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Abstract 

Background  Fungal pretreatment for partial separation of lignocellulosic components may reduce lignocellulose 
recalcitrance during the production of biofuels and biochemicals. Quantitative and qualitative modification of plant 
lignin through genetic engineering or traditional breeding may also reduce the recalcitrance. This study was con-
ducted to examine the effects of combining these two approaches using three white rot fungi and mulberry wood 
with an altered lignin structure.

Results  Mulberry wood prepared from homozygotes or heterozygotes with a loss-of-function in the cinnamyl alcohol 
dehydrogenase gene (CAD) was pretreated with three fungal species. Both heterozygous (CAD/cad) and homozy-
gous (cad/cad, null mutant) mulberry plants were derived from the same parents via backcrossing between Sekizai-
sou (cad/cad, seed parent), a natural lignin mutant, and its F1 progeny (CAD/cad, pollen parent). Homozygote wood 
and the isolated lignin exhibited an abnormal color. Lignin in homozygotes without fungal pretreatment exhibited 
a lower syringyl/guaiacyl ratio, molar mass, and thioacidolysis product yield than those in heterozygotes. Pretreat-
ment with Phanerochaete chrysosporium achieved the highest delignification efficiency with a significant reduction 
in the cellulose content in both mulberry genotypes. In contrast, Ceriporiopsis subvermispora selectively removed lignin, 
with a weaker reduction in the cellulose content. The degree of delignification by C. subvermispora was significantly 
higher in homozygotes than in heterozygotes. Trametes versicolor tended to have a lower delignification capacity 
and smaller effect of subsequent enzymatic sugar release toward the wood from both genotypes than the other two 
fungi, making it less suitable for fungal pretreatment. Thioacidolysis assays indicated that cinnamaldehyde β-O-4, a typi-
cal subunit in the homozygote lignin, did not contribute to the high degradability of the lignin. The saccharification effi-
ciency tended to be higher in homozygote wood than in heterozygote wood under all fungal pretreatment conditions.

Conclusions  Although further optimization of various system conditions is required, our findings suggest that CAD 
deficiency promotes delignification and subsequent enzymatic saccharification and may improve the biorefining 
efficiency of wood when combined with fungal pretreatment.
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Background
Producing biofuels and biochemicals from renewable 
plant biomass may reduce society’s dependence on fos-
sil resources, particularly given the environmental and 
economic challenges of fossil resources. Lignocellulose, 
a major component of terrestrial plants, is widely avail-
able and chemically suitable as a feedstock in bio-based 
production. Efficient biorefinery processes are critical for 
optimal utilization of lignocellulose. The pretreatment 
step to partially separate lignocellulosic components, 
such as polysaccharides and lignin, is a major bottleneck 
in biorefining. Typical pretreatments involve mechani-
cal, thermal, and chemical steps and/or combinations 
thereof. They often consume large amounts of energy 
and hazardous chemicals, require corrosion-resistant 
reactors, and produce large amounts of waste and com-
pounds that limit subsequent processes.

From both economic and environmental perspectives, 
pretreatment with lignocellulolytic fungi may replace 
or, at least, supplement mechanical, thermal, or chemi-
cal pretreatment in lignocellulosic biorefineries [1]. 
White rot fungi (WRFs) are efficient degraders of poly-
saccharides and lignin in lignocellulosic biomass. They 
produce cellulases and hemicellulases as well as lignino-
lytic enzymes, such as laccase, manganese peroxidase, 
and lignin peroxidase. WRFs can be classified into two 
groups depending on the method by which they decom-
pose materials [2]. Most WRFs simultaneously degrade 
polysaccharides and lignin [e.g., Phanerochaete chrys-
osporium (PC) and Trametes versicolor (TV)], resulting 
in homogenous cell wall decay. Among 26 basidiomycete 
strains tested in a previous study, PC showed the highest 
delignification rate of 51.4% in corn stover after pretreat-
ment for 30 d, although it also showed the highest glucan 
loss [3]. Bamboo culms pretreated with TV strain G20 for 
120 d showed a 12% decrease in the lignin content, lead-
ing to a 5.15-fold increase in sugar yield compared to that 
obtained using untreated material after saccharification 
[4]. In contrast, the WRF Ceriporiopsis subvermispora 
(CS) selectively degrades lignin without causing major 
damage to the cellulose in lignocellulose [5] and degrades 
lignin in cell walls and middle lamellae without eroding 
the wood cell walls [6]. Oxidation of small lipid mole-
cules released extracellularly is thought to participate in 
the specific degradation mechanism [7]. Wan and Li [8, 
9] reported that CS selectively degraded lignin in corn 
stover by up to 31.6% after 35 d, with a limited cellulose 
loss of < 6% during 18-d pretreatment. These differences 
in degradation are expected to have different effects on 
lignocellulosic materials in pretreatment and subsequent 
biorefining.

Lignin—the major chemical component responsible for 
the recalcitrance of lignocellulosic biomass [10]—hinders 

lignocellulose deconstruction and subsequent saccharifi-
cation. It has three main aromatic substructures, namely 
p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S), and 
has various different internal linkages, such as β-O-4, β-β, 
and β-5. Quantitative and/or qualitative modification 
of lignin can alter biomass recalcitrance. Many studies 
reported the successful modification of lignin via artifi-
cial regulation of biosynthetic genes, natural mutations, 
and genetic variations [11–16]. Some studies revealed 
that changes in the lignin content and structure contrib-
ute to biorefinery efficiency.

The combined effects of fungal pretreatment and lignin 
modification on reducing lignocellulosic recalcitrance 
has been evaluated in previous studies. Lignin in trans-
genic poplar overexpressing ferulate 5-hydroxylase, a key 
enzyme in biosynthesis of the S unit in lignin, comprised 
as much as 97.5% S units, in contrast to approximately 
70% in wild-type poplar [17]. Despite the higher deligni-
fication efficiency of S-rich wood under alkaline pulping 
conditions [18], it was resistant to biodegradation when 
co-cultivated with both brown rot fungi and WRF for 
4–16 weeks [19]. Giles et al. [20] also reported that lignin 
degradation in transgenic S-rich wood was inhibited 
compared with that in wild-type wood pretreated with 
CS, although the total weight loss was higher because of 
the accelerated degradation of polysaccharides. In con-
trast, in transgenic G-rich poplars with suppressed conif-
eraldehyde 5-hydroxylase activity, lignin was more easily 
degraded by the same fungal species than in wild-type 
poplars, leading to enhanced polysaccharide degradation 
[21]. The effect of fungal pretreatment on saccharification 
efficiency was evaluated in transgenic poplar wood under 
the individually suppressed expression of five lignin bio-
synthetic genes [21]. Pretreatment of transgenic poplars 
with CS downregulated the expression of cinnamate 
3-hydroxylase, 4-coumarate:CoA ligase, caffeoyl-CoA 
O-methyltransferase, and coniferaldehyde 5-hydroxylase, 
yielding similar or decreased sugar release after enzy-
matic saccharification compared with that in non-fungal 
pretreatment controls.

Although various studies assessed the effects of fun-
gal pretreatment on delignification and lignocellulose 
saccharification following lignin structure alteration, 
none have assessed the potential of fungal pretreatment 
combined with lignin-modified lignocellulose gener-
ated by transcriptional suppression or deletion of a gene 
encoding cinnamyl alcohol dehydrogenase (CAD). This 
enzyme catalyzes the conversion of hydroxycinnamal-
dehydes into their corresponding alcohols in the last 
step of monolignol biosynthesis. Suppression or loss-of-
function of CAD promotes the incorporation of many 
of its substrates such as coniferaldehyde and sinapalde-
hyde into lignin as alternative lignin monomers [22, 23]. 
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Cinnamaldehyde incorporation is occasionally accom-
panied by a decrease in the lignin content [24, 25] and 
partially alters three main lignin substructures bound 
through Cβ in the side chains of C6-C3 lignin skeletons, 
forming a β-O-4 linkage with an enol ether unit, a β-β 
linkage without a bicyclic furofuran ring, and a β-5 link-
age with a benzofuran component [23, 26–29]. CAD 
deficiency improves the delignification and enzymatic 
saccharification efficiency of transgenic lignocelluloses 
and enhances the digestibility of forage crops [30–39]. 
Because of the excellent characteristics of CAD-deficient 
lignocellulose, we hypothesized that fungal pretreatment 
can accelerate the separation of its chemical components 
and increase the efficiency of subsequent biorefinery 
processes.

In this study, mulberry wood powder with an altered 
lignin structure was pretreated with three fungal spe-
cies. Before evaluating the effects of lignin modifica-
tion on delignification during fungal pretreatment and 
subsequent enzymatic saccharification, wood pow-
ders prepared from progeny plants with two different 
genotypes—homozygous (cad/cad) or heterozygous 
(CAD/cad) for the cad-null allele at the CAD1 locus—
were chemically characterized. This allele originated 
from the seed parent, a natural CAD mutant of mulberry 
(Sekizaisou), in which lignin is structurally altered [40]. 
The progenies were derived from a backcross between 
Sekizaisou and an F1 hybrid generated from Sekizaisou 
(seed parent) and Kokusou 21 (pollen parent). Our study 
suggests that fungal pretreatment of plants with geneti-
cally modified lignin structures greatly improves the effi-
ciency of biomass biorefinery technology.

Results and discussion
Wood appearance of Sekizaisou progeny
Prior to fungal pretreatment and subsequent enzymatic 
saccharification, we characterized the wood of back-
crossed progenies with different genotypes (cad/cad 

and CAD/cad). At harvest, the wood (xylem) under the 
bark had varying colors. After pulverization and sequen-
tial solvent extraction, the colors still differed, with cad/
cad (homozygote) wood exhibiting a pale orange color, 
whereas CAD/cad (heterozygote) wood exhibited a light 
yellow (normal) color (Fig.  1). The colors of fresh and 
extractive-free homozygote wood and its extractive-free 
powder were similar to those of Sekizaisou, which also 
has a cad/cad genotype at the CAD1 locus and an altered 
lignin structure [40]. The red wood phenotype is a typical 
characteristic and good indicator of CAD deficiency in 
mutant and transgenic plants [25, 41–43]. These findings 
confirm that the homozygous cad-null allele in the Seki-
zaisou progeny alters the wood color, a recessive trait, as 
reported in other plant species.

Chemical characterization of lignin in homozygote 
and heterozygote woods
The composition of the progeny wood was characterized 
using a combination of gravimetric and chemical analy-
ses (Table  1). The Klason lignin (KL) content tended to 
be slightly lower in homozygotes than in heterozygotes 
(P = 0.11). The acid-soluble lignin (ASL) content was 17% 
lower in the former than in the latter (P < 0.001). These 
data are partially consistent with the low lignin content 
in Sekizaisou, as measured using the acetyl bromide 
method, compared with that in other mulberry varieties 
[40]. The KL content in 1-year-old stems of field-grown 
transgenic poplars with strong CAD suppression was also 
reported to be 10% lower than that in wild-type poplars 
[44].

The polysaccharide content of homozygotes and het-
erozygotes also differed. The cellulose content esti-
mated from glucose released after acid hydrolysis of the 
wood powder was 12% lower than that of heterozygotes 
(P < 0.001). In contrast, the hemicellulose content derived 
from the sum of four monosaccharides (mannose, 
galactose, xylose, and arabinose) tended to be higher in 

Fig. 1  Appearance of wood powders prepared from heterozygote (a, CAD/cad), homozygote (b, cad/cad), and cellulolytic enzyme lignins (c, d)
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homozygotes than in heterozygotes (P = 0.054). Seki-
zaisou, the seed parent of the progenies, also showed a 
lower cellulose (as glucose equivalent) content than did 
other mulberry varieties [38]. In a 1-year-old transgenic 
poplar with CAD suppression, the decrease in the lignin 
level was accompanied by a minor reduction in cellu-
lose (average 3%) and small increase in hemicellulose 
levels (average 5%) compared with that in the wild-type 
plant [44]. Our results and those of previous studies indi-
cate that a significant decrease in CAD activity leads to 
a slight decrease in the lignin content and change in the 
sugar composition in young woody plants.

Lignin monomeric composition
The monomeric composition of lignin was character-
ized using thioacidolysis (Table  2) [45, 46]. Calcula-
tions based on detection of conventional thioethylated 
C6–C3 monomers showed that the ratio of S to G units 
(S/G) in homozygous lignin (0.91) was significantly 
lower than that in heterozygous lignin (1.39). Similar 
trends were observed in other angiosperm species with 
CAD suppression [32, 47] as well as in a study compar-
ing CAD-deficient Sekizaisou with other CAD-functional 
mulberry varieties [40]. Although the difference was not 
significant, the total amount of thioacidolysis monomers 
was 14% lower in the homozygous lignin than that in the 
heterozygous lignin.

CAD deficiency is commonly associated with the 
release of indene derivatives from the β-O-4 substruc-
ture coupled with cinnamaldehyde components in lignin 
under thioacidolysis [26, 29]. To confirm the changes 

in the lignin structure of the homozygotes, the thioac-
idolytic products were analyzed using gas chromatog-
raphy/mass spectrometry (GC/MS). Four candidates 
were detected, three of which (1G1, 1S1, and 1S2; Figure 
S1) were identified as indenes based on their mass spec-
tra [40]. These compounds were also detected in thioac-
idolysis products prepared from Sekizaisou wood [40]. 
No indenes were detected in the heterozygote wood. 
The indenes could not be quantified in the present study 
because authentic compounds were not available; how-
ever, S-type indenes (1S1, 1S2, and with an asterisk in 
Figure S1) were clearly more abundant than was G-type 
indene (1G1) (Figure S1). This result suggests that lignin 
in the homozygotes contains more β-O-4 substructure 
with sinapaldehyde unit than that with coniferaldehyde 
unit as reported previously in CAD-deficient Sekizaisou 
[40] and CAD-suppressed poplars [35]. If re-calculation 
is conducted to take this finding into consideration, the 
S/G ratio of homozygotes lignin is expected be even 
larger than the value (0.91) presented in Table 2. In addi-
tion to the colored wood phenotype, these findings con-
firm successful establishment of CAD-deficient progeny.

Total weight loss and sugar degradation under fungal 
pretreatment
For both genotypes of mulberry progeny, weight loss was 
greater in the order of pretreatment with PC, TV, and 
CS. Weight loss did not differ under PC, but homozy-
gotes lost significantly more weight under TV and CS 
pretreatment than did heterozygotes (Table  S1). These 
findings suggest that the change in lignin structure of 

Table 1  Chemical composition of heterozygous (CAD/cad) and homozygous (cad/cad) samples

** P < 0.01, compared with the heterozygote sample

Samples from three independent progenies of the same genotype were analyzed

Progeny genotype Chemical composition (dry weight %)

Klason lignin Acid-soluble lignin Cellulose Hemicellulose

CAD/cad 24.9 ± 0.8 1.7 ± 0.0 51.7 ± 4.1 14.6 ± 1.0

cad/cad 22.2 ± 0.3** 1.4 ± 0.0** 47.4 ± 0.7 17.1 ± 0.7

Table 2  Thioacidolysis monomer yields from heterozygotes (CAD/cad) and homozygotes (cad/cad)

a S:G monomer ratio
* P < 0.05, **P < 0.01, compared to the heterozygote sample

Samples from three independent progenies of the same genotype were analyzed

Progeny genotype Thioacidolytic monomer yields (μmol g−1 of lignin) S/G ratioa

G monomer S monomer Total

CAD/cad 739.1 ± 59.4 1023.4 ± 70.9 1762.5 ± 129.8 1.39 ± 0.03

cad/cad 786.8 ± 11.1 718.4 ± 52.2* 1505.2 ± 56.0 0.91 ± 0.06**
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homozygotes had a positive effect on degradation of the 
woods by these fungi under our experimental conditions.

In heterozygotes, cellulose degradation occurred in 
the order of PC > TV > CS, with significant differences 
between each sample. In homozygotes, the reduction in 
cellulose was also significant under PC, but its degrada-
tion was slower under TV and CS pretreatments, with no 
significant difference between them (Table  S1). In both 
genotypes, cellulose degradation was the strongest con-
tributor to weight loss under PC pretreatment (Tables 3 
and S1). In contrast, weight loss in TV- and CS-pre-
treated wood was more affected by a reduction in the KL 
content than by polysaccharide degradation.

Delignification under fungal treatment
The KL levels in each wood sample after fungal pretreat-
ment were more variable under PC and TV than under 
CS pretreatment, although cause of the variation was 
unclear. Regardless of the progeny genotype, the reduc-
tion in the wood fraction producing KL was likely larger 
under PC than that under TV and CS pretreatment 
(Tables  3 and S1), but the difference was not signifi-
cant. Among the fungal pretreatments, only CS-treated 
homozygotes (27.6%) and heterozygotes (23.3%) differed 
in their KL degradation efficiencies (P = 0.003), suggest-
ing that the altered lignin structure of the homozygote 
wood was more readily degraded by CS.

Although KL levels were generally lower in fungus-
pretreated than in non-pretreated wood powders, the 
levels of most ASLs detected in both genotypes, except 
for the PC-treated homozygote wood, increased after 
fungal pretreatment. The increase in ASL levels was par-
ticularly pronounced in CS-treated homozygous wood 
(P < 0.001; Table  3). A substantial decrease in KL and 
increase in ASL levels were also observed in poplar wood 

disks [19] and aspen wood chips under CS degradation 
[48]. In addition, the increased rate of ASL was higher 
in homozygous wood after pretreatment with PC and 
TV than in heterozygous wood, although the difference 
was only significant following PC treatment (P < 0.001, 
Table  S1). In non-pretreated wood, ASLs were partially 
composed of low-molecular weight lignin degradation 
products released by sulfuric acid hydrolysis [49]. The 
mechanism by which the acid solubility of lignin was 
increased under fungal degradation is unclear but was 
likely due to changes in the cleavage of lignin–poly-
saccharide and internal lignin linkages, a reduction in 
lignin molecular weight, and the introduction of more 
hydrophilic groups into lignin. Although ASL levels were 
significantly lower than those of KL, the remarkable 
increase in ASL released from CS- and PC-pretreated 
homozygous wood may reflect a partially unique manner 
of lignin decomposition.

Selective degradation of lignin
The selectivity index (SI, KL level reduction per unit of 
cellulose; Table S1) is an indicator of selective fungal deg-
radation of lignin in lignocellulosic materials [50]. In het-
erozygous wood, the SI value was higher under CS (3.7) 
than under the other treatments (P < 0.01 for PC vs. CS 
and TV vs. CS), with no significant difference detected 
between PC (1.2) and TV (1.7). Similarly, the SI values 
for homozygous wood were in the decreasing order of 
PC (1.3), TV (1.2), and CS pretreatments (6.5), though 
no significant difference was detected among the geno-
types because of the large variation in the SI value for 
CS pretreatment. These results suggest that, as previ-
ously reported [50], lignin-selective degradation by CS 
occurred in both heterozygous and homozygous wood.

Table 3  Chemical composition of wood powder from heterozygote (CAD/cad) and homozygote (cad/cad) before (WF) and after 
fungal pretreatment

Samples from three or four independent progeny of the same genotype were analyzed
a Values are the same as those shown in Table 1
b Different letters indicate significant differences under pretreatment with different strains within the same progeny genotype (P < 0.05)

Progeny genotype Fungal strain Chemical composition (wt.% of non-co-cultivated wood powder)b

Klason lignin Acid-soluble lignin Cellulose Hemicellulose

CAD/cad Without fungia 24.9 ± 0.8 1.7 ± 0.0 51.7 ± 4.1 14.6 ± 1.0

PC 17.8 ± 1.1x 1.5 ± 0.0x 40.7 ± 1.1x 10.1 ± 1.2

TV 19.9 ± 0.0y,z 1.8 ± 0.0y 47.8 ± 0.8y 12.9 ± 0.2

CS 19.1 ± 0.1x,z 2.4 ± 0.1z 50.8 ± 0.8z 13.3 ± 1.0

cad/cad Without fungia 22.2 ± 0.3 1.4 ± 0.0 47.4 ± 0.7 17.1 ± 0.7

PC 15.2 ± 1.4 1.4 ± 0.0x 37.2 ± 2.0x 12.6 ± 0.9x

TV 17.7 ± 1.3 1.6 ± 0.0y 43.1 ± 0.5 14.4 ± 0.2y,z

CS 16.4 ± 0.5 2.4 ± 0.1z 42.8 ± 2.8 13.9 ± 1.0x,z
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Characterization of lignin degradation by thioacidolysis
We further characterized lignin degradation under 
fungal pretreatment based on the release of mono-
meric products from fungus-degraded wood powders 
by thioacidolysis (Table 4). The levels of thioacidolytic 
monomers decreased in both wood genotypes after 
fungal pretreatment as the level of lignin decreased. 
Pretreatment of the heterozygote with PC and TV 
slightly reduced G and S monomer levels, but no sig-
nificant differences were detected compared to those in 
non-pretreated samples. In contrast, the levels of each 
monomer and the total decreased significantly after 
CS pretreatment in the heterozygote. The pretreated 
homozygous wood showed a similar trend in monomer 
reduction as the heterozygous wood; however, there 
was no significant difference between the different 
fungal strains in terms of S monomer reduction. The 
lowest monomer level was observed in CS-pretreated 

homozygous wood, suggesting a more condensed struc-
ture with few β-O-4 linkages.

A slight difference in the S/G ratio was observed among 
the genotypes under different fungal pretreatments, and 
most values were comparable before and after fungal 
degradation. Although preferential degradation of S units 
was reported in the lignin of wheat straw and oak wood 
under CS decomposition [16, 51] it was not observed in 
the present study.

The thioacidolytic dimer products after desulfuriza-
tion were analyzed using GC/MS [52, 53]. We identified 
18 different dimers based on their mass spectra, of which 
5, 4, 3, 3, and 3 compounds had β-5, β-1, β-β, 4-O-5, and 
5–5 substructures, respectively. Seven compounds con-
sisted of two G units (GG), four had two S units (SS), 
and seven had both S and G units (SG). The total level 
of dimers detected in non-pretreated homozygous wood 
was 11% lower than that in heterozygous wood (Fig. 2). 

Table 4  Thioacidolysis monomer yields from fungus-pretreated heterozygote (CAD/cad) and homozygote (cad/cad) wood

a Values are the same as those shown in Table 1
b Different letters indicate significant differences under pretreatment with different strains within the same progeny genotype (P < 0.05)

Progeny genotype Fungal strain Thioacidolytic monomer yields (μmol g−1 of lignin) S/G ratio

G monomer S monomer Total

CAD/cad Without fungia 739 ± 59x 1023 ± 71x 1762 ± 130x 1.39 ± 0.03x

PC 666 ± 40x 842 ± 41x 1508 ± 81x 1.26 ± 0.01y

TV 657 ± 24x 896 ± 44x 1552 ± 68x 1.36 ± 0.02x

CS 440 ± 6y 612 ± 8y 1052 ± 14y 1.39 ± 0.00x

cad/cad Without fungia 787 ± 11x 718 ± 52x 1505 ± 56x 0.91 ± 0.06x

PC 629 ± 53x 556 ± 76x,y 1186 ± 129x,y 0.88 ± 0.05x

TV 658 ± 40x 606 ± 65x,y 1264 ± 105x 0.92 ± 0.05x

CS 400 ± 39y 387 ± 44y,z 787 ± 82y 0.97 ± 0.04x

Fig. 2  Thioacidolysis dimer yields of heterozygote (left) and homozygote (right) woods before (WF, without fungi) and after fungal pretreatment. 
PC, P. chrysosporium. TV, T. versicolor. CS, C. subvermispora 
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The low yield of total thioacidolytic monomers and 
dimers in the homozygote suggest that the homozygote 
lignin has a more “condensed (rich in carbon–carbon 
bond)” structure than the heterozygote lignin, as was 
also reported in CAD-deficient transgenic poplar [54]. 
The relative proportion of β-β-type dimers, in which the 
structure with two S units predominates, was markedly 
lower in the non-pretreated homozygote than in the het-
erozygote. The relative compositions of the GG, SS, and 
SG dimers were 55.8%, 14.6%, and 29.6% in homozygotes, 
whereas they were 45.6%, 21.8%, and 32.6% in heterozy-
gotes, respectively. The lower proportion of dimers con-
taining S units in the homozygote was consistent with the 
lower S/G ratio calculated from the lignin monomers.

After fungal treatment, the total amount of dimers 
was reduced to 5–43% in heterozygotes and 23–54% in 
homozygotes, suggesting that homozygote lignin is more 
easily degraded than is heterozygote lignin. The most 
abundant dimers detected after fungal treatment had the 
G(5–5)G substructure in both genotypes, regardless of 
the fungal species, indicating that the lignin substructure 
with the 5–5 linkage is difficult for fungi to degrade. The 
largest decrease in dimer levels after fungal degradation 
was observed in homozygous wood under CS pretreat-
ment (28% decrease compared with that in heterozygous 
wood).

Effect of β‑O‑4 interunit coupling with cinnamaldehyde 
units on fungal degradation of lignin
As previously reported [40], CAD deficiency in Seki-
zaisou generated abnormal β-O-4 subunits with cin-
namaldehyde residue in its lignin. These structures may 
contribute to delignification in CAD-deficient woods 
under alkaline conditions [31, 38, 44]. To investigate their 
contribution to the fungal degradation of homozygous 
wood, the amounts of indene derivatives released by thio-
acidolysis of the degraded wood were compared based on 
their peak area of the mass chromatograms (Figure S1) 
[26, 29]. The levels of the three indenes increased slightly 
after fungal degradation but were not correlated with the 
reduction in total weight or lignin content. These results 
indicate that the abnormal β-O-4 substructure does not 
affect the degradability of homozygous wood and its 
lignin.

Lignin molecular distribution before and after fungal 
pretreatment
Size exclusion chromatography was used to compare 
the molar mass distribution of cellulolytic enzyme 
lignins (CELs) prepared from heterozygous and 
homozygous wood before and after fungal pretreat-
ment. CEL prepared from non-pretreated homozygous 
wood showed smaller weight-average molar mass (Mw) 

and number-average molar mass (Mn) values than that 
from non-pretreated heterozygous wood (Fig.  3 and 
Table  S2). These results suggest that CAD deficiency, 
the associated changes in the composition of lignin 
monomers, and resultant substructures inhibit elonga-
tion of the lignin chain in the cell wall, thereby at least 
partially contributing to the accelerated delignifica-
tion of homozygous wood during fungal pretreatment. 
A decrease in the Mw of lignin was also reported for 
CAD-deficient transgenic poplar [54], Arabidopsis, and 
loblolly pine mutants [55, 56], in which delignification 
of lignocellulosic materials was improved under deep 
eutectic solvent extraction or alkaline pulping [31, 36, 
55].

The Mw was further decreased after fungal pretreat-
ment, with the reduction rate roughly correlated with 
the delignification efficiency of each fungus, regardless 
of the genotype (Figure S2 and Table  S2). The largest 
decrease in the CEL Mw was observed in both geno-
types under PC, which is consistent with the largest 
reduction in KL levels under the same pretreatment. 
The reduction in CEL Mw after PC pretreatment was 
greater in homozygotes (35%) than in heterozygotes 
(27%) (Table  S2). This may be partially due to the 
slightly higher delignification efficiency of the former 
(Table  S2). Mw reduction was also detected in CS-
degraded homozygous and heterozygous CELs; how-
ever, unlike under PC, the reduction rate was higher 
in heterozygotes (37%) than in homozygotes (24%). In 
contrast to PC and CS, there was no apparent differ-
ence in the Mw reduction rate between the two geno-
types after TV pretreatment. The smaller CEL Mw in 

Fig. 3  Molar mass distribution of cellulolytic enzyme lignins (CELs) 
from non-pretreated homozygotes (cad/cad) and heterozygotes 
(CAD/cad)
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the non-pretreated homozygous wood should benefit 
the fungal degradation of lignin compared to that in the 
heterozygous wood.

Combined effect of lignin alteration and fungal 
pretreatment on saccharification efficiency
Saccharification efficiency was calculated as the amount 
of glucose released by enzymatic hydrolysis of wood 
powder with and without fungal pretreatment. The sac-
charification efficiency of the CS-treated heterozygous 
wood, based on the glucose units in the pretreated wood 
estimated as cellulose (78%), was higher than that under 
PC (60%, P = 0.07) and TV pretreatment (53%, P = 0.017) 
and without fungal pretreatment (62%, P = 0.11). In 
homozygous wood, the saccharification efficiency was 
greatest after CS pretreatment (P < 0.001, compared to 
TV and non-fungal pretreatment), whereas the difference 
under PC pretreatment was less pronounced (P = 0.055). 
Collectively, CS pretreatment contributed to improved 
glucose release from both mulberry genotypes, despite 
the reduction in cellulose during fungal pretreatment.

In contrast to the differences in fungal pretreatments, 
glucose yield did not significantly differ between the dif-
ferent genotypes, except for in PC-pretreated woods 
(Fig.  4). However, after pretreatment with TV and PC, 
the yield tended to be higher in homozygotes than in 
heterozygotes. As backcross progeny plants (CAD/
cad and cad/cad) were generated by artificial crossing 
of Sekizaisou (cad/cad) and its F1 progeny (CAD/cad), 
their genotypes may vary greatly at some gene loci, even 
if individual plants had the same genotype at the CAD 
locus. Furthermore, as pretreatment was performed 
under semi-solid culture with wood powder, the fungal 
mycelia likely grew nonuniformly. Therefore, the genetic 
diversity of the wood samples and non-uniform fungal 

culture conditions in the present study may have limited 
the detection of differences between the mulberry geno-
types under TV and CS pretreatments.

Conclusions
Our in-depth analysis of lignin modification and fungal 
degradation in two genotypically different mulberries 
showed that genetic modifications at the CAD1 locus 
had a significant effect on the lignin content, chemical 
composition, CEL molar mass, and fungal degradation of 
the wood. We found that wood deficient in CAD showed 
improved enzymatic saccharification when combined 
with fungal pretreatment. Saccharification efficiency is 
influenced by a variety of factors, including the species 
of fungi and pretreatment conditions including tempera-
ture, moisture, nutrients, and lignocellulose size. Thus, 
optimization of these factors may further improve the 
biorefining efficiency of lignin-modified wood.

Materials and methods
Plant material
Wood samples were prepared from the branching stems 
of backcross progenies between a cad-null mutant Seki-
zaisou (cad/cad at CAD1 locus, seed parent) and F1 
hybrid (line #8, CAD/cad, pollen parent). The latter was 
derived from a cross between Sekizaisou and another 
mulberry variety, Kokusou 21 (CAD/CAD), as seed 
and pollen parents, respectively. The backcross prog-
enies were categorized as heterozygotes (CAD/cad) or 
homozygotes (cad/cad) based on their genotypes for the 
cad-null allele at the CAD1 locus. On March 27, 2021, 45 
heterozygote and 49 homozygote seedlings were planted 
in an experimental field (35°58′31.8″ N, 140°04′57.2″ E). 
Before planting, the genotype of each individual was con-
firmed by PCR using total DNA and Sanger sequencing 
of PCR-amplified DNA, as previously reported [57]. The 
branching stems of 10 well-grown individual plants of 
each genotype were harvested separately on February 25, 
2022, of which three were used in this study. As in Seki-
zaisou, the xylem in all homozygotes exhibited a bright 
red color in summer and pale pink color at harvest. In 
contrast, the xylem of the heterozygote showed a normal 
pale yellowish-white color.

Preparation of wood powder
The branched stems were debarked using a hand knife 
and air-dried at room temperature for several days. The 
air-dried debarked stems were cut into small pieces 
(approximately 1 cm in length) using a band saw (U-32, 
LUXO, Nagoya, Japan). The wood chips were subjected 
to ground and pulverized using a Wiley and Rotor Speed 
mill (PULVERISETTE 14, FRITSCH, Yokohama, Japan), 
and powders were obtained after filtration through a 

Fig. 4  Glucose yields from heterozygotes (CAD/cad) 
and homozygotes (cad/cad) with and without (WF) fungal 
pretreatment, PC, P. chrysosporium. TV, T. versicolor. CS, C. 
subvermispora. Data were analyzed using Student’s t-test (n = 3)
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150-μm mesh. The pulverized wood samples were sub-
jected to solvent extraction to obtain an extractive-free 
wood powder as previously described [58].

Pre‑cultivation of white rot fungi
Three strains of white rot fungus (Figure S2), C. subver-
mispora, P. chrysosporium, and T. versicolor, were culti-
vated on potato dextrose agar medium for 7 d at 28  °C 
prior to the biodegradation experiment. The surface 
of the mycelium-containing potato dextrose agar was 
punched using a flame-sterilized stainless steel cork 
borer (diameter of approximately 6.0  mm) to prepare 
fungal discs for use in the degradation experiment.

Fungal degradation experiment
Distilled water was added to 300 mg wood powder from 
homozygotes or heterozygotes in a 50-mL volumetric 
flask to a final water content of 62.5%. All flasks were cov-
ered with a silicon cap and foil to prevent water evapo-
ration and autoclaved at 121  °C for 20  min. Each flask 
was inoculated with one fungal disc from a 7-d-old cul-
ture and incubated for 14 d at 28 °C. An open container 
with water was placed in the incubator to maintain a high 
humidity level. A flask containing sterile un-inoculated 
wood powder (without fungi) was used as a control. The 
experiment was performed using three or four biologi-
cal samples from each genotype. Fungus-degraded wood 
powders were collected after 14 d of pretreatment, vac-
uum-filtrated using a pre-weighed PTFE membrane filter 
(pore size 0.45 µm), and oven-dried at 60 °C after being 
thoroughly cleaned with distilled water to remove fungal 
mycelia.

Klason and acid‑soluble lignins
Wood powder (approximately 20  mg) with and without 
fungal pretreatment was hydrolyzed in 72% sulfuric acid 
for 1 h at room temperature and autoclaved in 3% sulfuric 
acid at 121 °C for 1 h. After cooling, the solution was fil-
tered through a pre-weighed PTFE membrane filter. Sol-
ids on the filter were dehydrated at 60 °C overnight and 
weighed as KLs. For ASL quantification, the absorbance 
of the filtered solution was measured at 205 nm and esti-
mated using the absorption coefficient (110 g−1 L cm−1).

Thioacidolysis
To assess the monomeric composition of lignin in wood 
powders with and without fungal pretreatment, thioacid-
olysis was performed as previously described [53]. After 
trimethylsilylation with N,O-bis(trimethylsilyl)trifluoro-
acetamide in pyridine, the thioacidolytic products were 
separated using a gas chromatograph (GC-2010 Plus, 
Shimadzu Corporation, Kyoto, Japan) equipped with a 
flame-ionization detector. Conventional trithioethylated 

C6-C3 monomers were quantified using the response 
factors reported by Yue et al. [46]. Indenes, indicators of 
CAD-deficient lignin released by thioacidolysis [26, 29], 
were identified using a GC/MS.

Thioacidolysis and subsequent Raney nickel des-
ulfurization of the products were performed to 
evaluate the interunit linkages estimated from the thio-
acidolytic dimer composition [59, 60]. GC/MS analysis of 
the dimeric compounds was performed using a GC-2010 
system (Shimadzu). Helium was used as the carrier gas, 
and the trimethylsilylated sample was separated over 
an RTx-5MS column (GL Science, Tokyo, Japan; length: 
30  m × 0.25  mm i.d., linear velocity: 47  cm/s in spit-
less mode). The column temperature was maintained at 
180  °C for 1  min, increased to 280  °C at 2  °C/min, and 
maintained for 9 min. The temperatures of the inlet and 
ion sources were set to 250  °C and 260  °C, respectively. 
The yield of each eluted dimer was calculated using an 
assumed response factor of 1.5 to tetracosane [53].

Monosaccharide composition
The monosaccharide composition of wood powder with 
and without fungal pretreatment was determined as pre-
viously described [61].

Size exclusion chromatography of CEL
The molar mass distribution of CEL prepared from 
extractive-free wood powder with and without fungal 
pretreatment was performed by size exclusion chroma-
tography according to the procedures used in previous 
studies [62, 63]. To prepare the CELs, the wood pow-
ders were ball-milled at 600  rpm for 3 cycles of 10 min 
each and 15-min intervals to avoid overheating. The 
ball-milled samples (150–200 mg) were suspended in 
citric acid buffer (38  mL, pH 4.8) in 50-mL tubes and 
incubated for 24 h at room temperature. After 24 h, the 
tubes were treated with three enzymes (per 1 g of wood 
powder): 4.32  mL Cellic CTec2 (11.6  mg/mL, SAE0020, 
Sigma-Aldrich, St. Louis, MO, USA), 3 mL β-glucosidase 
(5  mg/mL, X2753, Sigma-Aldrich), 3  mL D-glucosidase 
(5 mg/mL, 49,290, Sigma-Aldrich), and 1 mL Tween-20. 
The mixture-containing tubes were subjected to enzy-
matic saccharification at 50  °C for 72  h with inverted 
mixing. After saccharification, the residues were col-
lected by washing with distilled water three times and 
vacuum-filtered using 47-mm filter paper (0.45 μm PTFE 
membrane, Omnipore, Merck, Kenilworth, NJ, USA). 
The collected residues were freeze-dried overnight and 
extracted with 96% dioxane (v/v) for 24 h with continu-
ous stirring. The extraction procedure was performed 
twice. Lignin in the 96% dioxane extract was purified by 
rotary evaporation and precipitated in acidic water (pH 
2.0) overnight. The precipitate was washed with distilled 



Page 10 of 12Madigal et al. Biotechnology for Biofuels and Bioproducts           (2025) 18:13 

water, collected by vacuum filtration, and freeze-dried. 
The prepared CEL was dissolved in 10 mM lithium 
bromide-dimethyl sulfoxide solution at a concentration 
of 0.24 mg/mL and filtered through a membrane filter 
(DISMIC-13 HP PTFE, Advantec, Dublin, CA, USA). 
The filtrate was analyzed using high-performance liquid 
chromatography (Chromaster, HITACHI, Tokyo, Japan) 
equipped with two PolarGel M columns (7.5 × 300  mm, 
Agilent Technologies, Santa Clara, CA, USA) and a guard 
column (7.5 × 50  mm) under the following conditions: 
flow rate of 0.5  mg/mL, column temperature of 50  °C, 
and UV detector at 280 nm.

Saccharification efficiency
The wood powders with and without fungal pretreat-
ment (5 mg) were subjected to enzymatic saccharification 
in 5  mM citrate buffer (pH 4.8) with celluclast (C2730, 
Sigma-Aldrich), cellobiase (C6105, Sigma-Aldrich), 
and 0.02% sodium azide at 50  °C for 24 h with inverted 
mixing [58]. Released glucose was detected as its alditol 
acetate derivative and quantified using a GC-flame-ion-
ization detector. Saccharification efficiencies were cal-
culated based on total cellulose in the non-pretreated or 
fungal-pretreated wood and released glucose (cellulose 
equivalent) after saccharification. All analyses were per-
formed with three biological replicates for each genotype.

Statistical analysis
All data were analyzed using Student’s t-test or Tukey’s 
multiple comparison test.
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