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Abstract

Lignin content and its molecular structure influence various wood characteristics. In this
study, the anatomical and physicochemical properties of wood derived from a naturally
occurring mulberry mutant deficient in cinnamyl alcohol dehydrogenase (CAD), a key
enzyme in lignin biosynthesis, were analyzed using conventional staining assays on stem

sections, length and width measurements of xylem fiber cells, wood pulping and

saccharification assays, and sugar compositional analysis of extractive-free wood powder.

The present data indicate that the mutation in the CAD gene leads to improved wood
delignification efficiency, increased pulp yield under alkaline pulping conditions, and
enhanced saccharification efficiency following alkaline pretreatment. This study opens
up new avenues for the multipurpose use of the mulberry CAD-deficient mutant as a raw
material for biorefinery processes, in addition to its traditional use as a favored feed for

silkworms.

Keywords: alkaline pulping, cell wall, enzyme saccharification, lignin, lignocellulose

1. Introduction

Mulberry trees are widely cultivated for their fruit, for silk production, and as fodder for
livestock (Ercisli et al. 2007; Hamamura 1959; Saddul et al. 2004). Mulberry wood also
has great potential as a feedstock for biofuel and chemical pulp production in rural areas,
especially in places where sericulture is well-developed (Guha et al. 2013; Lu et al. 2009;
Rahman and Jahan 2014; Cao et al. 2019). Notably, mulberry leaves are an excellent feed
for silkworms (Bombyx mori), as they contain all the essential proteins, carbohydrates,
and vitamins for silkworm growth and development. After the emergence of synthetic
fibers in industrialized countries, sericulture became less important, although it is still a
major agricultural industry in some countries, such as China and India.

According to Yoshimura and Saito (1924), a farmer discovered a mulberry tree with
drooping branches and unusual red-colored wood in bushland on Okushiri Island,
Hokkaido, northern Japan, around the year 1912. The tree was named Sekizaisou, which
means “mulberry with red-colored wood” in Japanese, by Yoshimura and Saito (1924).
Grafted Sekizaisou plantlets were established a century ago and have been preserved ever
since by sequential vegetative propagation.

Based on chemical and genomic experiments, Sekizaisou has been identified recently
as a natural mutant deficient in cinnamyl alcohol dehydrogenase (CAD), which catalyzes
the reduction of hydroxycinnamaldehydes to their hydroxycinnamyl alcohols

(monolignols), the last step in the monolignol biosynthetic pathway (Yamamoto et al.
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2020). A guanine insertion close to the predicted translation start codon of the CAD/ gene
in Sekizaisou caused a frameshift and, consequently, a premature stop codon in the
putative first exon of the gene, suggesting production of a nonsense peptide with only 29
amino acid residues. The red xylem coloration, as observed in Sekizaisou, is a typical
characteristic of mutants and transgenic plants with altered lignin structure (Baucher et
al. 1996; Kajita et al. 1996; Leplé et al. 2007; Ralph et al. 1997; Sattler et al. 2010; Sibout
et al. 2005; Van Doorsselaere et al. 1995; Voelker et al. 2010; Zhang et al. 2006). Without
any chemical staining, the fresh xylem tissues in such mutant and transgenic plants are
brown-, orange-, or red-colored. Among the many mutants and transgenic plants showing
modified lignin structures, only two natural woody (non-transgenic) mutants with
homozygous mutations in lignin biosynthetic genes have been described, namely loblolly
pine (MacKay et al. 1997) and poplar (Vanholme et al. 2013), displaying premature stop
codons in the CAD gene and a hydroxycinnamoyl-CoA: shikimate hydroxycinnamoyl
transferase (HCT) gene, respectively. Sekizaisou is the third instance of natural woody
mutant with a defect in a gene involved in monolignol biosynthesis and the first reported
homozygous dicotyledonous tree deficient in CAD.

Lignin plays crucial roles in the conduction of water through vascular tissues and in
providing strength and rigidity to support the plant body (Boerjan et al. 2003). Despite its
importance to plant growth and development, lignin is a major barrier to the biorefining
of lignocellulosic materials. It is naturally made by the polymerization of p-coumaryl,
coniferyl, and sinapyl alcohols, the so-called monolignols, via their phenolic radicals,
producing p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units in polymeric lignin
(Boerjan et al. 2003; Freudenberg and Neish 1968; Ralph et al. 2019; Vanholme et al.
2019). The incorporation of alternative monomers into lignin, caused by either natural
mutations, perturbation of the lignin biosynthetic pathway, or by metabolic engineering
of exotic phenylpropanoids, can reduce lignin recalcitrance and may change the color of
xylem tissue (Mottiar et al. 2016; Oyarce et al. 2019; Sakamoto et al. 2020; Vanholme et
al. 2012; Wilkerson et al. 2014).

Sekizaisou, as well as transgenic poplar and tobacco plants with reduced CAD
expression, and Arabidopsis and pine mutants deficient in CAD, have a slight decrease
in lignin amount and also exhibit the colored xylem phenotype (Halpin et al. 1994;
MacKay et al. 1997; Pilate et al. 2002; Ralph et al. 1997; Sibout et al. 2005; Van Acker
et al. 2017; Yamamoto et al. 2020). Phenylpropanoids from the canonical monolignol
pathway, and pathways branching therefrom, significantly accumulated in Sekizaisou.
Heteronuclear single-quantum correlation spectroscopy ('H-'*C HSQC) revealed that

coniferaldehyde and sinapaldehyde were integrally coupled into the lignin polymer in
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Sekizaisou at much higher levels (Yamamoto et al. 2020). CAD-deficient transgenic
plants and pine cad-null mutants exhibit higher delignification efficiency in chemical
pulping as compared to control plants (Chanoca et al. 2019; Dimmel et al. 2001; Lapierre
et al. 1999; O’Connell et al. 2002; Pilate et al. 2002). Here, in addition to anatomical
characteristics, the pulping and saccharification efficiencies of Sekizaisou wood in
comparison with other mulberry cultivars have been examined. The present data reveal

that Sekizaisou wood is a promising raw material for biorefineries.

2. Materials and methods

2.1 Preparation of wood chips

Branching stems (1-year-old) of 5 mulberry cultivars (Sekizaisou, Chosenzairaishu,
Kataneo, Kinsou, and Nezumigaeshi) were harvested in winter of 2017 at the
experimental field of the National Agriculture and Food Research Organization, Tsukuba,
Japan (36°03N 140°05E). All cultivars are classified as Morus alba (Machii et al. 2001).
Bark from the stems was peeled off using a hand knife, and then the stems were cut into
short sticks, as shown in Figure 1. After being air-dried at room temperature, the wood
sticks were further cut into small pieces (approximately 1 cm in length) using secateurs
and then chopped in half vertically using a hand knife to prepare wood chips for use in

chemical pulping trials.

2.2 Histochemical analysis with Wiesner and Miule staining

Fresh stem samples were fixed in a formaldehyde/acetic acid/alcohol (FAA) solution
(50% ethanol, 10% formaldehyde, and 5% acetic acid). Small stem segments were
dehydrated in a graded ethanol series (50%, 60%, 80%, 90%, and 100% v/v), and were
then embedded in LR White Hard (TAAB, Aldermaston, UK) with 5% PEG400. Cross
sections of 3 um thickness were cut using a Leica Jung RM2055 microtome (Leica
Microsystems, Wetzlar, Germany). Sections were stained with a 0.5% toluidine blue
solution and mounted in ‘Entellan® new’, a rapid non-aqueous mounting medium (Merck
KGaA, Darmstadt, Germany). Cross sections of 20 pm thickness were subjected to lignin
staining. For Wiesner staining (Adler et al. 1948), sections were stained with 0.1%
phloroglucinol in an ethanol/HCI solution (25 mL of ethanol and 4 mL of concentrated
HCI). For Miule staining (Meshitsuka and Nakano 1977; Nuoendagula et al. 2018),
sections were stained with 1% KMnQ,, and then washed with distilled water three times.
After incubation in 3% HCI, sections were washed with distilled water and colored in

29% NH4OH. Section images were captured by a Leica DMR microscope with a Leica
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MC170HD microscope camera (Leica Microsystems).

2.3 Wood density

Wood density was calculated according to procedures described by Nuoendagula et al.
(2018). The bark and pith were removed from the stem samples fixed in FAA. Three
segments were obtained from each xylem sample, and then the fixative was replaced with
ultrapure water at ambient temperature for three days. Segment volume was measured by
Archimedes’ principle at 20 °C using a precision balance (Secural24-1S; Sartorius,
Gottingen, Germany). The samples were dried in a heating oven at 105 °C for three days,
and then the dry weights of the samples were measured using a precision balance. Wood

density was calculated by dividing dry weight by volume.

2.4 Fiber length and width

Xylem samples without bark or pith were macerated in a solution of 6% hydrogen
peroxide and glacial acetic acid (1:1) at 95 °C for 8 h (Franklin 1945). After being washed
with ultrapure water, the samples were neutralized by sodium carbonate. The samples
were washed with ultrapure water, and then defibrated by vigorous shaking. Wood fibers
were visualized using a Leica DM6000B microscope with a Leica DFC310 FX
microscope camera (Leica Microsystems). The lengths and widths of fiber cells were

measured using the ImageJ software (n = 100).

2.5 Monosaccharide composition of mulberry wood

Monosaccharide composition was analyzed as described previously (Sakamoto et al.
2015). After cell wall residue was prepared by sequential extraction of pulverized wood
with hot water and organic solvents, it was hydrolyzed by 4% sulfuric acid at 121 °C for
1 h. The supernatant was then neutralized by a calcium carbonate solution and labeled
with ethyl p-aminobenzoate. Chromatographic separation and detection of the labeled
monosaccharides were carried out using an ACQUITY UPLC H-Class liquid
chromatography system equipped with an ACQUITY UPLC BEH C18 column (100 mm
length x 2.0 mm inner diameter, 1.7 um particle size; Waters, Inc., Milford, MA, USA)
and a fluorescence detector (ACQUITY UPLC FLR Detector; Waters Inc.). Acetonitrile
containing 200 mM potassium borate buffer (pH 8.9) was used as the eluent buffer.

2.6 Chemical pulping

After preparation of wood chips as described above, the cooking of the chips was

performed as previously reported (Ikeda et al. 2007) in a small, stainless steel autoclave
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(volume 150 mL) equipped with an oil bath. A mixture of air-dried wood chips (5 g of
oven-dried weight equivalent) and sodium hydroxide solution (25 g) was placed in the
autoclave, and then heated at 160 °C for 3 h (including preheating time). Two different
concentrations of sodium hydroxide solution were applied during cooling: 25% (23.75 g
of H,O plus 1.25 g of NaOH) and 30% (23.5 g of H,O plus 1.5 g of NaOH). The
percentages of sodium hydroxide in the solutions are expressed based on wood chip
weight (oven-dried weight equivalent), not on total volume of the solution. After cooking,
the wood chips were defibrated using a homogenizer, and the resultant pulp fibers were
separated from non-defibrated knots (incompletely cooked wood). The lignin contents of
the pulp fibers were determined by a modified Klason method described previously
(Yoshihara et al. 1984).

2.7 Alkaline pretreatment and subsequent saccharification

Saccharification efficiency was monitored after diluted alkali pretreatment. Extractive-
free powder was prepared from woods of different mulberry cultivars by pulverization
and subsequent solvent extractions. The powder (~10 mg) was mixed with 400 pL of 6.25
or 62.5 mM NaOH solution and heated at 120 °C for 1 h. After cooling to room
temperature, the solution was neutralized with diluted hydrochloric acid. Saccharification
was then carried out in 5 mM citrate buffer (pH 4.8) with Celluclast (Sigma-Aldrich
C2730), Cellobiase (Sigma-Aldrich C6105), and 0.02% sodium azide at 50 °C for 24 h.
Sugars released from the samples were quantified by DNS assay using glucose as a
standard (Miller 1959). Sugar release (%, w/w) was calculated based on weights of
released sugar and the extractive-free powder (air-dried for a month). Saccharification
efficiency was also measured with samples without alkaline pretreatment and subsequent
neutralization. The samples from three independent biological replicates were analyzed

for each cultivar.

3. Results and discussion

3.1 Lignin characterization by chemical staining of thin sections

Sekizaisou was discovered as a natural bush; thus, there is no information on its parentage
or genetic background. Therefore, a Nezumigaeshi cultivar whose morphological
characteristics, such as leaf and fruit shape, bark color, and lenticel density, resembled
those of Sekizaisou was used as a control in histochemical analyses (Machii et al. 2001).
The xylem of Sekizaisou stems is bright red in summer (Yamamoto et al. 2020) and turns

to faint pink in winter, when we prepared the samples for this study (Figure la).
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Sekizaisou wood has a lower lignin content (14.9%, w/w) than that of other mulberry
cultivars including Nezumigaeshi (22.3%) (Yamamoto et al. 2020). The syringyl to
guaiacyl (S/QG) ratio in the lignin of Sekizaisou (0.78) is also lower than those in other
cultivars (1.01 in Nezumigaeshi) (Yamamoto et al. 2020).

The lignin was qualitatively analyzed using two different staining procedures,
Wiesner and Méule staining. Upon Wiesner staining, the cinnamaldehyde end-groups of
lignin stain the xylem red-pink. Sekizaisou sections exhibited a stronger red color (Figure
Ic) than did control sections (Figure 1g). Upon Méule staining, which colors G units tan
and S units red, a cross-section of a branching stem prepared from the control cultivar
(Nezumigaeshi) presented a reddish-brown color (Figure 1h), whereas that from
Sekizaisou exhibited a lighter color (Figure 1d). These results indicate structural
alterations in Sekizaisou, in agreement with the 33% lower lignin content and the 16.5%
increased frequency of sinapaldehyde incorporation in Sekizaisou versus Nezumigaeshi

as reported by Yamamoto et al. (2020).

3.2 Fiber morphology and wood density
Based on images of toluidine blue-stained thin sections (Figures 1b and 1f), the size of
xylem fibers in Sekizaisou seemed to be smaller than those in Nezumigaeshi. Fiber
morphology and wood density have often an influence on biorefinery characteristics of
wood and physical properties of pulp prepared from wood. To verify the potential
differences, the length and width of defibrated fibers prepared by mercerization were
measured. The length of Sekizaisou fibers was not significantly different from those of
Kinsou fibers (Figure 2). In contrast, fiber lengths of the other 3 cultivars were
significantly shorter than those of Sekizaisou and Kinsou. The fiber lengths determined
in the present study are slightly shorter than those of mulberry wood pulp reported by
Rahman and Jahan (2014). It might be due in part to the differences of cultivars used
and/or of plant cultivation conditions in the different studies. Differences in fiber width
were also observed among the cultivars tested. The width of Sekizaisou fibers was slightly
but significantly larger than that of Kataneo. In contrast, the Sekizaisou fiber width was
significantly smaller than those of other cultivars including Nezumigaeshi. This result is
consistent with the observation of the cross sections analyzed by histochemical staining
(Figures 1b and 1f).

In addition to the characterization of fiber morphology, the density of wood samples
prepared from the stems of 5 different cultivars, including Sekizaisou, was measured
using Archimedes’ principle (Figure 3). The density of Sekizaisou samples was

comparable with that of the other cultivars except for Nezumigaeshi samples that has a
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significantly lower density. Rahman and Jahan (2014) reported that the densities of woods
prepared from 8- and 12-month-old mulberry plants were 390 kg/m? and 410 kg/m?,
respectively. These values are similar to that of Sekizaisou (410 kg/m?) and those of other
cultivars reported in the present study. Collectively, the anatomical characteristics suggest
that Sekizaisou wood has great potential as a raw material for chemical pulp, though the
length of the fiber is relatively shorter than those of typical hardwood species such as

Eucalyptus and Acacia commonly used in commercial pulp production.

3.3 Monosaccharide composition of xylem cell walls

Before the evaluation of pulping and saccharification performance, the monosaccharide
composition of wood from each mulberry cultivar was compared. The results indicated
that the monosaccharide compositions of all cultivars, including Sekizaisou, were typical
of angiosperm woody plants, in which glucose and xylose are the major monosaccharides
composing the polysaccharides of the cell wall (Table 1). The relative levels of glucose
and xylose among the total detected monosaccharides released from the mulberry wood
samples were comparable to those of other hardwood species.

Sekizaisou wood consisted of similar amounts of monosaccharides to the other
cultivars analyzed (Table 1). Although differences in monosaccharides were observed
among cultivars, they were not specifically attributed to Sekizaisou. The total amount of
monosaccharides released from Sekizaisou wood was significantly lower than that from
Kataneo, Chosenzairaishu, and Kinsou. The difference in the total amount was mainly
due to variations in the amounts of glucose and xylose among the cultivars. In Arabidopsis,
no significant difference in monosaccharide composition could be detected in cad-6 (cad-
d) mutants, whereas a small increase in the proportion of uronic acids (galacturonic and
glucuronic acids) has been reported in the cad-c/cad-d double mutant (Thévenin et al.
2011; Van Acker et al. 2013). In a CADI-deficient Medicago truncatula mutant,
immunological glycome profiling revealed changes in the cross-linking of several classes
of cell wall polysaccharides (Zhao et al. 2013), whereas increases in cellulose and pectin
were induced by CAD downregulation via RNA interference in transgenic flax (Preisner
et al. 2014).

3.4 Higher delignification efficiency of Sekizaisou wood

Reducing CAD expression in various transgenic plants improves lignin extractability and
promotes subsequent polysaccharide recovery from lignified cell walls under different
chemical treatments (Baucher et al. 1996; Bouvier d’Yvoire et al. 2013; Fu et al. 2011;
Jackson et al. 2008; Lapierre et al. 1999; Martin et al. 2019; O’Connell et al. 2002; Pilate
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et al. 2002; Segmehl et al. 2019; Straub et al. 2019; Van Acker et al. 2017; Wang et al.
2018). In addition, a nonsense mutation in the CAD gene of loblolly pine improved
pulping performance of the mutant wood under alkaline pulping (Dimmel et al. 2001). To
evaluate the delignification efficiency of Sekizaisou wood, we compared the chemical
pulping performance of Sekizaisou wood chips with that of other cultivars using a soda
pulping protocol under two different alkaline conditions (Table 2). Soda pulping is
receiving increasing attention as an environmentally friendly biorefinery pretreatment
process that limits sulfur emissions compared to the more recently commercialized kraft
cooking process.

When pulping with a 30% NaOH solution at 160 °C for 3 h, a significantly higher
pulp yield was achieved with wood chips from Sekizaisou and Kataneo than with wood
chips from other cultivars (Table 2). The residual lignin content in the resultant pulp was
significantly lower in Sekizaisou (5.3%, w/w) than in the other cultivars, except for
Kinsou (6.2%). Fewer cooking knots (NC, uncooked dark aggregates of wood fibers)
were detected in Sekizaisou pulp than in pulp of the other cultivars, although the
difference was only statistically different between Sekizaisou and Kinsou (P < 0.05).
With the less severe alkaline concentration (25% NaOH) under the same time and
temperature conditions, Sekizaisou still produced significantly more pulp and less
residual lignin than did the other cultivars, despite the lower total amount of detected
monosaccharides in Sekizaisou compared to Kataneo, Kinsou, and Chosenzairaishu
(Table 1). Strikingly, no knots could be found after cooking Sekizaisou wood under the
less severe condition, indicating an easier defibration of woody xylem tissue in
Sekizaisou. These results indicate that the delignification efficiency of Sekizaisou wood
is higher than that of the other cultivars.

Many factors may contribute to the easier processing characteristics of Sekizaisou
wood (Chanoca et al. 2020). In the case of typical hardwood species, such as poplar and
Eucalyptus, S/G ratio in lignin is more directly correlated with alkaline pulping efficiency
than is lignin content (Carrillo et al. 2018; del Rio et al. 2005; Francis et al. 2006; Guerra
et al. 2008; Santos et al. 2011; Stewart et al. 2006). Increases in S/G ratio also contribute
to delignification efficiency and improved pulp yield of woods derived from transgenic
poplars overexpressing the ferulate 5-hydroxylase gene (Huntley et al. 2003). In contrast,
an apparent negative correlation can be observed between lignin content of wood and
pulp yield in other hardwood species, including Artocarpus elasticus, which belongs to
the same family (Moraceae) as mulberry (Morus) (Istikowati et al. 2016; Santos et al.
2012; Yamada et al. 1992). Unlike other hardwoods with higher pulp yields, the S/G ratio

in Sekizaisou wood, as determined by both thioacidolysis and nuclear magnetic resonance
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spectroscopy, is significantly lower than those of other mulberry cultivars (Yamamoto et
al. 2020). Thus, it is highly likely that the lower lignin content and the incorporation of
hydroxycinnamaldehydes in Sekizaisou wood, as reported by Yamamoto et al. (2020),
are causative to its easier delignification under soda pulping conditions.

As substitutes for the monolignols coniferyl and sinapyl alcohols, the incorporation
of hydroxycinnamaldehydes into lignin generates arylglycerol-p-(hydroxycinnam-
aldehyde) ether substructures instead of arylglycerol B-aryl ethers. A carbonyl group
conjugated with the aromatic ring in lignin is expected to favor the cleavage of the -aryl
ether bond, as seen in the case of the ring-conjugated sulfinyl group, which has an electron
withdrawing effect similar to that of a carbonyl group (Ando et al. 2012). A conjugated
hydroxycinnamaldehyde residue (linked 4-O-f to the unit being cleaved) renders it a far
better leaving group in the cleavage of the B-ether units, as its phenolate anion produced
under the alkaline conditions is more stable than the canonical non-conjugated phenolate.
This might contribute, at least in part, to the accelerated delignification of lignin in
Sekizaisou under alkaline conditions.

Lapierre et al. (1999) revealed that downregulation of CAD expression in transgenic
poplars by antisense RNA technology substantially increased the frequency of free-
phenolic units in lignin, accelerating delignification of the wood under alkaline pulping.
Van Acker et al. (2017) also reported that CADI suppression in poplars by RNA
interference reduced lignin content and increased the frequency of free-phenolic groups
in lignin. These changes may additionally contribute to the more favorable delignification
characteristics of the poplar woods after an alkaline pretreatment. Although it is unknown
whether these changes in lignin structure occur in Sekizaisou, similar alterations in
phenolic metabolism, including substantial incorporation of sinapaldehyde into lignin,
have been observed in Sekizaisou, just as in the CAD/-deficient transgenic poplars (Van
Acker et al. 2017; Yamamoto et al. 2020).

3.5 Enzyme saccharification

Improved saccharification efficiency associated with changes in lignin content and
composition has been reported in some woody species such as Eucalyptus, poplar, and
pine (Chanoca et al. 2019). CAD suppression is also known to improve the
saccharification efficiency in transgenic plants and mutants in alfalfa, poplar, and rice
(Jackson et al. 2008; Martin et al. 2019; Van Acker et al. 2017). To further characterize
Sekizaisou wood, the enzyme saccharification efficiency of pulverized wood from
Sekizaisou and other mulberry cultivars was measured. Even without alkaline

pretreatment (Figure 4), sugar release from Sekizaisou (23.1%) was significantly higher
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than those of Kataneo (18.3%) and Chosenzairaishu (16.8%) (Figure 4). The released
sugar levels in all cultivars were increased after the alkaline pretreatment and significant
differences were detected in Sekizaisou compared to others except for Kinsou. Although
the value of Sekizaisou after the pretreatment with 62.5 mM NaOH was comparable to
that of Kinsou, the saccharification efficiency of Sekizaisou wood after the mild alkaline
treatment (6.25 mM NaOH, Figure 4) was higher than that of Kinsou wood in which
detected total monosaccharides was significantly higher than those in Sekizaisou (Table
1). Collectively, these results indicate that changes in lignin content and structure caused
by the CAD gene deficiency in Sekizaisou facilitate not only the delignification of the
wood during chemical pulping but also the sugar recovery upon enzymatic

saccharification.

4. Conclusions

Stem lignin is easier to extract from the cell walls of the Sekizaisou cultivar than from
those of the reference cultivars, due to lower lignin content and/or altered lignin structure
in Sekizaisou. Sekizaisou, as well as lines derived from Sekizaisou that are homozygous
for the mutation in the CADI gene, have a great multiple-use potential as a biorefinery
crop, in addition to their traditional use as a source for mulberry fruit, and as feed for
silkworm and livestock. For a more extensive evaluation of the value of the CADI
mutation to the biorefinery performance of mulberry wood, further analyses with wood
samples derived from a full-sib family that segregates for the mutant CAD-deficient

phenotype will be required.
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Table and figure captions:

Table 1. Qualitative monomeric composition of polysaccharides in extractive-free cell
walls prepared from branching stems of different cultivars after hydrolysis by sulfuric
acid (Sakamoto et al. 2015). The results shown are means from three biological replicates
(mg/g of cell wall) with standard deviations. * and ** represent significance differences
from the values of Sekizaisou at P < 0.05 and P < 0.01, respectively (one-way ANOVA
followed by Dunnett’s test). 2 Total sugar represents the sum of all detected
monosaccharides. Abbreviations: Ara, L-arabinose; Gal, D-galactose; GalA, D-
galacturonic acid; Gle, D-glucose; GlcA, D-glucuronic acid; Man, D-mannose; mGlcA, 4-

O-methyl D-glucuronic acid; Rha, L-rhamnose; Xyl, D-xylose.

Table 2. Characteristics of pulp samples prepared from wood chips of five different
mulberry cultivars under the two different alkaline conditions. The values are means from
three independent technical replicates with standard deviations in brackets. * Residual
lignin content in resultant wood pulp was measured by the Klason method. ® Knots refer
to uncooked dark aggregates of wood fibers detected after cooking and were counted
based on the amount of wood chips used. ND, not detected. Superscripts ¢, 4, and ©
represent significant differences from the values of Sekizaisou at P < 0.1, 0.05, and 0.01,

respectively (one-way ANOVA followed by Dunnett’s test).

Figure 1. Anatomical characteristics of Sekizaisou and a control mulberry, Nezumigaeshi.
Debarked stems of Sekizaisou (a) and Nezumigaeshi (e) prepared from plants in winter.
Transverse sections of stems (Sekizaisou: b, ¢, and d; Nezumigaeshi: f, g, and h) stained
by toluidine blue (b and f), Wiesner (c and g), and Méule (d and h) reagents. The figures
shown in b-d and f-g are representatives of sections of three independent plants. Bars

indicate 20 um.
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Figure 2. Density of mulberry woods prepared from 1-year-old stems. The values are
means from three independent biological replicates with standard deviations as error bars.
An asterisk indicates a significant difference from the value of Sekizaisou at P < 0.01
(one-way ANOVA followed by Dunnett’s test).

Figure 3. Length and width of xylem fiber in stems of five different cultivars. Black and
white bars indicate the length and the width, respectively. The values are means from
three independent biological replicates with standard deviations as error bars. Different
letters indicate statistically significant differences from one another as detected by
Tukey’s test at P < 0.05 or <0.01.

Figure 4. Enzyme saccharification efficiency of wood powder prepared from Sekizaisou
and other cultivars with (6.25 mM or 62.5 mM NaOH) and without alkaline pretreatment.
The values are the means of three independent biological replicates. Error bars indicate
the standard deviation. Different letters indicate statistically significant differences
between the same treatment groups at P <0.01 (one-way ANOVA followed by Dunnett’s
test or Tukey’s test). ND, not determined.

References

Adler, E., Bjorkquist, K. J., and Hiiggroth, S. (1948) Uber die Ursache der Farbreaktionen des Holzes. Acta
Chemica Scandinavica 2: 93-94.

Ando, D., Takano, T., Nakatsubo, F. (2012) Multi-steps degradation method for $-O-4 linkage in lignins:
v-TTSA method. Part 1.: Reaction of non-phenolic dimeric B-O-4 model compounds.
Holzforschung 66: 331-339.

Baucher, M., Chabbert, B., Pilate, G., Van Doorsselaere, J., Tollier, M.T., Petit-Conil, M., Cornu, D.,
Monties, B., Van Montagu, M., Inze, D., Jouanin, L., and Boerjan, W. (1996) Red xylem and
higher lignin extractability by down-regulating a cinnamyl alcohol dehydrogenase in poplar. Plant
Physiol. 112: 1479-1490.

Boerjan, W., Ralph, J., and Baucher, M. (2003) Lignin biosynthesis. Annu. Rev. Plant Biol. 54: 519-546.

Bouvier d’Yvoire, M., Bouchabke-Coussa, O., Voorend, W., Antelme, S., Cezard, L., Legee, F., Lebris, P.,
Legay, S., Whitehead, C., McQueen-Mason, S. J., Gomez, L. D., Jouanin, L., Lapierre, C., and
Sibout, R. (2013) Disrupting the cinnamyl alcohol dehydrogenase 1 gene (BACADI) leads to
altered lignification and improved saccharification in Brachypodium distachyon. Plant J. 73: 496-
508.

Cao, X., Shen, Q., Shang, C., Yang, H., Liu, L., and Cheng, J. (2019) Determinants of shoot biomass

production in mulberry: Combined selection with leaf morphological and physiological traits.

https://mc.manuscriptcentral.com/holz



oNOYTULT D WN =

Holzforschung - International Journal of the Biology, Chemistry, Physics and Technology of Wood

Plants 8: 118.

Carrillo, 1., Vidal, C., Elissetche, J.P., and Mendonga, R.T. (2018) Wood anatomical and chemical
properties related to the pulpability of Eucalyptus globulus: a review. Southern Forests 80: 1-8.

Chanoca A., de Vries L. and Boerjan W. (2019) Lignin engineering in forest trees. Front. Plant Sci. 10,
912.

del Rio, J.C., Gutierrez, A., Hernando, M., Landin, P., Romero, J., and Martinez, A.T. (2005) Determining
the influence of eucalypt lignin composition in paper pulp yield using Py-GC/MS. J. Anal. Appl.
Pyrol. 74: 110-115.

Dimmel, D.R., MacKay, J.J., Althen, E.M., Parks, C., and Sederoff, R.R. (2001) Pulping and bleaching of
CAD-deficient wood. J. Wood Chem. Technol. 21: 1-17.

Ercisli, S. and Orhan, E. (2007) Chemical composition of white (Morus alba), red (Morus rubra) and black
(Morus nigra) mulberry fruits. Food Chem. 103: 1380-1384.

Francis, R.C., Hanna, R.B., Shin, S.-J., Brown, A.F., and Riemenschneider, D.E. (2006) Papermaking
characteristics of three Populus clones grown in the north-central United States. Biomass
Bioenergy. 30: 803-808.

Franklin, G.L. (1945) Preparation of thin sections of synthetic resins and wood-resin composites, and a new
macerating method for wood. Nature 155: 51.

Freudenberg, K. and Neish, A.C. (1968) Constitution and biosynthesis of lignin. Springer-Verlag, New
York.

Fu, C.X., Xiao, X.R., Xi, Y.J., Ge, Y.X., Chen, F., Bouton, J., Dixon, R.A., and Wang, Z.Y. (2011)
Downregulation of cinnamyl alcohol dehydrogenase (CAD) leads to improved saccharification
efficiency in switchgrass. Bioenerg. Res. 4: 153-164.

Guerra, A., Norambuena, M., Freer, J., and Argyropoulos, D.S. (2008) Determination of arylglycerol-f-
aryl ether linkages in enzymatic mild acidolysis lignins (EMAL): comparison of DFRC/3'P NMR
with thioacidolysis. J. Nat. Prod. 71: 836-841.

Guha, A. and Reddy, A.R. (2013) Leaf functional traits and stem wood characteristics influencing biomass
productivity of mulberry (Morus spp. L) genotypes grown in short-rotation coppice system.
Bioenergy Res. 6: 547-563.

Halpin, C., Knight, M.E., Foxon, G.A., Campbell, M.M., Boudet, A.M., Boon, J.J., Chabbert, B., Tollier,
M.-T., and Schuch, W. (1994) Manipulation of lignin quality by downregulation of cinnamyl
alcohol dehydrogenase. Plant J. 6: 339-350.

Hamamura, Y. (1959) Food selection by silkworm larvae. Nature 183: 1746-1747.

Huntley, S.K., Ellis, D., Gilbert, M., Chapple, C., and Mansfield, S.D. (2003) Significant increases in
pulping efficiency in C4H-F5H-transformed poplars: Improved chemical savings and reduced
environmental toxins. J. Agric. Food Chem. 51: 6178-6183.

Ikeda, S., Sugimoto, T., Nojiri, M., Magara, K., Hosoya, S., and Shimada, K. (2007) Alkali pre-treatment

https://mc.manuscriptcentral.com/holz

Page 16 of 27



Page 17 of 27

oNOYTULT D WN =

Holzforschung - International Journal of the Biology, Chemistry, Physics and Technology of Wood

for the bioethanol fuel production from woody biomasses Part 1: Soda cooking conditions as an
alkali pre-treatment. Jpn. Tappi J. 61: 1102-1111.

Istikowati, W.T., Aiso, H., Sunardi, Sutiya, B., Ishiguri, F., Ohshima, J., lizuka, K., and Yokota, S. (2016)
Wood, chemical, and pulp properties of woods from less-utilized fast-growing tree species found
in naturally regenerated secondary forest in south Kalimantan, Indonesia. J. Wood Chem. Technol.
36: 250-258.

Jackson, L.A., Shadle, G.L., Zhou, R., Nakashima, J., Chen, F., and Dixon, R.A. (2008) Improving
saccharification efficiency of alfalfa stems through modification of the terminal stages of
monolignol biosynthesis. Bioenerg. Res. 1: 180-192.

Jiao, F., Sopian, T., Kayamori, M., Zhou, J., and Hirata, Y. (2004) Developmental characterization of leaf
dorsoventral mutant ‘Ryoumenguwa’ in mulberry (Morus alba L.). J. Insect Biotechnol. Sericol.
73: 141-149.

Kajita, S., Katayama, Y., and Omori, S. (1996) Alterations in the biosynthesis of lignin in transgenic plants
with chimeric genes for 4-coumarate:coenzyme A ligase. Plant Cell Physiol. 37: 957-965.

Lapierre, C., Pollet, B., Petit-Conil, M., Toval, G., Romero, J., Pilate, G., Leplé, J.C., Boerjan, W., Ferret,
V.V., De Nadai, V., and Jouanin, L. (1999) Structural alterations of lignins in transgenic poplars
with depressed cinnamyl alcohol dehydrogenase or caffeic acid O-methyltransferase activity have
an opposite impact on the efficiency of industrial kraft pulping. Plant Physiol. 119: 153-64.

Leplé, J.C., Dauwe, R., Morreel, K., Storme, V., Lapierre, C., Pollet, B., Naumann, A., Kang, K.Y, Kim,
H., Ruel, K., Lefebvre, A., Joseleau, J.P., Grima-Pettenati, J., De Rycke, R., Andersson-Gunneras,
S., Erban, A., Fehrle, L., Petit-Conil, M., Kopka, J., Polle, A., Messens, E., Sundberg, B., Mansfield,
S.D., Ralph, J., Pilate, G., and Boerjan, W. (2007) Downregulation of cinnamoyl-coenzyme A
reductase in poplar: multiple-level phenotyping reveals effects on cell wall polymer metabolism
and structure. Plant Cell 19: 3669-3691.

Lu, L., Tang, Y., Xie, J.-S., and Yuan, Y.-L. (2009) The role of marginal agricultural land-based mulberry
planting in biomass energy production. Renew. Energy 34: 1789-1794.

Machii, H., Koyama, A., Yamanouchi, H., Matsumoto, K., Kobayashi, S., and Katagiri, K. (2001) A list of
morphological and agronomical traits of mulberry genetic resources. Misc. Publ. Natl. Inst. Seric.
Entomol. Sci. 29: 1-307.

MacKay, J.J., O’Malley, D.M., Presnell, T., Booker, F.L., Campbell, M.M., Whetten, R.W., and Sederoff,
R.R. (1997) Inheritance, gene expression, and lignin characterization in a mutant pine deficient in
cinnamyl alcohol dehydrogenase. Proc. Natl. Acad. Sci. U.S.A. 94: 8255-8260.

Martin, A.F., Tobimatsu, Y., Kusumi, R., Matsumoto, N., Miyamoto, T., Lam, P.Y., Yamamura, M.,
Koshiba, T., Sakamoto, M., and Umezawa, T. (2019) Altered lignocellulose chemical structure
and molecular assembly in CINNAMYL ALCOHOL DEHYDROGENASE-deficient rice. Sci. Rep.
9: 17153.

https://mc.manuscriptcentral.com/holz



oNOYTULT D WN =

Holzforschung - International Journal of the Biology, Chemistry, Physics and Technology of Wood

Meshitsuka, G. and Nakano, J. (1977) Studies on the mechanism of lignin color reaction (XI). Mokuzai
Gakkaishi 23: 232-236.

Miller, G.L. (1959) Use of dinitrosalicylic acid reagent for determination of reducing sugar. Anal. Chem.
31: 426-428.

Mottiar, Y., Vanholme, R., Boerjan, W., Ralph, J., and Mansfield, S.D. (2016) Designer lignins: harnessing
the plasticity of lignification. Curr. Opin. Biotechnol. 37: 190-200.

Nuoendagula, Tsuji, Y., Takata, N., Sakamoto, S., Nakagawa-Izumi, A., Taniguchi, T., Ralph, J., Mitsuda,
N., and Kajita, S. (2018) Change in lignin structure, but not in lignin content, in transgenic poplar
overexpressing the rice master regulator of secondary cell wall biosynthesis. Physiol. Plant. 163:
170-182.

O’Connell, A., Holt, K., Piquemal, J., Grima-Pettenati, J., Boudet, A., Pollet, B., Lapierre, C., Petit-Conil,
M., Schuch, W., and Halpin, C. (2002) Improved paper pulp from plants with suppressed
cinnamoyl-CoA reductase or cinnamyl alcohol dehydrogenase. Transgenic Res. 11: 495-503.

Oyarce, P., De Meester, B., Fonseca, F., de Vries, L., Goeminne, G., Pallidis, A., De Rycke, R., Tsuji, Y.,
Li, Y.D., Vanden Bosch, S., Sels, B., Ralph, J., Vanholme, R., and Boerjan, W. (2019) Introducing
curcumin biosynthesis in Arabidopsis enhances lignocellulosic biomass processing. Nat. Plants 5:
225-237.

Pilate, G., Guiney, E., Holt, K., Petit-Conil, M., Lapierre, C., Leple, J.C., Pollet, B., Mila, 1., Webster, E.A.,
Marstorp, H.G., Hopkins, D.W., Jouanin, L., Boerjan, W., Schuch, W., Cornu, D., and Halpin, C.
(2002) Field and pulping performances of transgenic trees with altered lignification. Nat.
Biotechnol. 20: 607-612.

Preisner, M., Kulma, A., Zebrowski, J., Dyminska, L., Hanuza, J., Arendt, M., Starzycki, M., and Szopa, J.
(2014) Manipulating cinnamyl alcohol dehydrogenase (CAD) expression in flax affects fibre
composition and properties. BMC Plant Biol. 14: 50.

Rahman, M.M. and Jahan, M.S. (2014). Evaluation of mulberry plant as a pulping raw material. Biomass
Conv. Bioref. 4: 53-58.

Ralph, J., MacKay, J.J., Hatfield, R.D., O’Malley, D.M., Whetten, R.W., and Sederoff, R.R. (1997)
Abnormal lignin in a loblolly pine mutant. Science 277: 235-239.

Ralph, J., Lapierre, C., Boerjan, W. (2019) Lignin structure and its engineering. Curr. Opin. Biotechnol.
56: 240-2249.

Saddul, D., Jelan, Z.A., Liang, J.B., and Halim, R.A. (2004) The potential of mulberry (Morus alba) as a
fodder crop: The effect of plant maturity on yield, persistence and nutrient composition of plant
fractions. Asian-Australasian J. Anim. Sci. 17: 1657-1662.

Sakamoto, S., Kamimura, N., Tokue, Y., Nakata, M.T., Yamamoto, M., Hu, S., Masai, E., Mitsuda, N., and
Kajita, S. (2020) Identification of enzymatic genes with the potential to reduce biomass

recalcitrance through lignin manipulation in Arabidopsis. Biotechnol. Biofuels 13: 97.

https://mc.manuscriptcentral.com/holz

Page 18 of 27



Page 19 of 27

oNOYTULT D WN =

Holzforschung - International Journal of the Biology, Chemistry, Physics and Technology of Wood

Sakamoto, S., Yoshida, K., Sugihara, S., and Mitsuda, N. (2015) Development of a new high-throughput
method to determine the composition of ten monosaccharides including 4-O-methyl glucuronic
acid from plant cell walls using ultra-performance liquid chromatography. Plant Biotechnol. 32:
55-63.

Santos, A., Anjos, O., Amaral, M.E., Gil, N., Pereira, H., and Simdes, R. (2012) Influence on pulping yield
and pulp properties of wood yield and pulp properties of wood density of Acacia melanoxylon. J.
Wood Sci. 58: 479-486.

Santos, R.B., Capanema, E.A., Balakshin, M.Y., Chang, H.M., and Jameel, H. (2011) Effect of hardwoods
characteristics on kraft pulping process: Emphasis on lignin structure. Bioresources 6: 3623-3637.

Sattler, S.E., Funnell-Harris, D.L., and Pedersen, J.F. (2010) Brown midrib mutations and their importance
to the utilization of maize, sorghum, and pearl millet lignocellulosic tissues. Plant Sci. 178: 229-
238.

Segmehl, J. S., Keplinger, T., Krasnobaev, A., Berg, J. K., Willa, C., and Burgert, 1. (2019) Facilitated
delignification in CAD deficient transgenic poplar studied by confocal Raman spectroscopy
imaging. Spectrochim. Acta A Mol. Biomol. Spectrosc. 206: 177-184.

Sibout, R., Eudes, A., Mouille, G., Pollet, B., Lapierre, C., Jouanin, L., and Seguin, A. (2005) CINNAMYL
ALCOHOL DEHYDROGENASE-C and -D are the primary genes involved in lignin biosynthesis
in the floral stem of Arabidopsis. Plant Cell 17: 2059-2076.

Sohn, K.-W. (2003) Conservation Status of Sericulture Germplasm Resources in the World - I. The Food
and Agriculture Organization of the United Nations.

Sopian, T., Jiao, F., and Hirata, Y. (2009) Characterization of mulberry mutant growth response to
gibberellin and abscisic acid application and molecular analysis. J. Insect Biotechnol. Sericol. 78:
23-32.

Stewart, J.J., Kadla, J.F., and Mansfield, S.D. (2006) The influence of lignin chemistry and ultrastructure
on the pulping efficiency of clonal aspen (Populus tremuloides Michx.) Holzforschung 60: 111-
122.

Straub, C.T., Khatibi, P.A., Wang, J.P., Conway, J.M., Williams-Rhaesa, A.M., Peszlen, .M., Chiang, V.L.,
Adams, M.W.W., and Kelly, R.M. (2019) Quantitative fermentation of unpretreated transgenic
poplar by Caldicellulosiruptor bescii. Nat. Commum. 10: 3548.

Thevenin, J., Pollet, B., Letarnec, B., Saulnier, L., Gissot, L., Maia-Grondard, A., Lapierre, C., and Jouanin,
L. (2011) The simultaneous repression of CCR and CAD, two enzymes of the lignin biosynthetic
pathway, results in sterility and dwarfism in Arabidopsis thaliana. Mol. Plant 4: 70-82.

Van Acker, R., Dejardin, A., Desmet, S., Hoengenaert, L., Vanholme, R., Morreel, K., Laurans, F., Kim,
H., Santoro, N., Foster, C., Goeminne, G., Legee, F., Lapierre, C., Pilate, G., Ralph, J., and Boerjan,
W. (2017) Different routes for conifer- and sinapaldehyde and higher saccharification upon
deficiency in the dehydrogenase CAD1. Plant Physiol. 175: 1018-1039.

https://mc.manuscriptcentral.com/holz



oNOYTULT D WN =

Holzforschung - International Journal of the Biology, Chemistry, Physics and Technology of Wood

Van Acker, R., Vanholme, R., Storme, V., Mortimer, J. C., Dupree, P., and Boerjan, W. (2013) Lignin
biosynthesis perturbations affect secondary cell wall composition and saccharification yield in
Arabidopsis thaliana. Biotechnol. Biofuels 6: 46.

Van Doorsselaere, J., Baucher, M., Chognot, E., Chabbert, B., Tollier, M.-T., Petit-Conil, M., Lepl¢, J.-C.,
Pilate, G., Cornu, D., Monties, B., Van Montagu, M., Inz¢, D., Boerjan, W., and Jouanin, L. (1995)
A novel lignin in poplar trees with a reduced caffeic acid/5-hydroxyferulic acid O-
methyltransferase activity Plant J. 8: 855-864.

Vanholme, B., Cesarino, 1., Goeminne, G., Kim, H., Marroni, F., Van Acker, R., Vanholme, R., Morreel,
K., Ivens, B., Pinosio, S., Morgante, M., Ralph, J., Bastien, C., and Boerjan, W. (2013) Breeding
with rare defective alleles (BRDA): a natural Populus nigra HCT mutant with modified lignin as
a case study. New Phytol. 198: 765-776.

Vanholme, R., Morreel, K., Darrah, C., Oyarce, P., Grabber, J.H., Ralph, J., and Boerjan, W. (2012)
Metabolic engineering of novel lignin in biomass crops. New Phytol. 196: 978-1000.

Vanholme, R., De Meester, B., Ralph, J., Boerjan, W. (2019) Lignin biosynthesis and its integration into
metabolism. Curr. Opin. Biotechnol. 56: 230-239.

Voelker, S.L., Lachenbruch, B., Meinzer, F.C., Jourdes, M., Ki, C., Patten, A.M., Davin, L.B., Lewis, N.G.,
Tuskan, G.A., Gunter, L., Decker, S.R., Selig, M.J., Sykes, R., Himmel, M.E., Kitin, P.,
Shevchenko, O., and Strauss, S.H. (2010) Antisense down-regulation of 4CL expression alters
lignification, tree growth, and saccharification potential of field-grown poplar. Plant Physiol. 154:
874-886.

Wang, J.P., Matthews, M.L., Williams, C.M., Shi, R., Yang, C.M., Tunlaya-Anukit, S., Chen, H.C., Li,
Q.Z., Liu, J., Lin, C.Y., Naik, P., Sun, Y.H., Loziuk, P.L., Yeh, T.F., Kim, H., Gjersing, E.,
Shollenberger, T., Shuford, C.M., Song, J.N., Miller, Z., Huang, Y.Y., Edmunds, C.W., Liu, B.G.,
Sun, Y., Lin, Y.CJ,, Li, W., Chen, H., Peszlen, 1., Ducoste, J.J., Ralph, J., Chang, HM.,
Muddiman, D.C., Davis, M.F., Smith, C., Isik, F., Sederoff, R., and Chiang, V.L. (2018)
Improving wood properties for wood utilization through multi-omics integration in lignin
biosynthesis. Nat. Commun. 9: 1579.

Wilkerson, C.G., Mansfield, S.D., Lu, F., Withers, S., Park, J.Y., Karlen, S.D., Gonzales-Vigil, E.,
Padmakshan, D., Unda, F., Rencoret, J., and Ralph, J. (2014) Monolignol ferulate transferase
introduces chemically labile linkages into the lignin backbone. Science 344: 90-93.

Yamada, N., Khoo, K.C., and Yusoff, M.N.M. (1992) Sulphate pulping characteristics of Acacia hybrid,
Acacia mangium and Acacia auriculformis from Sabah. J. Trop. For. Sci. 4: 206-214.

Yamamoto, M., Tomiyama, T., Koyama, A., Okuizumi, H., Liu, S., Vanholme, R., Goeminne, G., Hirai,
Y., Shi, H., Takata, N., Ikeda, T., Uesugi, M., Kim, H., Sakamoto, S., Mitsuda, N., Boerjan, W.,
Ralph, J., and Kajita, S. (2020) A century-old mystery unveiled: Sekizaisou is a natural lignin
mutant. Plant Physiol. 182: 1821-1828.

https://mc.manuscriptcentral.com/holz

Page 20 of 27



Page 21 of 27

oNOYTULT D WN =

Holzforschung - International Journal of the Biology, Chemistry, Physics and Technology of Wood

Yamanouchi, H., Koyama, A., Machii, H., Takyu, T., and Muramatsu, N. (2009) Inheritance of a weeping
character and the low frequency of rooting from cuttings of the mulberry variety ‘Shidareguwa’.
Plant Breed. 128: 321-323.

Yoshihara, K., Kobayashi, T., Fujii, T., and Akamatsu, 1. (1984) A novel modification of Klason lignin
quantitative method. Jpn. Tappi J. 38: 86-95.

Yoshimura, M. and Saito, K. (1924) Kuwa No Ichihinsyu Sekizaisou Ni Tsuite (A mulberry cultivar,
Sekizaisou). Sakurakai Zasshi 15: 107-111. in Japanese

Zhang, K., Qian, Q., Huang, Z., Wang, Y., Li, M., Hong, L., Zeng, D., Gu, M., Chu, C., and Cheng, Z.
(2006) GOLD HULL AND INTERNODE? encodes a primarily multifunctional cinnamyl-alcohol
dehydrogenase in rice. Plant Physiol. 140: 972-983.

Zhao, Q., Tobimatsu, Y., Zhou, R., Pattathil, S., Gallego-Giraldo, L., Fu, C., Jackson, L.A., Hahn, M.,
G., Kim, H., Chen, F., Ralph, J., and Dixon, R.A. (2013) Loss of function of cinnamyl alcohol
dehydrogenase 1 leads to unconventional lignin and a temperature-sensitive growth defect in

Medicago truncatula. Proc. Natl. Acad. Sci. U.S.A. 110: 13660-13665.

https://mc.manuscriptcentral.com/holz



Holzforschung - International Journal of the Biology, Chemistry, Physics and Technology of Wood Page 22 of 27

Table 1. Qualitative monomeric composition of polysaccharides in extractive-free cell walls prepared from branching stems of different cultivars after
hydrolysis by sulfuric acid (Sakamoto et al. 2015). The results shown are means from three biological replicates (mg/g of cell wall) with standard deviations.

* and ** represent significance differences from the values of Sekizaisou at P < 0.05 and P < 0.01, respectively (one-way ANOVA followed by Dunnett’s

oNOYTULT D WN =

test).
Cultivars Glc Xyl Rha GalA mGIcA
Sekizaisou 283 + 9.7 162 + 59 49.8 + 1.4 21.1 £ 1.6 165 + 23
Kataneo 310 + 28 181 £  14* 56.3 + 5.7 245 £ 28 189 + 1.7
Chosenzairaishu 354 + 6.3%** 175 £+ 1.6 543 + 34 209 £+ 1.6 202 £+  0.5%
Kinsou 346 + 2.1%* 175 + 21 57.5 + 4.4* 228 + 26 223+ 1.3%*
Nezumigaeshi 292 + 8.7 139  + 10* 51.3 + 22 193 + 15 159 + 19
Cultivars Man Gal Ara GlcA Total sugar?
Sekizaisou 11.6 + 0.9 9.18 =+ 038 3.65 + 0.1 132 + 0.09 558  + 18
Kataneo 891 + 1.2* 944 £+ 152 3.78 + 0.87 .72  + 0.31%* 614 £  49*
Chosenzairaishu 12.0 + 0.7 881 <+ 097 3.05 + 0.61 1.66 + 0.11 650 £ 4.3%x
Kinsou 11.8 + 1.1 927 £ 15 3.04 + 0.69 138 + 021 649 £ 9%
Nezumigaeshi 10.8 + 1.1 972 £ 0.66 2.51 + 0.14 1.47 £ 0.07 542 £ 22

a Total sugar represents the sum of all detected monosaccharides. Abbreviations: Ara, L-arabinose; Gal, D-galactose; GalA, D-galacturonic acid; Glc, D-

glucose; GlcA, D-glucuronic acid; Man, D-mannose; mGIcA, 4-O-methyl D-glucuronic acid; Rha, L-rhamnose; Xyl, D-xylose.
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Table 2. Characteristics of pulp samples prepared from wood chips of five different mulberry cultivars under the two different alkaline

conditions. The values are means from three independent technical replicates with standard deviations in brackets.

oNOYTULT D WN =

30% NaOH 25% NaOH

10 Cultivars : —
11 ) . Residual lignin . ) . Residual lignin o/
12 Pulp yield (%) %) Knot (%) Pulp yield (%) %y Knot (%)

Sekizaisou 46.8 (0.5) 5.3(0.2) 0.01 (0.02) 49.8 (0.3) 7.0 (0.8) ND
18 Kataneo 45.4 (1.7) 6.7 (0.6)? 0.50 (0.47) 42.3 (5.3)¢ 8.9 (1.2)¢ 8.4 (6.0)
2 Chosenzairaishu  43.1 (0.6) 6.8 (1.1) 0.89 (0.78) 42.4 (4.9)¢ 9.4 (0.9)° 8.8 (6.2)
24 Kinsou 44.8 (1.1)° 6.2 (0.6) 2.2 (1.3)¢ 39.5 (1.7)° 8.4 (0.5) 12 (1.6)

27 Nezumigaeshi 44.8 (0.9)° 7.3 (0.5)¢ 1.3 (0.81) 412 (2.1 11 (0.5) 10 (0.7)

29 a Residual lignin content in resultant wood pulp was measured by the Klason method. ® Knots refer to uncooked dark aggregates of wood
31 fibers detected after cooking and were counted based on the amount of wood chips used. ND, not detected. Superscripts ©, 4, and © represent
32 significant differences from the values of Sekizaisou at P < 0.1, 0.05, and 0.01, respectively (one-way ANOVA followed by Dunnett’s
34 test).
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Figure 1.
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Figure 2.
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Figure 3.
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Figure 4.
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