pedigrees although the remaining samples in the set
could not be validated.

Also similar to the natural variants, Factor 1 loadings for the
model for glucose (Figure 3C) consisted of ions including m/z 60,
69, 73, 98, and 126 were positively correlated with glucose content
whereas lignin-derived ions such as m/z 154 (S), 167 (S), 180, 194
(S), and 210 (S) are negatively correlated with predicted glucose
content (PCC with S-derived ion = −0.4) and glucose-derived
ions, although there was no correlation observed between S/G
and glucose content (PCC = 0). Xylose content in the pedigree
samples, such as the natural variants, also confirmed a positive
correlation between xylose content and lignin-derived species
[including m/z 124 (G), 137 (G), 154 (S), 167 (S), 180, 194 (S), and
210 (S), refer to Figures 3D, 4C,F and Supplementary Figure 2],
although there was no correlation observed between S/G and
xylose content (PCC = 0).

The glucose and xylose content predictions of the pedigree
set were strongly negatively correlated (R2 = 0.89, PCC = 0.94,

FIGURE 3 | Models for glucose and xylose content estimates in pedigrees of P. trichocarpa. (A) Glucose content validation for pedigree training set, (B) xylose
content validation for pedigree training set, (C) factor-1 spectral loadings for pedigree glucose model, and (D) factor-1 spectral loadings for pedigree xylose model.
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FIGURE 4 | Relationships between biopolymer components in the pedigree [(Top, A) lignin vs. glucose content, (B) glucose vs. xylose content, (C) lignin vs. xylose
content] and natural variant [(Bottom, D) lignin vs. glucose content, (E) glucose vs. xylose content, and (F) lignin vs. xylose content] P. trichocarpa sets. Natural
variant sugar contents shown used hydrolysis-NMR validation data to minimize propagated error in the py-MBMS data.

Figure 4B). Glucose and lignin contents were moderately
negatively correlated (PCC = −0.61, R2 = 0.37, Figure 4A)
while xylose and lignin contents were weakly positively correlated
(PCC = 0.48, R2 = 0.23, Figure 4C). An average of 88 wt%
of the mass of the material in the pedigree set was accounted
for in glucose, xylose, and lignin contents. The remaining mass
was likely metabolites, particularly phenolics and salicylates
(Harman-Ware et al., 2021), free sugars and other carbohydrates
not accounted for (including pectins), as well as inorganic ash
components and proteins.

Comprehensive Composition of
P. trichocarpa Natural Variants
The py-MBMS analysis of the P. trichocarpa natural variants was
also used to determine the lignin content and lignin monomeric
S/G ratios of the samples, where the lignin information of a subset
of these samples was provided in the previous study (Happs
et al., 2021). The lignin content and S/G variation of the natural
variants are shown in Table 3 and are similar to that of the
pedigree set [i.e., the extensive analysis of the lignin content, S/G
ratio, and corresponding ions in the pedigree set is reported in
Harman-Ware et al. (2021)]. The principal component analysis of
the natural variant spectra shows that the majority of the variance
is explained by a negative relationship between lignin and sugar-
derived ions [i.e., the first principal component (PC-1) explains
57% variance, refer to Supplementary Figures 2, 3]. The second
principal component (PC-2), explaining 15% of the variance,
shows variance generally attributed to a positive correlation in C5
sugar-derived ions and S-lignin-derived ions, together negatively
correlated with G-lignin ions.

Since the full natural variant set was validated using the NMR
data, other sugars including mannose, arabinose, and galactose
were fully accounted for, although these sugars occurred in lower
abundance and were not able to be predicted using the py-MBMS

data. The total sum of material averaged 95% recovery, indicating
that a large amount (approximately 7 wt%) of the missing
pedigree mass could be explained by the abundance of minor
sugars. There was a strong negative correlation in the glucose
and xylose composition of the natural variant P. trichocarpa
set (using hydrolysis NMR data to minimize error propagation,
PCC = −0.76, R2 = 0.87, Figure 4E; Happs et al., 2021)
and a slight negative correlation between lignin content and
glucose content, R2 = 0.35, (Figure 4D). Lignin ions, particularly
S-derived such as m/z 154, 194, and 210 and the predicted xylose
content from the PLS models using MBMS data, showed a weak
positive correlation (using the sum of S-derived ions, PCC = 0.47,
R2 = 0.22, Supplementary Figure 3 and Figure 4F).

Heritability of Sugars in P. trichocarpa
The comprehensive py-MBMS spectral analysis of the pedigree
set with a particular focus on lignin content and composition
was described previously (Harman-Ware et al., 2021). Table 4
highlights the broad-sense heritability of ions positively
correlated with glucose and xylose contents (or more broadly,
known to originate from C6 to C5 sugars) and the broad-sense
heritability of those sugars based on estimates by the py-MBMS
analysis after spectral correction for the microspatial variation

TABLE 3 | Lignin content and lignin syringyl/guaiacyl (S/G) ratio determined by the
py-MBMS analysis of P. trichocarpa natural variants.

S/G Lignin content (%)

Mean 2.1 24.6

Max 2.6 27.0

Min 1.4 19.3

Range 1.1 7.8

Std. deviation 0.1 1.0
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of the individuals and for the instrumental variation. Prior to
the removal of the microspatial and instrumental variation,
the broad-sense heritability of the predicted sugars was lower
for glucose (0.31 before and 0.32 after spectral adjustments
accounting for the microspatial and instrumental variance) and
slightly higher for xylose (0.36 before and 0.34 after). The reduced
xylose broad-sense heritability after spectral data correction may
originate from many sources which will be discussed later;
and the increased heritability for glucose is consistent with
the increase in lignin heritability (Harman-Ware et al., 2021).
However, the differences may be considered minor (within
error), and the broad-sense heritability discussed here focuses
on the values obtained after the microspatial and instrumental
variance correction. Of the sugar-derived ions, m/z 60 had the
highest heritability, and all ions in Table 4 required thin-plate
spline (TPS) correction, indicating that these ions and their
corresponding biomass components (sugars) were impacted
by microspatial variation in the field, and hence, the sugar
contents exhibited some phenotypic plasticity (Harman-Ware
et al., 2021). The heritability of glucose and xylose contents was
0.32 and 0.34, respectively, and the heritability of sugar-derived
ions was generally lower than that of lignin and phenolic-
derived ions in P. trichocarpa, which ranged from 0.31 to 0.79
(Harman-Ware et al., 2021).

DISCUSSION

Models and Sugar Analysis Methodology
The py-MBMS analysis of hardwood biomass for sugars is rapid
but requires the use of a large number of calibration samples
with a priori sugar compositional analysis and construction of
PLS models. While previous studies using different biomass
types demonstrated the potential use of py-MBMS for C5 and

TABLE 4 | Broad-sense heritability of glucose and xylose contents and ions
positively correlated with glucose and xylose contents and annotated based on
the py-MBMS analysis of the P. trichocarpa pedigree set [heritability of ions and
annotations summarized from Harman-Ware et al. (2021)].

m/z Source Heritability

57 C5 and C6 0.28

60 C5 and C6 0.35

69 C5 and C6 0.29

70 C5 and C6 0.32

73 C5 and C6 0.35

84 C6 0.13

85 C5 and C6 0.21

96 C5 and C6 0.13

98 C6 0.23

103 C5 0.13

114 C5 0.34

126 C6 0.22

144 C6 0.05

Glucose content 0.32

Xylose content 0.34

C6 estimates using simplified ion summation methods, those
techniques were not accurate for the analysis of a large sample set
of a single biomass type (Supplementary Figure 1). Differences
between the models from the natural variant population and
the pedigree samples were minimal although the accuracy was
overall greater for the pedigree samples. The higher accuracy
of the pedigree models likely results from higher uniformity in
the population composition and the use of a larger calibration
set. Errors in the predicted major sugar composition could
result from the relative abundance of lignin, celluloses, and
hemicelluloses where the less abundant sugars in the cell walls
as well as inorganic components impact the product distribution
of sugar pyrolysis and may contribute to spectral features not
fitting within the model ranges. Limitations to this methodology
also include the indirect measurement methodology, requiring
maintenance of the calibration, as well as the ability to obtain
enough representative feedstocks of known sugar composition
for model training. However, these results outline a reasonable
method for the high-throughput analysis of all major secondary
cell wall biopolymers in lignocellulosic biomass by py-MBMS.

Relationships Between Biopolymers in
Biomass
Both the natural variants and the pedigree samples exhibited a
strong negative relationship between glucose and xylose content
(Figures 4B,E). While this observation may be partially due to
artifacts in the models (potentially in the NMR data as well), it is
consistent across the sets, and the relationships between xylose
and lignin provide further insights. For example, the model
predicting xylose content consists of a significant contribution
of lignin-derived ions; however, the relationships between lignin
and xylose content predictions show weak correlations (R2 = 0.23
and 0.29 for pedigree and natural variants, respectively). Our
observations are in contrast to those observed previously, likely
due to the fact that C5 and C6 sugars were previously calculated
using the simplified ion method (Guerra et al., 2016). The
heritability of xylose and glucose contents estimated here are
also similar or higher than previously reported, again due to the
improvement in the accuracy of the measurements based on the
models used as well as the correction of the data to account for
microspatial variation in the field. However, the heritability of
the xylose values using uncorrected spectral data was slightly
higher, potentially due to the inclusion of confounding ion
intensities that are partially sourced from the components of
higher heritability. There may also be differential phenotypic
plasticity that would explain a higher broad-sense heritability of
xylose content prior to the microspatial correction of the data.
The relationships between and the heritability of the biomass
components including glucose, xylose, and lignin content as
well as S/G are very important for the design of bioenergy
crops as these components directly impact the economics
associated with the conversion of biomass to fuels, materials,
and energy (Happs et al., 2021; Harman-Ware et al., 2021).
Additionally, the relative abundance of biomass components may
also play important ecological roles and impact the sustainability
associated with a given crop.
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CONCLUSION

Multivariate models need to be constructed to predict glucose
and xylose contents present in the cellulose and hemicellulose
biopolymers in cell walls for the py-MBMS analysis of large sets
of P. trichocarpa. Models constructed from different training sets
confirm the relationships between specific ions and sugar sources
as well as the relationships between different biopolymers in
P. trichocarpa. The py-MBMS was able to rapidly (approximately
1 sample/min) determine the contents of all the major cell wall
components in P. trichocarpa including glucose, xylose (from
cellulose and hemicelluloses, respectively), and lignin contents as
well as lignin S/G ratios in order to inform the variability and
heritability of biomass cell wall compositional phenotypes. The
heritability of sugar contents in P. trichocarpa is lower than that of
lignin content and lignin monomeric ratios based on py-MBMS
analyses. These results show that we can use a single high-
throughput method to measure biomass composition to identify
the relationships between biopolymers in natural variants and
pedigrees of P. trichocarpa which could potentially be leveraged
to design P. trichocarpa crops of specific compositions to
optimize economics, conversion, and sustainability metrics. It
will be important to understand the relationships between
biopolymer and cell wall composition to efficiently domesticate
the lignocellulosic crops for the large-scale production of bio-
derived products in moving toward a bio-based economy.
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Enhancement of Secondary Cell Wall 
Formation in Poplar Xylem Using a 
Self-Reinforced System of Secondary 
Cell Wall-Related Transcription 
Factors
Yoshimi Nakano 1†‡, Hitoshi Endo 1, Lorenz Gerber 2, Chiaki Hori 3‡, Ayumi Ihara 1,3,4, 
Masayo Sekimoto 3, Tomoko Matsumoto 3, Jun Kikuchi 3, Misato Ohtani 1,3,4*† and 
Taku Demura 1,3*

1 Graduate School of Science and Technology, Nara Institute of Science and Technology, Ikoma, Japan, 2 Department of 
Forest Genetics and Plant Physiology, Umeå Plant Science Centre, Swedish University of Agricultural Sciences, Umeå, 
Sweden, 3 RIKEN Center for Sustainable Resource Science, Yokohama, Japan, 4 Department of Integrated Biosciences, 
Graduate School of Frontier Sciences, The University of Tokyo, Kashiwa, Japan

The secondary cell wall (SCW) in the xylem is one of the largest sink organs of carbon in 
woody plants, and is considered a promising sustainable bioresource for biofuels and 
biomaterials. To enhance SCW formation in poplar (Populus sp.) xylem, we developed a 
self-reinforced system of SCW-related transcription factors from Arabidopsis thaliana, 
involving VASCULAR-RELATED NAC-DOMAIN7 (VND7), SECONDARY WALL-
ASSOCIATED NAC-DOMAIN PROTEIN 1/NAC SECONDARY WALL THICKENING-
PROMOTING FACTOR3 (SND1/NST3), and MYB46. In this system, these transcription 
factors were fused with the transactivation domain VP16 and expressed under the control 
of the Populus trichocarpa CesA18 (PtCesA18) gene promoter, creating the chimeric 
genes PtCesA18pro::AtVND7:VP16,  PtCesA18pro::AtSND1:VP16,  and 
PtCesA18pro::AtMYB46:VP16. The PtCesA18 promoter is active in tissues generating 
SCWs, and can be regulated by AtVND7, AtSND1, and AtMYB46; thus, the expression 
levels of PtCesA18pro::AtVND7:VP16, PtCesA18pro::AtSND1:VP16, and 
PtCesA18pro::AtMYB46:VP16 are expected to be boosted in SCW-generating tissues. 
In the transgenic hybrid aspens (Populus tremula × tremuloides T89) expressing 
PtCesA18pro::AtSND1:VP16 or PtCesA18pro::AtMYB46:VP16 grown in sterile half-
strength Murashige and Skoog growth medium, SCW thickening was significantly 
enhanced in the secondary xylem cells, while the PtCesA18pro::AtVND7:VP16 plants 
showed stunted xylem formation, possibly because of the enhanced programmed cell 
death (PCD) in the xylem regions. After acclimation, the transgenic plants were transferred 
from the sterile growth medium to pots of soil in the greenhouse, where only the 
PtCesA18pro::AtMYB46:VP16 aspens survived. A nuclear magnetic resonance footprinting 
cell wall analysis and enzymatic saccharification analysis demonstrated that 
PtCesA18pro::AtMYB46:VP16 influences cell wall properties such as the ratio of syringyl 
(S) and guaiacyl (G) units of lignin, the abundance of the lignin β-aryl ether and resinol 
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bonds, and hemicellulose acetylation levels. Together, these data indicate that we have 
created a self-reinforced system using SCW-related transcription factors to enhance 
SCW accumulation.

Keywords: secondary cell wall, xylem, transcription factor, AtVND7, AtSND1, AtMYB46, hybrid aspen

INTRODUCTION

In recent years, mounting environmental problems, such as 
global warming from fossil fuels, have increased the importance 
of sustainable and carbon-neutral bioresources. Lignocellulosic 
biomass, the most abundant above-ground bioresource, is found 
in the secondary cell walls (SCWs) of xylem tissues. To improve 
the availability and use of lignocellulosic biomass, the molecular 
mechanisms of SCW formation have been actively studied. In 
the last 2 decades especially, our understanding of the key 
transcriptional regulators for SCW formation has greatly 
expanded (Zhong et  al., 2010a; Nakano et  al., 2015; Ohtani 
and Demura, 2019; Kamon and Ohtani, 2021). One of the 
most important findings is the identification of key transcriptional 
factors of SCW formation; in vascular plants, a specific group 
of NAC (NAM/ATAF/CUC) family transcription factors, called 
VNS [VASCULAR-RELATED NAC-DOMAIN (VND), NAC 
SECONDARY WALL THICKENING PROMOTING FACTOR 
(NST)/SECONDARY WALL-ASSOCIATED NAC DOMAIN1 
(SND), and SOMBRERO (SMB)-related] proteins, were shown 
to function as master regulators of SCW formation, activating 
all of the events required for SCW formation in A. thaliana 
(Arabidopsis; Kubo et  al., 2005; Mitsuda et  al., 2005, 2007; 
Zhong et  al., 2006, 2010b; Yamaguchi et  al., 2008, 2011; 
Ohashi-Ito et  al., 2010; Ohtani et  al., 2011; Xu et  al., 2014; 
Akiyoshi et  al., 2020). Additionally, downstream of the VNS 
proteins, the MYB transcription factors, such as Arabidopsis 
MYB46 and MYB83, function to upregulate the expression of 
genes encoding SCW-related enzymes as secondary master 
regulators of xylem cell formation (Zhong et  al., 2007; Ko 
et  al., 2009, 2014; McCarthy et  al., 2009, 2010; Nakano et  al., 
2010). The NAC–MYB-based transcriptional network of SCW 
formation is widely conserved among land plants (Zhong et al., 
2010a; Xu et  al., 2014; Nakano et  al., 2015; Bowman et  al., 
2017; Ohtani et  al., 2017a), suggesting that these NAC and 
MYB transcription factors would be effective targets for modifying 
the quantity and quality of lignocellulosic biomass.

Phylogenetic tree analysis indicates that three subgroups 
can be  recognized within VNS proteins; VND, SND/NST, and 
SMB subgroups (Nakano et  al., 2015; Bowman et  al., 2017; 
Ohtani et  al., 2017a; Akiyoshi et  al., 2020). In Arabidopsis, 
VND and SND/NST subgroups regulate the differentiation of 
xylem vessels and xylem fibers, respectively (Kubo et  al., 2005; 
Mitsuda et al., 2005, 2007; Zhong et al., 2006, 2010b; Yamaguchi 
et al., 2008, 2011). It has been shown that cell wall characteristics 
are different between xylem vessel cells and fiber cells, such 
as syringyl (S)/guaiacyl (G) ratio of lignin subunits (Saito et al., 
2012). Therefore, the regulatory targets of SCW-related genes 
should be  different between VND and SND/NST subgroups; 
indeed, the transcriptome analysis of Arabidopsis cells carrying 

the inducible overexpression system of VND or SND/NST 
revealed that the genes for lignin monomer biosynthesis could 
be more strongly induced by SND/NST proteins than by VND 
proteins (Ohashi-Ito et al., 2010; Zhong et al., 2010b; Yamaguchi 
et  al., 2011). In addition, a part of SCW-biosynthetic genes, 
for example SCW-specific cellulose synthase genes CesA4 and 
CesA8, are common targets of VNS and MYB proteins (Zhong 
et  al., 2007, 2010b; Ko et  al., 2009, 2014; McCarthy et  al., 
2009, 2010; Nakano et  al., 2010; Ohashi-Ito et  al., 2010; 
Yamaguchi et  al., 2011). Interestingly, in Arabidopsis, most of 
SCW-biosynthetic genes would be  mainly regulated by the 
MYB46 and MYB83 proteins, since the SCW deposition in 
xylem cells is severely defective in the myb46 myb83 double 
mutant (McCarthy et al., 2009), and the cesa mutant phenotype 
could not be  rescued when the MYB46-regulatory cis element 
was mutated in the promoter controlling CesA genes (Kim 
et  al., 2013). These findings collectively suggest that each 
SCW-related transcription factor would differently regulate the 
characteristics of SCW in xylem tissues.

The effects of VNS and MYB overexpression have already 
been reported in several plant species, including Arabidopsis, 
rice (Oryza sativa), and a hybrid aspen (Populus 
tremula × tremuloides; Kubo et  al., 2005; Mitsuda et  al., 2005, 
2007; Zhong et  al., 2006, 2007, 2011; McCarthy et  al., 2010; 
Ohtani et  al., 2011; Valdivia et  al., 2013; Yoshida et  al., 2013; 
Xu et  al., 2014; Endo et  al., 2015; Akiyoshi et  al., 2020). These 
reports showed that the continuous overexpression of VNS or 
MYB under the control of the cauliflower mosaic virus 35S 
promoter resulted in the ectopic deposition of SCWs, resulting 
in the inhibition of plant growth. Moreover, the transgenic 
expression of VNS genes from other species showed a higher 
induction activity of ectopic SCW deposition than the 
overexpression of the gene from the same species (Kubo et  al., 
2005; Ohtani et  al., 2011; Sakamoto et  al., 2016). These 
observations led us to develop a new hypothesis that the 
enhanced xylem tissue–specific expression of heterologous VNS 
and MYB genes would be  an effective strategy for enhancing 
SCW deposition in the xylem without negatively impacting 
plant growth.

In order to test the hypothesis described above, we designed 
a self-reinforced system of SCW-related transcription factors 
from Arabidopsis: AtVND7, AtSND1/AtNST3, and AtMYB46. 
In this system, to make an artificial positive feedback loop 
(Yan et  al., 2012), the transcription factors were fused with 
the VP16 transcription activation domain to enhance their 
function (Yamaguchi et  al., 2010). In addition, they were 
expressed under the control of the Populus trichocarpa CesA18 
(PtCesA18) promoter, which is active and the gene is expressed 
in xylem tissue (Suzuki et  al., 2006). The resultant chimeric 
genes, PtCesA18pro::AtVND7:VP16, PtCesA18pro::AtSND1:VP16, 
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and PtCesA18pro::AtMYB46:VP16, were introduced into the 
hybrid aspen (P. tremula × tremuloides T89). The phenotypic 
analysis showed that our strategy could work to enhance SCW 
deposition in xylem tissues in PtCesA18pro::AtSND1:VP16  
and PtCesA18::AtMYB46:VP16. We  also found that only 
transgenic plants expressing PtCesA18pro::AtMYB46:VP16 were 
able to grow in pots of soil in the greenhouse, while 
PtCesA18pro::AtVND7:VP16 and PtCesA18pro::AtSND1:VP16 
could grow only in a sterile half-strength Murashige and Skoog 
(MS) medium. The lignocellulosic property in the xylem tissues 
was altered in the PtCesA18pro::AtMYB46:VP16 line 17 with 
the highest expression of AtMYB46. Together, these data 
collectively demonstrate the practicality of using a self-reinforced 
system of SCW-related transcription factors to enhance 
lignocellulose accumulation and SCW deposition, especially 
for the second master regulator of xylem cell formation 
(AtMYB46) in woody plants.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
The promoter sequence of the PtCesA18 gene was amplified 
from the genome of black cottonwood (Populus trichocarpa). 
Hybrid aspen (P. tremula × P. tremuloides, T89) was used for 
the transformation, according to the methods described by 
Ohtani et al. (2011). The plants were maintained and propagated 
aseptically on a medium containing a half-strength Murashige 
and Skoog (MS) salt mixture (Duchefa Biochemie, Haarlem, 
The Netherlands; pH 5.8) under a photoperiod of 16 h light/8 h 
dark at 23°C (Ohtani et  al., 2011; Hori et  al., 2020). For the 
analysis of growth and xylem lignocellulose, the transgenic 
plants were acclimated to the pots of soil in the greenhouse 
and grown under a 16-h light/8-h dark photoperiod at 23°C 
(Ohtani et al., 2011; Hori et al., 2020). To clone the transcription 
factor genes, total RNAs were extracted from 7-day-old A. 
thaliana (ecotype Columbia) seedlings grown in half-strength 
MS medium containing 0.5% (w/v) sucrose, as described by 
Nakano et  al. (2010).

Vector Construction and Generation of 
Transgenic Aspens
An approximately 3-kbp promoter sequence of PtCesA18 (also 
known as PtrCesA1A/PtCesA3-2/PtiCesA8-B or eugene3. 
00040363; Taylor et  al., 2003; Suzuki et  al., 2006; Kumar et  al., 
2009), which was most homologous to a Populus tremuloides 
CesA that was previously characterized as a xylem-specific 
cellulose synthase gene (Wu et  al., 2000), was amplified using 
PCR from the genomic DNA isolated from Populus trichocarpa 
shoots as described by Ohtani et  al. (2011), and then cloned 
into pENTR™/D-TOPO™ (Thermo Fisher Scientific, Waltham, 
MA, United  States). The coding regions (excluding the stop 
codon) of AtVND7 (AT1G71930), AtSND1 (AT1G32770), and 
AtMYB46 (AT5G12870) were also PCR-amplified from the 
cDNAs prepared from the total RNAs of the Arabidopsis seedlings, 
as described by Nakano et  al. (2010), and then cloned into 
pENTR™/D-TOPO™ (Thermo Fisher Scientific, Waltham, MA, 

United  States). The HYGROMYCIN PHOSPHOTRANSFERASE 
gene and NOS terminator of the pSMAH621 vector (Kubo 
et  al., 2005) were replaced with the NEOMYCIN 
PHOSPHOTRANSFERASE II (NPTII) gene and the Arabidopsis 
heat shock protein terminator (AtHSP ter), respectively, to 
increase mRNA expression (Nagaya et  al., 2010). To generate 
the construction of PtCesA18pro::GUS, PtCesA18 promoter 
sequence was inserted into the Sma I  site located the upstream 
of GUS gene in the modified pSMAH621 containing NPTII 
and AtHSP ter. In addition, the 35S promoter and the GUS 
gene were removed from pSMAH621 using restriction enzymes, 
and the sequence of the human herpes virus–derived VP16 
transcriptional activation domain was inserted, to obtain the 
pSMAH-VP16-Thsp vector.

To generate the sequence corresponding to PtCesA18pro:: 
AtVND7, PtCesA18pro::AtSND1, or PtCesA18pro::AtMYB46, the 
sequences of PtCesA18pro and the coding regions of AtVND7, 
AtSND1, and AtMYB46 were first independently amplified by 
PCR with a set of primers containing the overlapped sequences 
between the PtCesA18pro sequence and the coding regions of 
AtVND7, AtSND1, or AtMYB46, and a primer containing the 
recognition site of a restriction enzyme. The PCR products 
were used as the templates for a second PCR to amplify the 
sequences of PtCesA18pro::AtVND7, PtCesA18pro::AtSND1, or 
PtCesA18pro::AtMYB46, using the primer sets comprising 
PtCesA18p-EV_F and VND7(−stop)_Avr_R, SND1(−stop)_
Avr_R, or MYB46(−stop)_Avr_R. The resultant PCR products 
were cloned into the pGEM T-easy cloning vector (Promega, 
Madison, WI, United  States), and the sequences of 
PtCesA18pro::AtVND7, PtCesA18pro::AtSND1, or PtCesA18pro:: 
AtMYB46 were cut out with EcoRV (TaKaRa Bio, Kusatsu, 
Japan) and AvrII (TaKaRa Bio). The pSMAH-VP16-Thsp vector 
was treated with BamHI (TaKaRa Bio), followed by a treatment 
with Klenow Fragment (TaKaRa Bio) to generate the blunt 
ends. The resultant sample was subsequently treated with XbaI, 
and then used for the ligation with the PtCesA18pro::AtVND7, 
PtCesA18pro::AtSND1, or PtCesA18pro::AtMYB46 fragments, to 
obtain the plant expression vector for the expression of 
PtCesA18pro::AtVND7:VP16, PtCesA18pro::AtSND1:VP16, or 
PtCesA18pro::AtMYB46:VP16 (Figure  1E). The plasmid was 
electroporated into the Agrobacterium tumefaciens 
(GV3101::pMP90), and each individual clone was used for the 
transformation of hybrid aspen (Ohtani et  al., 2011). The 
successful insertion of the transgene in each transgenic aspen 
was confirmed by PCR with the extracted genomic DNA 
samples using specific primer sets. The primer sequence 
information is indicated in Supplementary Table  1.

Total RNA Extraction From Aspen Samples
Stem tissues of transgenic aspens were collected and  
frozen in liquid nitrogen, then ground with a mortar and 
pestle. A 600-μl aliquot of extraction buffer [2% (w/v) 
cetyltrimethylammonium bromide, 2.5% (w/v) 
polyvinylpolypyrrolidone 40, 2 M NaCl, 100 mM Tris–HCl (pH 
8.0), 25 mM EDTA (pH 8.0), and 2% (v/v) 2-mercaptoethanol] 
was added to each 100–150-mg sample, and the mixture was 
homogenized by vortexing. After incubating the samples at 
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65°C for 10 min, an equal volume of chloroform:isoamylalcohol 
(24:1) was added to the mixture, followed by vigorous shaking. 
Subsequently, the samples were centrifuged at 11,000 g for 
10 min at 4°C, after which the aqueous phase was transferred 
into a new tube. The extraction using chloroform:isoamylalcohol 
and the centrifugation were repeated two times in total. LiCl 
solution (to a final concentration of 3 M) was added to the 

collected aqueous parts, and the mixture was incubated overnight 
at 4°C. The samples were centrifuged at 15,000 g for 20 min 
at 4°C to precipitate the RNA fractions, and the precipitated 
RNA fractions were purified using RNeasy Mini Kit (QIAGEN, 
Venlo, The Netherlands) to obtain the total RNA samples. The 
RNA samples were kept at −80°C until required.

Reverse Transcription-Quantitative PCR
The total RNA samples from transgenic aspens were treated 
with RQ1 RNase-Free DNase (Promega) following the 
manufacturer’s instructions. A 2-μg aliquot of DNase-treated 
RNA was used to synthesize cDNA with the Transcriptor First 
Strand cDNA Synthesis Kit (Roche Diagnostics, Basel, 
Switzerland) using oligo dT(18) primers (Promega). The cDNA 
samples were kept at −20°C until required. The amounts of 
mRNAs were quantified using LightCycler 480 SYBR Green 
I  Master (Roche), gene-specific primer sets 
(Supplementary Table 1), and LightCycler 480 Real-Time PCR 
System (Roche). The expression levels of the analyzed genes 
were normalized against the expression level of ELONGATION 
INITIATION FACTOR 4a (ELF4A; Ohtani et  al., 2011;  
Hori et  al., 2020; Akiyoshi et  al., 2021).

Transmission Electron Microscopy
The 10th elongated internodes of the stems were harvested 
and fixed in 0.05 M sodium phosphate buffer (pH 7.2) containing 
1.25% (v/v) glutaraldehyde and 2% (w/v) paraformaldehyde, 
then fixed with 1% (w/v) osmium tetroxide. The fixed samples 
were washed with 8% (w/v) sucrose solution and dehydrated 
using an ethanol series [25, 60, 80, 99, and 100% (v/v)]. The 
ethanol was replaced with propylene oxide, and thereafter the 
propylene oxide was replaced with Spurr’s resin (Polysciences, 
Warrington, PA, United States). Subsequently, the samples were 
fully embedded in Spurr’s resin. Sections (80 µm thickness) 
were cut and post-stained with lead stain of Sato (1968) and 
observed using a transmission electron microscopy (TEM; 
HITACHI H-7100, HITACHI High-Tech, Tokyo, Japan). The 
area of the cell walls was calculated by subtracting the area 
of the cell region surrounded by the plasma membrane from 
the area of entire cell including the cell wall, using ImageJ.1 
The statistical analysis was performed using Tukey–Kramer 
test (p < 0.05) in R.2

Nuclear Magnetic Resonance Footprinting 
Analysis of Transgenic Aspen Stem 
Tissues
The method for nuclear magnetic resonance (NMR) footprint 
analysis was described by Hori et  al. (2020) and Akiyoshi 
et  al. (2021). The stem samples (about 10-cm in length) were 
collected from transgenic aspens grown in the greenhouse, 
freeze-dried, and debarked, then ground in an automill (TK-AM7; 
Tokken, Kashiwa, Japan) for 10 min. The samples were then 
further ground in a Pulverisette 5 ball mill (Fritsch, 

1 https://imagej.nih.gov/ij/
2 https://www.R-project.org

FIGURE 1 | The concept of the self-reinforced system with secondary cell 
wall (SCW)-related transcription factors. (A–D) The promoter activity of the 
Populus trichocarpa CesA18 (PtCesA18) gene in the hybrid aspen (Populus 
tremula × tremuloides T89). The activity was determined using the 
PtCesA18pro::GUS reporter in the leaf (A), the petiole (B), the elongating 
third internode (C), and the elongating fifth internode (D). GUS signals were 
observed in the developing leaf veins (A), xylem and phloem fibers in the 
petiole (B), and developing xylem tissues (C,D). Bars = 100 µm in (A,B), 50 µm 
in (C,D). (E) Schematic diagram of the construct used for the self-reinforced 
system. In this system, a gene encoding an Arabidopsis thaliana transcription 
factor (TF) is designed to be expressed under the control of the PtCesA18 
promoter, forming a fusion protein with VP16, a transcriptional activation 
domain derived from the human herpes virus. The transcription of transgene 
is terminated by the Arabidopsis heat shock protein terminator (AtHSP ter; 
Nagaya et al., 2010). (F) Mode of action of the self-reinforced system with 
SCW-related transcription factors. (Upper) In the xylem cells of hybrid aspen 
(Populus tremula × tremuloides), the PtCesA18 promoter is activated by an 
endogenous transcription factor (PtTF), resulting in the generation of 
AtTF:VP16, which is introduced by the construct described in (E). (Middle) 
The generated AtTF:VP16 can strongly activate the PtCesA18 promoter 
activity to boost the synthesis of AtTF:VP16 in a self-reinforcing manner. 
(Lower) The generated AtTF:VP16 fusion protein subsequently induces 
endogenous SCW-related genes. TF, transcription factor; At, Arabidopsis 
thaliana; Pt, Populus trichocarpa; and Ptt, Populus tremula × tremuloides.
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Idar-Oberstein, Germany) for 12 h. Next, 30 mg of powdered 
sample was dissolved in dimethyl sulfoxide (DMSO)-
d6:pyridine-d5 (4:1) and heated at 50°C for 30 min with shaking 
at 14,000 rpm in a Thermomixer Comfort (Eppendorf, Hamburg, 
Germany). After centrifugation at 15,000 rpm for 5 min, the 
supernatant was transferred into NMR tubes for analysis. Same 
supernatant samples were used for Pyrolysis-GC/MS analysis 
(section “Pyrolysis-GC/MS Analysis”).

Nuclear magnetic resonance spectra were collected on an 
Avance II HD-700 instrument (Bruker, Billerica, MA, 
United  States) with a 5-mm cryoTCI probe. For the 1H and 
13C analyses, 700.130 and 176.06 MHz resonance frequencies 
were used, respectively. The temperature for all NMR samples 
was kept at 318 K. Chemical shifts were referenced to the 
methyl group of DMSO-d6 at 1H = 2.49 ppm and 13C = 39.5 ppm. 
The echo/antiecho gradient selections were used for the collection 
of 2D 1H-13C hetero-nuclear single quantum coherence (HSQC) 
spectra. A total of 51 regions of interest (ROI) were identified 
based on previously assigned chemical shifts (Komatsu and 
Kikuchi, 2013; Watanabe et  al., 2014; Mori et  al., 2015). The 
protocols described in Mansfield et  al. (2012) and in Tsuji 
et  al. (2015) were used to quantify HSQC. The peak intensity 
of pyridine-d5 used for the normalization. The statistical analysis 
was performed using Tukey–Kramer test (p < 0.05) in R.

Pyrolysis-GC/MS Analysis
The 8-μl of the cell wall extraction sample described in the 
section “Nuclear magnetic resonance footprinting analysis of 
transgenic aspen stem tissues” was dropped on pyrofoil F500 
(500°C; Japan Analytical Industry Co., Japan). Pyrolysis GC–MS 
analysis was performed using a Curie Point Pyrolyzer JPS-900 
(Curie Point Pyrolyzer, Automated Model, Japan Analytical 
Industry Co., Ltd., Japan) connected directly to a gas 
chromatograph system 7890B GC System (Agilent, United States). 
Pyrolysis was performed using the following conditions; 280°C 
oven temperature, 280°C needle temperature, and 500°C pyrolysis 
for 5 s. The pyrolysates were then transferred to the gas 
chromatograph (5977A MSD, Agilent, United  States) equipped 
with Agilent J&W DB-1 MS column (60 m × 0.25 mm × 0.25 μm, 
Agilent, United  States), and analyzed under the following 
conditions; carrier, helium; injector temperature, 280°C; split 
ratio, 100:1; mass range, 50–300; column temperature, heat up 
from 40 to 280°C at a rate of 4°C/min, and then keep  280°C 
for 5 min.

Pyrolysis GC–MS data were analyzed based on the methods 
described by Gerber et  al. (2012), Pinto et  al. (2012), and 
Gerber et  al. (2016). Briefly, the raw pyrolysis GC–MS data 
were converted to the NetCDF format by the software Agilent 
Chemstation Data Analysis, and then the smoothing and 
alignment of chromatograms were performed (Gerber et  al., 
2012). After the background subtraction, the Multivariate Curve-
Resolution by Alternate Regression (MCR-AR) analysis was 
performed, to deconvolute the chromatographic and mass 
spectral profiles. Based on the annotation information of each 
peak by Gerber et  al. (2012), we  computed the values for 
carbohydrate:lignin (C/L) ratio and lignin S/G ratio.

Enzymatic Saccharification Analysis
The powdered stem samples were treated with a mixture of 
cellulase from Trichoderma reesei ATCC 26921 (Sigma-Aldrich, 
Merck KgaA, Darmstadt, Germany) and cellobiase from 
Aspergillus niger (Sigma-Aldrich, Merck KgaA) for 24 h, according 
to the methods of Okubo-Kurihara et  al. (2016) and Ohtani 
et al. (2017b). The supernatant was collected after centrifugation, 
after which 0.1 M NaOH solution was added to stop the reaction. 
The released glucose and xylose were measured with a “Glucose 
CII-Test” (FUJIFILM Wako Pure Chemical Corporation, Osak, 
Japan) and a “D-Xylose Assay Kit” (Megazyme, Bray, Ireland), 
respectively.

RESULTS AND DISCUSSION

Design of the Self-Reinforced System of 
SCW-Related Transcription Factors
First, we  examined the promoter activity of P. trichocarpa 
CesA18 (PtCesA18), by generating the transgenic 
PtCesA18pro:GUS line of hybrid aspen (P. tremula × tremuloides 
T89; Figures  1A–D). GUS signals were detected in developing 
xylem vessel cells in the leaf veins (Figure  1A), developing 
xylem and phloem fiber cells in the petiole (Figure  1B), 
developing vessel cells in the primary xylem of young internodes 
(Figure  1C), and developing xylem and fiber cells in the 
secondary xylem of the older internodes (Figure  1D). These 
observations indicate that PtCesA18 promoter activity is tightly 
associated with SCW formation, as expected; thus, we  decided 
to use the PtCesA18 promoter for the self-reinforced system 
of SCW-related transcription factors (Figures  1E,F).

In our self-reinforced system, the transcription factors 
associated with SCW formation are expressed under the control 
of the PtCesA18 promoter, as a fusion protein with the human 
herpes virus–derived transcriptional activation domain VP16 
(Figure 1E). The transcription factor genes used in the present 
work were AtSND1, AtVND7, and AtMYB46, which are master 
regulators of SCW formation in A. thaliana (Kubo et al., 2005; 
Mitsuda et  al., 2005, 2007; Zhong et  al., 2006, 2007; Ko et  al., 
2009, 2014; Nakano et  al., 2015; Ohtani and Demura, 2019; 
Kamon and Ohtani, 2021). The key feature of this self-reinforced 
system is that the PtCesA18 promoter can be  upregulated by 
AtSND1, AtVND7, and AtMYB46, since these transcription 
factors can recognize and bind their cis-regulatory elements, 
which are highly conserved among each ortholog (Zhong et al., 
2010a; Ohtani et  al., 2011; Kim et  al., 2012; Zhong and Ye, 
2012). First, in the xylem cells, the PtCesA18 promoter activity 
is upregulated by endogenous VNS and MYB functions, resulting 
in the induction of AtSND1:VP16, AtVND7:VP16, or 
AtMYB46:VP16 expression. Subsequently, these induced 
AtSND1:VP16, AtVND7:VP16, or AtMYB46:VP16 proteins can 
bind and upregulate the PtCesA18 promoter to generate large 
amounts of AtSND1:VP16, AtVND7:VP16, and AtMYB46:VP16 
mRNAs. We  can expect that our constructs will result in the 
high production of AtSND1:VP16, AtVND7:VP16, and 
AtMYB46:VP16 proteins, facilitating the strong induction of 
the SCW biosynthetic genes, as the combined effects of PtCesA18 
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promoter and transcriptional activation domain VP16 
(Figure  1F).

Generation of Transgenic Plants 
Containing the Self-Reinforced System of 
SCW-Related Transcription Factors
We introduced the chimeric genes PtCesA18pro::AtSND1:VP16, 
PtCesA18pro::AtVND7:VP16, and PtCesA18pro::AtMYB46:VP16, 
or the vector control PtCesA18pro::GUS, into the hybrid aspen 
P. tremula × tremuloides line T89 (Figures  2A–D, 
Supplementary Figure  1). As the results, 13, 11, 16, and 14 
independent lines of PtCesA18pro::AtSND1:VP16, 
PtCesA18pro::AtVND7:VP16, PtCesA18pro::AtMYB46:VP16, and 
PtCesA18pro::GUS, respectively, were established. All 
PtCesA18pro::AtMYB46:VP16 or PtCesA18pro::AtSND1:VP16 
were indistinguishable from the non-transgenic aspen and 
control transgenic line PtCesA18pro::GUS in terms of their 
size and morphology when grown in the sterile half-strength 
MS medium (Figures  2A–D); however, all transgenic 

PtCesA18pro::AtVND7:VP16 plants showed severe growth defects 
(Supplementary Figure  1). The stem sections of the 
PtCesA18pro::AtVND7:VP16 lines indicated no clear secondary 
growth in the xylem and collapsed primary xylem cells 
(Supplementary Figure  1). It is possible that the decrease of 
water transport ability and mechanical strength of the stem 
tissues by the reduction in xylem cells would lead to growth 
defects in the PtCesA18pro::AtVND7:VP16 plants. There is a 
clear difference in transcriptional activation activity between 
AtVND7 and AtSND1; AtVND7 can strongly induce 
programmed cell death (PCD)-related genes as a master 
regulator of xylem vessel cell differentiation, which include 
PCD process, while AtSND1 possesses a relatively low ability 
to do so since AtSND1 functions in fiber cell differentiation 
(Kubo et al., 2005; Ohashi-Ito et al., 2010; Zhong et al., 2010b; 
Yamaguchi et  al., 2011) Thus, the results of the 
PtCesA18pro::AtVND7:VP16 lines might reflect this strong 
activity of AtVND7 to induce PCD.

Based on the expression levels of the transgenes 
(Figures  2E–G), we  selected three lines of each transgenic 

A B

C D

E

F

G

FIGURE 2 | Generation of transgenic aspens carrying PtCesA18pro::AtMYB46:VP16, PtCesA18pro::AtSND1:VP16, or PtCesA18pro::AtVND7:VP16. (A–D) 
Transgenic aspens grown in a sterile half-strength Murashige and Skoog growth medium. Typical views of the non-transgenic (NT) plant (T89; A) and plants carrying 
the PtCesA18pro::GUS (GUS) line 9 (B), PtCesA18pro::AtMYB46:VP16 (AtMYB46) line 17 (C), or PtCesA18pro::AtSND1:VP16 (AtSND1) line 7 (D). Bar = 5 cm. 
(E–G) Expression levels of the introduced genes, β-Glucuronidase (GUS; E), AtMYB46 (F), and AtSND1 (G) in the transgenic lines, as quantified using Reverse 
Transcription-Quantitative PCR (RT-qPCR) analysis. The data are displayed as means ± SD (n = 3).
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plant for further detailed analysis. First, the expression levels 
of Populus tremula × tremuloides XYLEM CYSTEINE PROTEASE 
1 (PttXCP1), encoding a cysteine protease involved in PCD 
(Avci et  al., 2008); PttMYB003, encoding a poplar AtMYB46 
homolog (Ohtani et  al., 2011; Zhong et  al., 2013); PttCesA18, 
encoding a xylem-specific cellulose synthase (Wu et  al., 2000; 
Suzuki et  al., 2006); PttGT47A, encoding an enzyme for 
hemicellulose biosynthesis; and CONIFERALDEHYDE 
5-HYDROXYLASE (PttCAld5H), encoding an enzyme for 
monolignol biosynthesis (Hori et  al., 2020) were examined 
using Reverse Transcription-Quantitative PCR (RT-qPCR) with 
the stem-derived total RNAs (Figure  3). PttXCP1 and 
PtMYB0003 were upregulated only in the PtCesA18 
pro::AtSND1:VP16 plants (Figure  3), while the other  
SCW biosynthesis genes were upregulated in both the 
PtCesA18pro::AtMYB46:VP16 and PtCesA18pro::AtSND1:VP16 
lines, relative to their expression in the non-transgenic plants 

and the vector control PtCesA18pro::GUS plants (Figure  3). 
This is consistent with the known transcriptional regulatory 
hierarchy, in which the VNS proteins, including AtSND1, 
can induce the expression of the secondary master switch 
MYB genes such as AtMYB46 and AtMYB83, as well as the 
PCD-related and SCW-related genes, while the secondary 
master switch MYB proteins mainly upregulate SCW-related 
genes (Zhong et  al., 2010a; Schuetz et  al., 2013; Nakano 
et  al., 2015; Ohtani and Demura, 2019; Kamon and Ohtani, 
2021). We  could not confirm the increased abundance of 
the proteins of AtVND7:VP16, AtSND1:VP16, nor 
AtMYB46:VP16 proteins, due to the absence of specific 
antibodies for these transcription factors. However, based on 
the increased expression of the downstream genes of AtSND1 
and AtMYB46  in transgenic plants (Figure  3), we  concluded 
that our system could successfully function as expected 
(Figure  1F).

FIGURE 3 | Expression levels of xylem-related genes in transgenic aspens. The PttXCP1, PttMYB003, PttCesA18, PttCAld5H, and PttGT47A mRNAs were 
quantified in non-transgenic (NT) aspen (T89), the PtCesA18pro::GUS (GUS) lines, the PtCesA18pro::AtMYB46:VP16 (MYB46) lines, and the 
PtCesA18pro::AtSND1:VP16 (SND1) lines using RT-qPCR. The expression levels of the analyzed genes were normalized against the expression level of ELFA. The 
data are displayed as means ± SD (n = 3).
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Secondary Xylem Phenotypes of 
PtCesA18pro::AtMYB46:VP16 and 
PtCesA18pro::AtSND1:VP16 Transgenic 
Plants
Next, we  examined the cell arrangement and SCW deposition 
in the secondary xylem of the PtCesA18pro::AtMYB46:VP16 
and PtCesA18pro::AtSND1:VP16 transgenic plants (Figure  4). 
Toluidine blue staining showed that the size and cell arrangement 
of the xylem tissues of PtCesA18pro::AtMYB46:VP16 lines 18 
and 22 and PtCesA18pro::AtSND1:VP16 line 13 were not 
significantly different from that of the control PtCesA18pro::GUS 
plants, whereas the width of the xylem was smaller in 
PtCesA18pro::AtMYB46:VP16 line 17, which had a high AtMYB46 
expression level (Figure 2F), and in PtCesA18pro::AtSND1:VP16 
lines 7 and 14 (Figure  4A). In the xylems of PtCesA18pro:: 
AtMYB46:VP16 line 17 and PtCesA18pro::AtSND1:VP16 lines 
7 and 14, bright blue–stained cells were observed in the inner 
part of the secondary xylem and phloem fiber cells (Figure 4A). 
The bright blue signal by toluidine blue staining indicates lignin 
deposition (Pradhan Mitra and Loqué, 2014), thus we  next 
used phloroglucinol, which stains lignin deposits red, to make 
clear lignin deposition additionally. The results showed strong 
red signals in the phloem fibers of PtCesA18pro::AtMYB46:VP16 
line 17 and PtCesA18pro::AtSND1:VP16 lines 7 and 14 
(Figure  4B). Lacking of bright blue toluidine blue signals and 
red phloroglucinol signals in PtCesA18pro::AtSND1:VP16 line 
13 indicated that no changes in lignification in the line 13. In 
addition, intense red signals and bright pink to white signals 

were observed in the xylem cells of PtCesA18pro::AtMYB46:VP16 
line 17 and PtCesA18pro::AtSND1:VP16 lines 7 and 14, respectively, 
in comparison with the control plants (Figure 4B). The different 
coloration of phloroglucinol signals has been shown to reflect 
the different thickness of SCW and/or lignin S/G ratio (Pradhan 
Mitra and Loqué, 2014; Blaschek et  al., 2020), and the bright 
pink to white phloroglucinol signals are observed when the 
SCW are thick or S-lignin rich SCWs are present (Blaschek 
et  al., 2020). Thus, these observations suggested that SCW 
deposition, including lignification, was enhanced in these three 
lines, and that the acceleration of SCW deposition occurs 
simultaneously with a decrease in the size of the xylem regions.

To examine the cell wall thickness of the secondary xylem 
cells, a TEM analysis was performed for both the xylem vessel 
cells (Figures 5A–C) and the xylem fiber cells (Figures 5D–F). 
In the PtCesA18pro::AtMYB46:VP16 plants, the cell wall thickness 
of both the vessel and fiber cells was only statistically increased 
in line 7 compared with the controls (Figures  5G,H). By 
contrast, all three lines of PtCesA18pro::AtSND1:VP16 showed 
a significant increase in the cell wall thickness of both the 
xylem vessel and fiber cells relative to the control plants 
(Figures  5G,H), despite the lack of clear changes of fiber cells 
in the line 13 by the histological observation (Figure  4). 
PtCesA18pro::AtSND1:VP16 line 13 has a larger variation in 
cell wall thickness of fiber cells than the other two lines, line 
7 and 14 (Figure  5H), thus the effects of cell wall thickness 
could be  unstable in the line 13. Notably, the effect of the 
high transgenic AtSND1 expression on cell wall thickness was 

A

B

FIGURE 4 | Histological observations of xylem tissues in transgenic aspens. (A) Stem sections of PtCesA18pro::GUS, PtCesA18pro::AtMYB46:VP16, and 
PtCesA18pro::AtSND1:VP16 stained with toluidine blue. (B) Stem sections of PtCesA18pro::GUS, PtCesA18pro::AtMYB46:VP16, and PtCesA18pro::AtSND1:VP16 
stained with phloroglucinol-HCl for the detection of lignin. Bars = 100 μm.
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greater than that of AtMYB46 transgenic expression 
(Figures  5G,H), and in the case of the PtCesA18pro:: 
AtMYB46:VP16 plants, the increase in cell wall thickness was 
detected only in line 17, which had the highest AtMYB46 
expression level (Figure 2F). Such differences in overexpression 
effects might reflect the difference of molecular function 
between AtSND1 and AtMYB46; AtSND1 activates the entire 
molecular program of fiber cell differentiation, including not 
only SCW biosynthesis enzymes but also the other regulatory 
factors, such as secretion machinery (Mitsuda et  al., 2005, 
2007; Zhong et  al., 2006, 2010b; Ohashi-Ito et  al., 2010), 
while the regulatory targets of AtMYB46 are mainly SCW- 
related enzymatic genes (Zhong et  al., 2007; Ko et  al., 2009; 
McCarthy et  al., 2009).

Wood Cell Wall Properties in 
PtCesA18pro::AtMYB46:VP16 Transgenic 
Plants
The transgenic aspens grown in the sterile MS growth medium 
showed enhanced SCW deposition in their secondary xylem 
(Figures  4, 5). To further assess the wood structure and wood 
cell wall properties, we  tried to grow the transgenic plants in 
pots of soil in the greenhouse (Figure  6). Five plants of each 
transgenic line (PtCesA18pro::AtMYB46:VP16 and PtCesA18pro:: 
AtSND1:VP16) were prepared and transferred into the soil. 
Unfortunately, no PtCesA18pro::AtSND1:VP16 plants were able 
to survive being transplanted into the pots of soil. It was 
previously reported that the transgenic aspen expressing 
OsSWN1:VP16, a chimeric gene comprising a rice homolog 
of AtSND1 and VP16, under the control of the AtSND1 promoter 
showed no growth defects in the pots of soil (Sakamoto et  al., 
2016); thus, the lack of viability of our self-reinforced system 
with PtCesA18pro::AtSND1:VP16 plants expressing AtSND1 is 
likely caused by some factors that would be  affected only in 
our self-reinforced system, but not in the traditional 
overexpression. Previously, we observed that cell wall modification 
actively occurred during the stress response in poplar (Chen 
and Polle, 2010; Janz et  al., 2012; Polle et  al., 2019; Hori 
et  al., 2020), and the expression levels of the VNS genes, 
especially the poplar SND1 homologs, were decreased in response 
to stresses in poplar (Hori et  al., 2020), suggesting that the 
regulation of VNS activity could be  crucial for the plant stress 
response. Based on this idea, we  hypothesize that the 
PtCesA18pro::AtSND1:VP16 plants cannot perform the proper 
acclimatization processes required for the transfer from humid 
aseptic growth medium containers to relatively dry soils in 
the greenhouse.

In contrast, the PtCesA18pro::AtMYB46:VP16 plants and the 
vector control plants continuously grew in the greenhouse pots 
of soil, reaching ~1.5 m in height during the 3-month culture 
(Figure  6). The height and morphology of the 
PtCesA18pro::AtMYB46:VP16 plants were comparable to the 
vector control plants, suggesting no significant growth effect 
of the high transgenic AtMYB46 expression in our self-reinforced 
system. These results indicated that the current version of the 
self-reinforced system with the VNS genes is not suitable for 

FIGURE 5 | Cell wall thickness in the transgenic aspens. (A–F) Typical 
transmission electron microscope (TEM) images of xylem vessel cells (A–C) 
and xylem fibers cells (D–F) in the 10th elongating internodes of 
PtCesA18pro::GUS line 9 (A,D), PtCesA18pro::AtMYB46:VP16 line 17 (B,E), 
and PtCesA18pro::AtSND1:VP16 line 7 (C,F). Bar = 10 μm. (G,H) Box plots of 
the cell wall area of the xylem vessel cells (G) and xylem fiber cells (H). Cell 
wall area is shown as a ratio of the entire cell area. Different letters indicate 
statistically significant differences (Tukey–Kramer test: p < 0.05; n = 7–12 for 
xylem vessel cells, n = 14–29 for xylem fiber cells).
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directly obtaining plant biomass for practical use, but that the 
self-reinforced system using the AtMYB46 gene has potential 
for further practical use.

Next, the cell walls of the PtCesA18pro::AtMYB46:VP16 
stems (line 17, 18, and 22) were assessed by NMR footprinting 
analysis (Kim and Ralph, 2010; Mansfield et  al., 2012; Hori 
et  al., 2020; Akiyoshi et  al., 2021). The cell wall fractions were 
extracted from the stem samples of transgenic plants using a 
DMSO-d6/pyridine-d5 solution, then subjected to the HSQC 
NMR analysis, which has proven to be  an effective method 
to examine the polysaccharides and lignin components in 
unfractionated plant cell wall materials (Kim and Ralph, 2010; 
Mansfield et  al., 2012; Tobimatsu et  al., 2013; Kim et  al., 2017; 
Zhang et  al., 2019; Figure  7A). We  performed the principal 
component analysis (PCA) of the signal intensities of the NMR 
peaks. The PCA plot demonstrated that the cell wall properties 
of PtCesA18pro::AtMYB46:VP16 woods could be  differentiated 
from that of the vector control plants (Figure  7B); the 
PtCesA18pro::AtMYB46:VP16 samples were generally located 
in the regions where PC2 takes a negative value (see pink 
circle in Figure 7B). The samples of PtCesA18pro::AtMYB46:VP16 
line 17  in particular were clustered in the region with positive 
PC1 values and negative PC2 values (see red circle in Figure 7B), 
suggesting relatively large changes in cell wall composition in 
this line.

We further examined the peaks that contributed to the 
PC1 score in Figure  7B, and found that such peaks contained 
many lignin-related NMR peaks (Figures  7A,C). In 
PtCesA18pro::AtMYB46:VP16 line 17, the signal intensities of 
the NMR peaks corresponding to syringyl (S) lignin (S2/6 
and S’2/6), β-aryl ether (Laβ_S), and resinol (LCα, LCβ, and 
LCγ) were significantly reduced (Figure  7C), suggesting that 
the S-lignin monomer and related structures would be decreased 
in line 17. Indeed, the S/G ratio of lignin was about 1.0  in 
this line (Figure  8A), which is lower than the typical S/G 
ratio of poplar wood (1.8–2.3; Davison et al., 2006). In Arabidopsis 
mature stems, the S/G ratio is around 0.4 (Sibout et  al., 2005); 
thus, the high transgenic expression of Arabidopsis MYB46 
might influence the lignin biosynthesis process in the transgenic 
hybrid aspen, enabling the biosynthesis of lignin with intermediate 
characters between poplar and Arabidopsis. In addition to 
lignin-related NMR peaks, sugar-related peaks also showed 
decreased signal intensities in the PtCesA18pro::AtMYB46:VP16 
line 17 (Figure  7C). The intensity of the signal related to 
arabinose (α_L_Araf_1), which is largely contained in the 
primary cell wall, was decreased, possibly due to the enhancement 
of SCW formation in line 17 (Figure  5). Interestingly, the 
signals related to acetylated hemicellulosic components, such 
as acetylated mannan [2-O-Ac-β-D-Manp (2)] and acetylated 
xylan [3-O-Ac-β-D-Xylp and 3-O-Ac-β-D-Xylp (3)], were also 

A B C D
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FIGURE 6 | Growth and morphology of the PtCesA18pro::AtMYB46:VP16 plants grown in pots of soil in the greenhouse. Phenotypes of the transgenic plants 
PtCesA18pro::GUS (vector control; A–D) and PtCesA18pro::AtMYB46:VP16 (E–I) 3 months after being transferred from the sterile half-strength Murashige and 
Skoog growth medium to pots of soil. Scale = 1 m.
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reduced in line 17 (Figure  7C); therefore, in line 17, the 
inhibition of hemicellulose acetylation and/or the deacetylation 
of hemicellulose is enhanced.

The lignin S/G ratio and degree of hemicellulose acetylation 
are critical factors for the regulation of SCW properties and 
the enzymatic saccharification of wood biomass (Chen and 
Dixon, 2007; Studer et  al., 2011; Pawar et  al., 2013, 2017), 
and the NMR data showed a decreased S/G ratio in 
PtCesA18pro::AtMYB46:VP16 line 17 (Figure  8A). Thus, the 
enzymatic saccharification efficiency of PtCesA18pro:: 
AtMYB46:VP16 was examined (Figures  8B,C). No statistically 

significant differences in the release of glucose or xylose were 
detected between PtCesA18pro::AtMYB46:VP16 and the vector 
control PtCesA18pro::GUS plants (Figures  8B,C). Since the 
SCW accumulation was enhanced in PtCesA18pro:: 
AtMYB46:VP16 line 17 (Figure 5), this finding of saccharification 
efficiency seemed to be  a discrepancy; however, in the 
PtCesA18pro::AtMYB46:VP16 line 17, lignin deposition may 
have been increased (Figure 4B) and the S/G ratio was decreased 
(Figure  8A). High amounts of lignin with a low S/G ratio 
can decrease the saccharification efficiency (Studer et al., 2011); 
therefore, it is possible that the accumulation of SCW material 

A

C

B

FIGURE 7 | Nuclear magnetic resonance (NMR) footprint analysis of stem samples of the transgenic aspens. (A) Typical hetero-nuclear single quantum coherence 
(HSQC) image of the stem samples. The peaks whose signals were decreased in PtCesA18pro::AtMYB46:VP16 line 17 are indicated with right blue arrows. 
(B) Principal component analysis (PCA) plots of the PtCesA18pro::GUS (vector control) and PtCesA18pro::AtMYB46:VP16 stem samples. Blue, pink, and red ovals 
indicate the distribution ranges of the PtCesA18pro::GUS samples, all PtCesA18pro::AtMYB46:VP16 samples, and the samples specifically from 
PtCesA18pro::AtMYB46:VP16 line 17, respectively. (C) NMR signal peaks that were significantly decreased in PtCesA18pro::AtMYB46:VP16 line 17. Representative 
structures for lignin-related NMR peaks are shown at the bottom. For each line, five individuals were examined as biological replicates.
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in PtCesA18pro::AtMYB46:VP16 line 17 increased its recalcitrance 
for sugar release, offsetting the effects of enhanced SCW 
accumulation to result in no difference in enzymatic 
saccharification efficiency (Figure 8C). To make clear this point, 
we performed the pyrolysis-GC/MS analysis of cell wall extracts 
(Figures  8D,E). The pyrolysis-GC/MS analysis confirmed the 
lower S/G ratio in the PtCesA18pro::AtMYB46:VP16 line 17 
(Figure 8D). It was also indicated that the carbohydrate portion 
to lignin was increased in the PtCesA18pro::AtMYB46:VP16 
line 17 (Figure 8D), suggesting that the MYB46 overexpression 
would not increase the lignin contents, but possibly change 
the balancing between carbohydrates and lignin in the enhanced 
SCW. Taken together, our data demonstrated the basic 
effectiveness of our SCW-related transcription factor–based 
self-reinforced system for enhanced SCW accumulation 
(Figures 4, 5) and the modification of SCW properties (Figures 7, 
8). However, the current system could not increase sugar yields 
through enzymatic saccharification (Figures  8B,C), suggesting 
that we must further improve the design of this self-reinforced  
system.

CONCLUSION AND PERSPECTIVES

In this work, we tested our idea of a SCW-related transcription 
factor–based self-reinforced system in the useful woody plant 
Populus. The results indicated that this system can work to 
enhance SCW accumulation in hybrid aspen without visible 
difference of plant growth, clearly indicating the effectiveness 
of this system for increasing biomass production per space; 
however, we  also recognized that the selection of transcription 
factors is critical for this system. The strong boosting of VNS 
protein activity is not suitable for the self-reinforced system, 
since the expression of VNS genes would be  tightly regulated 
to generate proper xylem cells in response to environmental 
conditions. Indeed, our results demonstrated that the transgenic 
aspens carrying PtCesA18pro::AtVND7:VP16 or 
PtCesA18pro::AtSND1:VP16 cannot survive well. By contrast, 
PtCesA18pro::AtMYB46:VP16 successfully functioned to enhance 
SCW accumulation in the xylem cells of the transgenic aspens, 
as expected (Figures  4, 5). Enhanced SCW accumulation was 
observed only in PtCesA18pro::AtMYB46:VP16 line 17, which 
showed the highest expression of the transgene AtMYB46 
(Figure  2F), and even in this line, the yields of glucose and 
xylose following enzymatic saccharification were no different 
to the control lines (Figures  8B,C). These results suggest that 
there is still much room for improvement in the selection of 
transcription factors for this self-reinforced system.

Interestingly, the RT-qPCR results of the PtCesA18pro:: 
AtSND1:VP16 and PtCesA18pro::AtMYB46:VP16 expression levels 
showed that the degree of enhancement of SCW deposition did 
not correlate well with the expression levels of the tested 
SCW-related genes, which are all well-known SCW-related factors 
working downstream of the VNS module (Figures  3–5). 
Considering that the heterologous VNS genes induce the 
accumulation and/or modification of the SCW more effectively 
than endogenous VNS genes (Ohtani et al., 2011; Sakamoto et al., 

A
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FIGURE 8 | Lignin S/G ratio and enzymatic saccharification efficiency of 
transgenic aspens. (A) Lignin S/G ratio of the PtCesA18pro::GUS (vector 
control) and PtCesA18pro::AtMYB46:VP16 stem samples. The data are 
shown as means ± SD (n = 5). (B,C) Sugar release from the 
PtCesA18pro::GUS (vector control) and PtCesA18pro::AtMYB46:VP16 stem 
samples after enzymatic treatment. The amounts of glucose (Glc; B) and 
xylose (Xyl; C) obtained from the treated wood samples are shown 
(means ± SD; n = 5). (D,E) Pyrolysis-GC/MS analysis of PtCesA18pro::GUS 
line 7 and PtCesA18pro::AtMYB46:VP16 line 17. The lignin S/G ratio (D) and 
carbohydrate:lignin (C/L) ratio (E) were shown (n = 3). For the C/L ratio, the 
average value of PtCesA18pro::GUS line 7 data was set as 1.0, and all results 
were shown as relative values. Asterisk indicates statistically significant 
difference (Student’s t test, p < 0.05).
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2016; Akiyoshi et  al., 2021), genes unexpectedly related to SCW 
accumulation could be  affected in PtCesA18pro::AtMYB46:VP16 
line 17. These differences in target genes may be  related to the 
differences in the cis-sequence binding properties of the VNS 
proteins from each plant species, as well as the differences in 
their interactivity with other proteins. Thus, we  have to consider 
the endogenous molecular mechanisms of SCW formation in 
hybrid aspen more carefully, and identify the critical points for 
further engineering of woody biomass. To improve the design 
of the SCW-related transcription factor–based self-reinforced 
system for the further enhancement of woody biomass utilization, 
we  should further analyze the characteristics of the VNS and 
MYB proteins as transcription factors, especially focusing on 
their functionality in target plant species for the engineering.
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The paper and pulp industry (PPI) is one of the largest industries that contribute to
the growing economy of the world. While wood remains the primary raw material
of the PPIs, the demand for paper has also grown alongside the expanding global
population, leading to deforestation and ecological imbalance. Wood-based paper
production is associated with enormous utilization of water resources and the release
of different wastes and untreated sludge that degrades the quality of the environment
and makes it unsafe for living creatures. In line with this, the indigenous handmade
paper making from the bark of Daphne papyracea, Wall. ex G. Don by the Monpa
tribe of Arunachal Pradesh, India is considered as a potential alternative to non-
wood fiber. This study discusses the species distribution modeling of D. papyracea,
community-based production of the paper, and glycome profiling of the paper by plant
cell wall glycan-directed monoclonal antibodies. The algorithms used for ecological and
geographical modeling indicated the maximum predictive distribution of the plant toward
the western parts of Arunachal Pradesh. It was also found that the suitable distribution
of D. papyracea was largely affected by the precipitation and temperature variables.
Plant cell walls are primarily made up of cellulose, hemicellulose, lignin, pectin, and
glycoproteins. Non-cellulosic cell wall glycans contribute significantly to various physical
properties such as density, crystallinity, and tensile strength of plant cell walls. Therefore,
a detailed analysis of non-cellulosic cell wall glycan through glycome profiling and
glycosyl residue composition analysis is important for the polymeric composition and
commercial processing of D. papyracea paper. ELISA-based glycome profiling results
demonstrated that major classes of cell wall glycans such as xylan, arabinogalactans,
and rhamnogalacturonan-I were present on D. papyracea paper. The presence of
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these polymers in the Himalayan Buddhist handmade paper of Arunachal Pradesh is
correlated with its high tensile strength. The results of this study imply that non-cellulosic
cell wall glycans are required for the production of high-quality paper. To summarize,
immediate action is required to strengthen the centuries-old practice of handmade
paper, which can be achieved through education, workshops, technical know-how, and
effective marketing aid to entrepreneurs.

Keywords: Daphne papyracea, handmade paper, Arunachal Pradesh, glycome profiling, species distribution
modeling

INTRODUCTION

Worldwide consumption of paper has grown intensely, and
papermaking has been showing a continuously increasing trend.
The pulp and paper industry is one of the largest industries
predominated by East Asian, North American, and Northern
European countries and makes a major contribution to the
world’s economy as well as livelihoods (Bajpai, 2018). China
and India are reported to become the key countries in terms of
paper production globally. It has been reported that about 371
and 399 million metric tons of paper were consumed globally
in 2009 and 2020, respectively. It is expected that it would
reach up to 461 million metric tons by 2030 (Ian Tiseo, 2021).
The average consumption of paper per year per individual is
recorded as 265, 7, and 40 kg by Americans, Africans, and
Asians, respectively. The global average consumption of paper
is 55 kg/individual/year while Japan consumes 215 kg, Finland
(194 kg), China (65 kg), and India (9 kg) (Bajpai, 2013). On
the other hand, wood-based paper production is associated
with enormous utilization of wood and water resources, and
release of different wastes and untreated sludge, thus degrading
the quality of the environment and making it unsafe for
living creatures. Different toxic effluents are released during
pulping and bleaching of woods, including chlorine compounds,
chlorinated organics, furans, and dioxins that are collectively
responsible for water, air, and land pollution (Singh and Chandra,
2019). Therefore, paper-producing industries are under constant
environmental, economic, and political pressures to minimize the
use of chemical processes to decrease the volume and toxicity
of industrial wastewaters. So, to minimize the utilization of
enormous supply of energy and chemicals, innovative approaches
should be focused to achieve ecosystem sustainability during
paper production (Bajpai, 2012). In this regard, papermaking
from non-wood fibers is considered a potential alternative to
meet the limitations and environmental cues associated with
wood-based papermaking. Non-wood fibers or alternate fibers
are non-woody cellulosic plant materials. These plants are
usually annual, and the cellulosic fibers obtained from them are
processed and developed into papers. Some of the globally used
non-wood papermaking plants include sugar cane bagasse, kenaf,
straws, hemp, jute, bamboo, sisal, cotton linters, reeds, and abaca
(Abd El-Sayed et al., 2020). Khakifirooz et al. (2012) studied
the chemical properties and morphological characteristics of
Hibiscus cannabinus to validate its utility for papermaking. They
demonstrated the presence of holocellulose, alpha-cellulose, and

lignin with a percentage of 72.31, 48.2, and 16.27%, respectively,
in H. cannabinus fibers. Furthermore, fiber length (2,553 µm),
width (22.35 µm), width of lumen (5.23 µm), and cell wall
thickness (11.90 µm) were also demonstrated, which indicates
that it could be used as a potential source of raw material for the
papermaking industry.

Handmade papermaking is regarded as an environmentally
friendly, energy-efficient, and promising approach. The industry
has a high potential for energy conservation, environment
protection, and promotion of local entrepreneurship.
Traditionally, handmade papers are made from wood-free
materials, like silk cotton, banana fibers, cotton, kenaf, mat grass,
bagasse, and agro-wastes. It has been reported that handmade
papermaking was earlier practiced in China but due to its high
potential, it is also being practiced by many European and
Asian countries as well (Jain and Gupta, 2021). Handmade
papermaking is regarded as the most important environment-
friendly approach to paper production as it emphasizes the
conservation of natural resources like forests, large trees,
etc., along with the significant reduction of detrimental
compounds leaking into the environment. Bidin et al. (2015)
discussed the suitability of five aquatic plant fibers, viz., Cyperus
digitatus, Cyperus halpan, Cyperus rotundus, Scirpus grossus, and
Typha angustifolia, for handmade papermaking. The chemical
composition and fiber dimensions of each plant were studied. It
was demonstrated that long (0.71–0.83 mm), thin plant fibers
(9.13–12.11 µm) were observed in all the tested plant fibers with
narrow lumen (4.32–7.30 µm) and thin cell wall (2.25–2.83 µm).
Furthermore, slenderness ratio, flexibility coefficient, and low
Runkel ratio ranged from 73.77 to 89.34, 0.84± 0.17, and 52.91 to
58.08, respectively. Therefore, based on physical properties, fiber
characteristics, and chemical composition, it was concluded that
S. grossus, C. rotundus, and T. angustifolia are suitable candidates
for handmade papermaking. Similarly, Mejouyo et al. (2020)
discussed the production and characterization of biodegradable
handmade paper obtained from Sida rhombifolia plant cellulose.
The paper was prepared by a traditional method called “Kraft
method,” and thereafter, physical characterization was evaluated,
viz., tensile properties (Young’s modulus, elongation at break,
and stress at break), water, moisture absorption rate, etc.

Daphne papyracea Wall. ex G. Don is a branched, erect
evergreen shrub belonging to the Thymelaeaceae family. It is
native to Arunachal Pradesh, Assam, China South-Central, China
Southeast, Bangladesh, Myanmar, West Himalaya, Nepal, and
Pakistan (Moshiashvili et al., 2020). It propagates in cool lime-free
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well-drained sandy loam, tolerates a dip in temperature up to
−10◦C, and prefers shady places but grows even in partial sunny
places in forested areas (coniferous as well as broad-leaved) at
an elevation of 700-3,200 m. It is propagated mostly through
seed germination, while its propagation through stem cuttings
and root suckers is also reported (Sharma and Devi, 2013). The
plant has dull green narrow-lanceolate to oblanceolate leathery
leaves, white-greenish flowers that blossom from November to
April, gray bark, and orange to deep red fruits (Sovrlic and
Manojlovic, 2017). In Arunachal Pradesh, the plant is locally
known as “Shukshing” and is being used traditionally for making
papers by the Monpa tribe of Tawang and West Kameng regions
of Arunachal Pradesh. The inner fibrous bark of the plant is an
important source of handmade paper. The thickness and length
of the D. papyracea fibers are categorically more than that of
the other common handmade papers. The thickness and the
length of the rice straw, sugarcane, and bamboo fibers have been
reported as 8.8 mm and 1.5 mm, 20 mm and 1.7 mm, and
9.14 mm and 1.09-2.33 mm, respectively, which are significantly
lesser than that of D. papyracea fibers (6-20 mm and 2-12 mm)
(Paul et al., 2006).

The complexity, heterogeneity, and variability of the plant cell
wall, which is due to ultra-crosslinking of cellulose microfibers
embedded in a macromolecular matrix of glycans, impede
the high-throughput analysis of plant cell wall structure
and composition. The emergence of glycome profiling, a
comprehensive collection of glycan-directed monoclonal
antibodies, is an important tool for the rapid and semi-
quantitative identification of the major non-cellulosic glycans
present in plant cell walls (Ruprecht et al., 2020). The significant
variations in the cell types, organs, age, developmental stage, and
growth environment depending on both biotic and abiotic stress
can also be determined by glycome profiling (Pattathil et al.,
2017; Ruprecht et al., 2020). Thus, glycome profiling provides
an effective approach to understand plant cell wall composition,
structure, and architecture to overcome the resistance of cell walls
to biological or chemical catalysts (Pattathil et al., 2015). This
work is focused on the habitat suitability or species distribution
modeling of D. papyracea in Arunachal Pradesh, methods for the
production of the paper from the inner bark of the plant, and
glycome profiling of the paper by plant cell wall glycan-directed
monoclonal antibodies (mAbs).

MATERIALS AND METHODS

Habitat Suitability or Species Distribution
Modeling for Daphne papyracea in
Arunachal Pradesh
Study Area
Arunachal Pradesh is situated at 91◦54′E to 97◦05′E longitudes
and 26◦50′E-29◦55′E latitudes in the northeastern part of India
(Figure 1). It is bordered by Tibet to the North, Myanmar
to the East, Bhutan to the West, and Assam to the South.
It has an annual rainfall ranging from 2,000 to 5,000 mm
(Dhar and Nandargi, 2004). The state is considered a part of the
Eastern Himalayas, a biodiversity hotspot with a geographical

area of 82,023 km2 and a population density of 17 people
per square kilometer (Census, 2011). It is mostly hilly and
mountainous, and it is also considered an important eco-region
(Olson and Dinerstein, 1998; Bharali and Khan, 2011; Maiti et al.,
2017).

Arunachal Pradesh is divided into 25 districts with as many
as 26 major tribes and more than 100 sub-tribes in Arunachal
Pradesh (Aiyadurai et al., 2009). The art of making Monpa
handmade paper originated over 1,000 years ago, and historically,
the tradition of making paper is linked to the Buddhist religion
and its practices. Gradually, the art became an integral part of
local custom and culture in West Kameng and Tawang regions of
Arunachal Pradesh.

Software and Data Acquisition
ASTER GDEM was downloaded from the Japan Space Systems
website1 and is utilized to produce the elevation map for the
study area. The bioclimatic variables have been taken from the
WorldClim database, which is derived from monthly climate
data (from 1970 to 2000) for minimum, mean, and maximum
temperature, precipitation, solar radiation, wind speed, water
vapor pressure, and for total precipitation (Supplementary
Table 1). The bioclimatic variables represent annual trends (e.g.,
mean annual temperature and annual precipitation), seasonality
(e.g., annual range in temperature and precipitation), and
extreme or limiting environmental factors (e.g., the temperature
of the coldest and warmest months and the precipitation of
the wet and dry quarters)2. To evaluate the potential availability
of D. papyracea, geographic distribution modeling of the plant
species was carried out. The species distribution modeling
of D. papyracea was performed using the maximum-entropy
(maxEnt) technique and the geographical information system
(GIS). MaxEnt utilizes a set of known localities, i.e., a set of
geographic coordinates where the species has been observed. In
addition, data on a number of environmental variables, such as
average temperature, average rainfall, elevation, etc., have been
measured or estimated across a geographic region of interest.

Preliminary analysis such as masking the layers to the area of
interest, modifying the environmental layers to the same extent,
etc., was carried out using ArcGIS. The MaxEnt software package
3.4.0 (Phillips et al., 2006, 2020) was used for predicting the
species’ occurrence while considering the various environmental
variables of known locations. The software generates the
probability of species’ occurrence, which ranges from 0 to 1. The
0 and 1 values indicate the lowest and the highest probability
of species occurrence, respectively, in a particular geographical
area. In this study, five known locations of the species were
recorded during a chance encounter while traveling through
the state of Arunachal Pradesh (Figure 2). The geographical
coordinates, along with the altitudes of the locations, were
documented. Nineteen (19) environmental variables (Table 1)
with 30-s spatial resolution available in the WorldClim database3,
along with SRTM elevation, were utilized (Hijmans et al., 2005)
to build the Environmental Niche Model and to calibrate the

1https://ssl.jspacesystems.or.jp/ersdac/GDEM/E/
2https://www.worldclim.org/data/worldclim21.html
3www.worldclim.org
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FIGURE 1 | Location map of the state of Arunachal Pradesh depicting the elevation gradient (in meters).

spatial models based on 10-fold cross-validation. It is well
established that Maxent performs better at low sample sizes
relative to other modeling methods (Bean et al., 2012). We also
used the jackknife procedure to generate response curves for
each predictor variable and estimate their relative influence. The
area under the receiver operating characteristic (ROC) curve,
also known as the area under the curve (AUC), was used to
evaluate the goodness−of−fit of the model. The model outputs
were imported to ArcGIS 10.4 for the final mapping of the
suitability distribution of the species. The final output was divided
into four suitable habitats that were regrouped with the range
of 0–1, viz., no suitability (< 0.2); low suitability (0.2–0.4);
moderate suitability (0.4–0.6), and high suitability (0.6–1) as
per IPCC, 2007.

Community-Based Production of the
Paper From the Bark of Daphne
papyracea
A community-level traditional handmade paper set up situated
in the Tawang region of Arunachal Pradesh was visited for
observing the steps and strategies important to producing paper
from the bark of the plants. Some important steps involved are
discussed below:

Harvesting or collection: During this step, mature plants aged
5-6 years are collected and peeled off. The bark is collected, and
the wood is used as fuel.

Scrapping, washing, drying, and soaking: By using a knife
or dao, the outer greenish/grayish layers of the bark are scrapped
and washed with water to remove the scrapped greenish/grayish
layers to obtain the whitish creamy inside part of the bark. The

washed bark is then sun-dried for 2 to 3 days and then soaked in
water for softening. Scrapping, washing, drying, and soaking are
locally called Khogo, Chheyu, Chromo, and CheJaso, respectively.

Cutting of bark in pieces (Tapu): In this step, the soaked bark
is cut into small pieces, which are further subjected to washing
with water to remove dirt and dust if present.

Boiling: The cut pieces of bark are boiled in ash water
(BlaPaa), which is prepared by passing water through ash. About
5 to 6 kilograms of bark are placed in 6 to 8 liters of ash water
and boiled for 3-4 h. The boiling is meant to remove any organic
substance present. Boiling softens the bark and makes it sticky
in texture. To drain the excess water, the boiled bark is placed in
a bamboo basket locally called Sheng Jang. Boiling of the bark is
also termed cooking, and, locally, it is known as Tsogu.

Pulp making or beating: On a flat stone plate, the boiled
fibers are beaten to a pulp with a wooden hammer locally known
as Ruelong. Then, the uniform paste of fibers is rolled into
balls, which allows its easy processing. Beating compresses the
pulp, enhances the strength and durability of the paper, and is
traditionally referred to as Thungu.

Making of the paper sheet and drying: The fine pulp is then
poured into rectangular frames made up of bamboo wrapped
with cloth or galvanized net. The frames are then floated in
a water tank and stirred continuously for uniform distribution
of the pulp over the net. Making of paper is locally known as
ShukChhusu, and it requires an aluminum tub (ShukNema), a
water tank (Shokang), a bamboo basket (Shombu), and a net
(Soray). After some time, the frames are carefully taken out of the
water tanks and sun-dried for 2 to 3 h. The papers are then peeled
off from the frames, collected in bundles, and sold in the local
market (Paul et al., 2006). The schematic representation of the
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FIGURE 2 | Five known test locations in Arunachal Pradesh where Daphne papyracea was seen and used for species distribution modeling.

steps involved during paper production in a community-based
enterprise is shown in Figure 3.

Glycome Profiling of Daphne papyracea
Paper
Glycome profiling of D. papyracea paper was done in three
steps: (a) cell wall preparation, (b) total sugar estimation, and
(c) enzyme-linked immunosorbent assay (ELISA) as described
earlier (Pattathil et al., 2010, 2012).

(a) Cell wall preparation: Alcohol insoluble residue (AIR)
was obtained by grinding D. papyracea paper and print-copy
paper (Office Depot R© brand multi-use print and copy paper,
United States, item #841195) in liquid nitrogen to fine powder
as previously described (Biswal et al., 2015, 2018). Print-
copy paper from Office Depot (United States) was used for
comparison with D. papyracea paper. The powdered biomass
was sequentially extracted with 80% (v/v) ethanol, 100% ethanol,
and chloroform/methanol [1:1 (v/v)]. After centrifugation, the
supernatant was discarded, and the resulting cell wall residue
(AIR) was air-dried for 72 h at room temperature.

(b) Total sugar estimation: A final concentration of
0.2 mg/ml of all the extracts was made by dissolving them
in deionized water. The amount of total sugar in all extracts
was determined by a phenol-sulfuric acid assay as previously
described (Dubois et al., 1951; Masuko et al., 2005; Biswal et al.,
2022).

(c) Enzyme-linked immunosorbent assay: All wall extract
samples were applied (50 µl of 20 µg/ml) to 96-well ELISA plates
and dried in an incubator at 37◦C for 12 h. The plates were

blocked with 200 µl of a blocking buffer to block the non-specific
sites in coated ELISA plates and incubated at room temperature
for 1 h as described previously (Pattathil et al., 2012). A blocking
agent was removed by aspiration, and 50 µl of a primary
monoclonal antibody (mAbs) was added to each well and
incubated for 1 h at room temperature. Then, each well was
washed three times with a 300-µl wash buffer. After washing,
50 µl of a secondary antibody was added to each well and
incubated at room temperature for 1 h. The secondary antibodies
were washed three times with a 300-µl wash buffer, and 50 µl
of TMB (3,3’,5,5’-Tetramethylbenzidine) solution was added to
each well. After 20 min, the reaction was stopped by adding 50
µl of 0.5 N sulfuric acid to each well. Finally, the absorbance was
measured at 450 nm in an ELISA plate reader (Pattathil et al.,
2010, 2012). The results of ELISA were repeated three times with
three biological replicates. More detailed descriptions of 155 cell
wall glycan-directed monoclonal antibodies are available at the
web database, WallMAbDB4 and are also provided in the table
(Supplementary Table 2).

Cell Wall Analysis
Prior to the analysis, approximately 40 mg of AIR samples
was treated with alpha-amylase (Sigma Cat # A6255) as
previously described (Biswal et al., 2017, 2022). Glycosyl
residue composition analysis of the AIR (∼ 2 mg) was
determined by GC–MS of trimethylsilyl (TMS) derivatization
of the monosaccharide methyl glycosides produced from the

4http://www.wallmabdb.net
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ground paper by acidic methanolysis as described earlier
(Biswal et al., 2015, 2017). All the experiments were repeated
three times with three biological replicates.

RESULTS

Tradition of Making Handmade Paper
Using the Bark of Daphne papyracea in
Arunachal Pradesh
The art of making Monpa handmade paper has great historic
and religious significance as it is the paper used for writing
Buddhist scriptures and hymns in monasteries. The practice
of writing Buddhist scriptures on handmade paper almost
disappeared in the monasteries, and the indigenous handmade
paper is taken over by the availability of ready-to-use paper
and global modernization. Once produced in every household,
this handmade paper was a major source of livelihood for the
community, and the monks in monasteries were dependent on
handmade paper for writing the sacred texts of teachings of
Buddhism, the words of the Buddha, the basis for the teachings
of the monks and the birth certificate of a newly born child in a
Buddhist family. However, the practice of handmade paper has
almost disappeared in the last 100 years, and now, the art of
making paper is limited to a few households in the Tawang region
of Arunachal Pradesh. It is widely believed that the Buddhist
scriptures written on handmade paper are well-preserved without

TABLE 1 | Environmental variables used in species distribution modeling of
Daphne papyracea in Arunachal Pradesh.

Environmental
variables

Description Units

Bio1 Annual Mean Temperature ◦C

Bio2 Mean Diurnal Range (Mean of monthly
maximum
and minimum temperature)

◦C

Bio3 Isothermality (Bio2/Bio7) (× 100) –

Bio4 Temperature Seasonality (standard
deviation × 100)

C of V

Bio5 Maximum Temperature of Warmest Month ◦C

Bio6 Minimum Temperature of Coldest Month ◦C

Bio7 Temperature Annual Range (Bio5-Bio6) ◦C

Bio8 Mean Temperature of Wettest Quarter ◦C

Bio9 Mean Temperature of Driest Quarter ◦C

Bio10 Mean Temperature of Warmest Quarter ◦C

Bio11 Mean Temperature of Coldest Quarter ◦C

Bio12 Annual Precipitation mm

Bio13 Precipitation of Wettest Month mm

Bio14 Precipitation of Driest Month mm

Bio15 Precipitation Seasonality (Coefficient of
Variation)

C of V

Bio16 Precipitation of Wettest Quarter mm

Bio17 Precipitation of Driest Quarter mm

Bio18 Precipitation of Warmest Quarter mm

Bio19 Precipitation of Coldest Quarter mm

Elev Elevation (SRTM-30s) m

FIGURE 3 | Schematic representation of paper production from the bark of
D. papyracea in community-based paper making set up at Tawang, Arunachal
Pradesh.

any damage by termites and other insects in the monasteries
for many generations. This locally made paper product has
great global potential and opens avenues for future research in
preservations of age-old scriptures stored in the monasteries.

Habitat Suitability or Species Distribution
Modeling for Daphne papyracea in
Arunachal Pradesh
The goal is to predict which areas within the region satisfy
the requirements of the species’ ecological niche, and thus
form part of the species’ potential distribution (Anderson and
Martinez-Meyer, 2004). The area under the curve (AUC) value
of the average model output of the 10-fold cross−validation
of the D. papyracea was found to be 0.854, combined with
a low standard deviation (0.097). The receiver operating
characteristic (ROC) is presented in Figure 4. The potential
suitable distribution of D. papyracea was largely affected
by the precipitation variables. Moreover, the precipitation of
the driest period (bio14) and isothermality (bio3) were the
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FIGURE 4 | Receiver operating characteristic curve showing sensitivity and specificity of classification.

top two predictors in the Maxent model with contributions
of 52.61 and 36.10%, respectively (Table 2). Temperature
is another key modulator contributing to the model with
varying amounts. For example, the temperature annual range
(bio7) and mean temperature of the driest quarter (bio9)
have minimally contributed (3.71 and 0.07%, respectively)
to determining the distribution of the species. However,
temperature seasonality (bio4) has a higher contribution to
the model (6.65%).

The predicted suitable habitat of D. papyracea shows
maximum area distribution toward the western parts of
Arunachal Pradesh in general, and the high suitability regions
are in the westernmost districts of Arunachal Pradesh, viz., West
Kameng and Tawang districts (Figure 5). No suitability (68.68%)
area was calculated to be the highest in percentage, followed by
low suitability (18.87%), moderate suitability (10.41%), and high
suitability (2.03%). The higher percentage of the unsuitable area
might be a result of a lack of field data such as latitude, longitude,
and altitude considered in species distribution modeling. There is
a probability that higher sampling and test locations are expected
to provide a wide species distribution of D. papyracea in different
parts of Arunachal Pradesh.

Production of the Paper From the Bark
of the Plant
Figure 3 depicts the process of making handmade paper from the
bark of D. papyracea using the traditional method. On the basis
of information collected and observations from a community-
level traditional handmade paper setup, it takes about 5-7 days
for paper production, starting from harvesting of the bark up

to dispensing and drying of the pulp to produce paper. The
handmade production is being carried out at a community level
to fulfill the local requirements of making religious prayer flags
and Buddhist scripture writings. The processed paper is sold
in the market as a pack of 10 pieces at the rate of INR 22

TABLE 2 | Variable importance statistics employed in the species distribution
modeling of Daphne papyracea in Arunachal Pradesh.

Variable Percent contribution Importance

bio14 52.61 83.86

bio4 6.65 9.52

bio3 36.10 5.46

bio9 0.07 0.86

bio17 0.83 0.31

bio1 0.00 0.00

bio10 0.00 0.00

bio11 0.00 0.00

bio12 0.00 0.00

bio13 0.00 0.00

bio15 0.00 0.00

bio16 0.00 0.00

bio18 0.00 0.00

bio19 0.00 0.00

bio2 0.00 0.00

bio5 0.05 0.00

bio6 0.00 0.00

bio7 3.71 0.00

bio8 0.00 0.00

Elev 0.00 0.00
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FIGURE 5 | Average final model output of predictive distribution of D. papyracea in Arunachal Pradesh.

per piece. Although there is no such documentation on the
annual production of handmade paper, the D. papyracea plant
is abundantly found in Arunachal Pradesh to generate raw
materials sufficient to meet the increasing demand for handmade
paper. D. papyracea can regenerate if cut 15 cm above the ground
and mature within 4 to 5 years to harvest bark for making paper.
D. papyracea is a non-grazing, non-timber forest product (NTFP)
and not preferred for regular fuel and found growing well under
shade and distributed across 1,800-3,000 m altitude.

Glycome Profiling of Paper Produced
From the Bark of the Daphne papyracea
Plant
To investigate the types of glycans present in the D. papyracea
paper, we subjected the cell walls (AIR) from D. papyracea
paper and print-copy paper (Office Depot R©, United States)
to glycome profiling analyses. A set of 155 cell wall glycan-
directed monoclonal antibodies (mAbs) was used to screen the
wall extracts in this ELISA-based assay (Pattathil et al., 2012).
R-Console software was used to present the ELISA responses of
these mAbs toward each extract as a heat map. Color gradients are
obtained from raw absorbance values with the help of R-Console
software. The user chooses the set of color keys for obtaining
the color gradients. The binding response data are presented
as heatmaps using a dark-blue-red-yellow scale, indicating the
strength of the ELISA signal and interpreted as no, medium, and
strong bindings, respectively. Glycome profiling data revealed

increase in epitope contents in the D. papyracea paper compared
to print-copy paper. The most consistent changes in D. papyracea
paper cell wall were observed for xylan backbone epitopes
recognized by the Xylan-4, Xylan-5, Xylan-6, and Xylan-7 groups
of mAbs. Increased binding of mAbs that specifically bind to
linseed mucilage RG-I, RG-I/AG, AG-1, and AG-2 groups was
observed in D. papyracea paper (white boxes) compared to print-
copy paper (green boxes, Figure 6).

Composition Analyses of Total Cell Walls
From Daphne papyracea Paper
We investigated the content of cell wall polysaccharides from
D. papyracea paper. The walls were isolated as alcohol-insoluble
residues (AIRs) from handmade paper and analyzed by gas
chromatography–mass spectrometry (GC–MS) of trimethylsilyl
(TMS) derivatives (Figure 7). A significant amount of 66% of
glucose (Glc) and 28% of xylose (Xyl) was observed in the glycosyl
residue composition of D. papyracea paper. A lower amount of
Ara (4%) and Rha (1%) and trace amounts of Fuc and GalA were
also observed in the handmade paper.

DISCUSSION

The history of paper production dates back to the early human
civilization and has played a significant role in the economic,
social, and environmental development of both developed as well
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FIGURE 6 | Glycome profile of the handmade paper obtained from the bark of D. papyracea. Paper cell walls were prepared from alcohol insoluble residue (AIR).
The resulting AIR wall was screened by ELISA using 155 monoclonal antibodies (mAbs) directed against epitopes present on most major non-cellulosic plant cell wall
glycans. The mAbs are grouped based on the cell wall glycans they predominantly recognize as depicted in the panel on the right-hand side of the figure. The
strength of binding of the mAbs is depicted as a heatmap with bright yellow depicting the strongest binding, dark blue, no binding, and red, intermediate binding.
The binding strength of each mAb directly corresponds to the abundance of the specific glycan epitope structure it recognizes, and the differences observed
between handmade paper and print copy paper used in this study are shown in the dotted block. Data are the mean of three biological replicates.
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FIGURE 7 | Glycosyl residue composition of alcohol insoluble residue (AIR) from D. papyracea paper of tetramethylsilane (TMS) derivatives. The amounts of sugar
are represented as average mole%. Data are the mean of three biological replicates.

as developing nations. Robust growth in terms of population,
literacy, urbanization, and communication has increased the
demand for paper production and consumption globally. It
has been reported that more than 300 million tons of paper
are produced in a single day to meet the high demand of
more than 400 million tons throughout the world. Due to
the exponential population growth rate, it has been expected
that global consumption of paper will reach up to 500 million
tons per year by 2025 (Kaur et al., 2017). It has also been
documented that, on average, 17 trees are axed down to produce
1 metric ton of paper. Therefore, to meet the growing demand
for paper, an excessive number of trees are cut down throughout
the world, which results in loss of forest cover, prominent
deforestation, and ecosystem degradation. Furthermore, wood-
based paper production consumes over 12% of the energy supply
in the industry sector, thus qualifying as the third most energy-
intensive of all the manufacturing industries. It is reported that
10,000 kWh, 2.57 m3, and 25 m3 of electricity, oil, and water,
respectively, are consumed for the production of 1 metric ton
of paper (Alam et al., 2018). Additionally, 220–380 m3 of highly
colored and potentially toxic wastewater are generated to produce
1 metric ton of wood-based paper, making the paper and pulp
industry the fifth largest contributor to water pollution. A total of
500 different chlorinated organics collectively called Adorbable
Organic Halides (AOH) are discharged in water bodies, viz.,
chloroform, chlorinated hydrocarbons, syringols, chlorate, resin
acids, phenols, furans, catechols, guaiacols, dioxins, vanillin, etc.
(Badar and Farooqi, 2012; Haile et al., 2021). Therefore, to
meet the increasing global demands for paper, non-timber forest
products (NTFPs) or non-wood fibers have turned out to be an
important source of fibrous materials for the 21st century (Ashori,
2006). NTFP or non-wood fibrous sources exclusively overcome
the resource (wood) shortage and mitigate the environmental
issues associated with the paper and pulp industry. The craft
of handmade papermaking has been practiced for more than
2,000 years globally. The art flourished and migrated from China

to Japan and Korea, and then established in the Islamic World,
followed by Europe and America (Hubbe and Bowden, 2009).

Handmade paper production excludes wood as a source of
fibrous material, utilizes chemical-free approaches, and focuses
on drying up the final products using natural renewable sources
(sunlight). Therefore, the handmade practice of papermaking
employs non-wood fibrous materials reduces the burden on
the decreasing forest cover, stops the release of chemicals to
the environment as chemical-free steps are involved during
papermaking, and makes the process energy efficient as zero
consumption of electricity is encountered during the process.
In this regard, the handmade practice of papermaking by the
tribes of Arunachal Pradesh from the bark of D. papyracea at
the community level was studied. The geographic distribution
modeling of the plant species was focused to evaluate habitat
suitability or species distribution of the plant using the
maximum-entropy (maxEnt) technique and GIS (Raina et al.,
2014). The potential distribution highlights the regions that have
suitable environmental conditions for the species to flourish.
This is of great importance as the future viability of the
economic exploitation of the species depends on its availability.
According to the modeling reports, precipitation variables and
temperature are the key modulators of D. papyracea distribution.
The best-suited habitat was found in the western parts of
Arunachal Pradesh, depicting West Kameng and Tawang districts
as highly suitable regions. Furthermore, the community-level
handmade paper industry in Arunachal Pradesh using the bark of
D. papyracea was visited, and the whole process of papermaking
was observed, starting from the harvesting of plant bark up
to the final disposition of beaten soft pulp. Paul et al. (2006)
reported that 1-1.5 kg of bark could be obtained from 4-5 plants,
and the bark from a single plant could produce two sheets
of paper with 62- and 51-cm length and breadth, respectively.
The paper is socio-economically important as a large proportion
of indigenous people of Arunachal Pradesh are dependent on
it for livelihood. Due to its high tensile strength and unique
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texture, the paper is used for writing Buddhist epics, Mantras,
Sutras, Buddhist manuscripts, and temple writings (Paul et al.,
2006). The paper is sold in local markets for making gift items
and writing purposes. It is pertinent to mention that plant
cell walls are composed of a complex polymeric matrix of
lignin, cellulose, hemicellulose, pectin, and glycoprotein. The
structural integrity of cell walls depends on the covalent and
non-covalent linkages between the polymers, structural diversity,
and the architectural arrangement between them. The current
study revealed that three major classes of cell wall glycans,
such as xylan, arabinogalactans, and rhamnogalacturonan-I, are
found in the D. papyracea paper. Based on this result, we
hypothesize that the existence of the age-old Buddhist script
on the handmade paper preserved in monasteries is due to
the presence of three major classes of glycans (Ryden et al.,
2003; Paul et al., 2006). We also performed glycosyl residue
composition analysis of the D. papyracea paper. Interestingly, a
significant amount of glucose and xylose was observed in the
D. papyracea paper. The saccharide-rich cell walls of plants are
reported to perform essential functions, such as maintaining
tensile strength and allowing plant growth. Some of the plant-
specific monosaccharides are required for the modifications and
decoration of several cell wall polysaccharides, including xylan,
rhamnogalacturonan I, arabinoxylan, and rhamnogalacturonan
II (Perez Garcia et al., 2011). These polysaccharides contribute
significantly toward the structural integrity of the cell wall
and plant strength. We are hypothesizing that the presence of
arabinose, rhamnose, glucose, and xylose maintains structural
integrity and enhances the tensile strength of the D. papyracea
paper. These results suggest that D. papyracea raw materials
can be used for commercial applications, including paper
making, downstream bioproducts, and biomaterial production
(Venketachalam et al., 2013).

Owing to its good tensile, double fold, bursting, and
tearing strength, the paper could be used for writing, drawing,
and printing purposes, for making invitation and greeting
cards, paper bags, dairies, paper teacups, biography writings,
decorative items, and other fancy products. Due to its multi-
utility, vast availability of raw material, environment-friendly
nature, biodegradability, etc., it could serve as an alternative
to conventional wood-based papers by incorporating innovative
ideas to enhance value addition as well as export. Although the
handmade paper obtained from the D. papyracea bark is eco-
friendly, bio-degradable, and recyclable, the handmade papers
might not replace the traditional industrial-grade paper due to
the absence of modern technical assistance, restricted local use
and their production on demand, and a lack of a channel for
marketing and export. Khadi and Village Industries Commission
(KVIC), Government of Arunachal Pradesh, has commissioned
a handmade paper making unit in Tawang to revive the art
of making paper, enhancing productivity and empowering the
local youth. However, there is an urgent requirement for the
incorporation of this indigenous technique of papermaking and
the recent innovative approaches to designing different varieties
of paper from the bark. A detailed analysis of the paper and
its characterization, including whole genome sequencing of
plants, may help to enhance the commercial production and

value-addition of paper products. Local help groups, NGOs,
and government organizations should come forward in creating
awareness, educating people about the innovative technique
of papermaking, and developing the export market for the
substantial socioeconomic development of the people associated
with handmade paper making in Arunachal Pradesh.

In conclusion, a significant shift towards non-wood paper
production has been reported due to the unavailability of
resources (trees) and environmental concerns associated
with wood-based pulp and paper industries. Handmade
paper enterprises of non-wood resources are regarded as an
eco-friendly, cost-effective, energy-efficient, and substantial
alternative to the existing wood-based paper industries. In
this context, an indigenously prepared paper from the bark of
D. papyracea was selected for the study. The species distribution
modeling of the plant was evaluated for its enhanced accessibility,
abundance, and exploration of the scope of future expansion
of paper production at a commercial level. For the first time,
glycome profiling was done for the plant cell wall characterization
and composition of the paper. Finally, ecological integrity, social
acceptability, and economic viability are required for uplifting
the handmade practice of paper using D. papyracea bark.
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