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digestibility and bioethanol yield by specifically 
regulating lignin biosynthesis in transgenic 
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Abstract 

Background: Woody plants provide the most abundant biomass resource that is convertible for biofuels. Since lignin 
is a crucial recalcitrant factor against lignocellulose hydrolysis, genetic engineering of lignin biosynthesis is considered 
as a promising solution. Many MYB transcription factors have been identified to involve in the regulation of cell wall 
formation or phenylpropanoid pathway. In a previous study, we identified that PtoMYB115 contributes to the regula-
tion of proanthocyanidin pathway, however, little is known about its role in lignocellulose biosynthesis and biomass 
saccharification in poplar.

Results: Here, we detected the changes of cell wall features and examined biomass enzymatic saccharification 
for bioethanol production under various chemical pretreatments in PtoMYB115 transgenic plants. We reported that 
PtoMYB115 might specifically regulate lignin biosynthesis to affect xylem development. Overexpression of PtoMYB115 
altered lignin biosynthetic gene expression, resulting in reduced lignin deposition, raised S/G and beta-O-4 linkage, 
resulting in a significant reduction in cellulase adsorption with lignin and an increment in cellulose accessibility. These 
alterations consequently improved lignocellulose recalcitrance for significantly enhanced biomass saccharification 
and bioethanol yield in the PtoMYB115-OE transgenic lines. In contrast, the knockout of PtoMYB115 by CRISPR/Cas9 
showed reduced woody utilization under various chemical pretreatments.

Conclusions: This study shows that PtoMYB115 plays an important role in specifically regulating lignin biosynthesis 
and improving lignocellulose features. The enhanced biomass saccharification and bioethanol yield in the PtoMYB115-
OE lines suggests that PtoMYB115 is a candidate gene for genetic modification to facilitate the utilization of biomass.
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Background
Wood, as an abundant, green and renewable resource, 
has been widely used for timber products, paper pulp-
ing, biochemicals and biofuels [1, 2]. Wood is structured 
mainly with thickened secondary cell walls, which pri-
marily consist of cellulose impregnated with hemicel-
luloses and lignin. For effective utilization of wood, it is 
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necessary to overcome the recalcitrance in pulping and 
biofuels production. Being a characteristic component 
of wood, lignin is considered as a major contributor to 
lignocellulose recalcitrance [3]. In higher plants, lignin 
is derived from the carbon skeleton of phenylalanine by 
sequential conversion and complex polymerization, and 
is an aromatic heteropolymer primarily consisting of 
guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H) unit 
[4]. Different types of lignin monomer bonds are found 
in lignin polymers, such as β-O-4, β–β, α-O-4, 4-O-5, β-5, 
etc. [5, 6]. In the process of enzymatic saccharification of 
lignocellulose, lignin does not only act as a physical bar-
rier to hinder the accessibility of enzymes to carbohy-
drates, but also restricts enzymatic hydrolysis through 
non-productive adsorption of enzymes [7, 8]. The lignin-
based derivatives and lignin macromolecule also has 
negative influence on subsequent enzymatic hydrolysis 
[9]. In addition to lignin content, the structure and the 
linkages type of lignin monomers, are also considered as 
the key factors determining the enzymatic hydrolysis of 
lignocellulose [10–13]. In general, higher S or S/G ratio is 
accompanied with a higher proportion of β-O-4 linkages, 
which facilitate subsequent depolymerization and enzy-
matic saccharification [14, 15].

To overcome the recalcitrance of lignocellulose in sec-
ondary cell wall, harsh physical and chemical pretreat-
ments are used by removing lignin, which demands high 
energy input, leading to potential secondary chemi-
cal pollution in the environment. In the past decades, a 
number of studies have been reported to realize the engi-
neering of lignin by reducing the lignin content or chang-
ing the composition of lignin monomers. For example, 
down-regulation of the coding genes of key enzymes in 
the monolignol biosynthetic pathways, such as caffeic 
acid 3-O-methyltransferase (COMT) [16, 17], hydrox-
ycinnamoyl-CoA shikimate hydroxycinnamoyl trans-
ferase (HCT) [18], cinnamoyl-CoA reductase (CCR) [19], 
ferulate 5-hydroxylase (F5H) [20–22], caffeoyl shikimate 
esterase (CSE) [23], cinnamyl alcohol dehydrogenase 
(CAD) [24], laccases for monolignol polymerization [25], 
and feruloyl-CoA monolignol transferase (FMT) [26], to 
alter lignin content, composition or ester linkages, thus 
resulting in reducing biomass recalcitrance and enhanc-
ing cell wall digestibility.

During the formation of secondary cell wall, lignin dep-
osition is tightly orchestrated by a series of transcription 
factors (TFs) that dynamically regulate the expression 
of lignin biosynthetic genes [27–30]. Among these TFs, 
many MYBs (v-myb avian myeloblastosis viral oncogene 
homolog) are shown to regulate multiple branches of the 
phenylpropanoid biosynthetic pathway [31–41]. Com-
pared with the limited secondary growth in Arabidop-
sis or grasses, perennial trees had continuous secondary 

growth in stems [42]. Therefore, it is still necessary to 
further understanding of the dynamic regulation of 
xylem lignification in tree species.

In previous studies, a poplar R2R3-MYB transcriptional 
factor PtoMYB115 has been identified to be involved 
in the regulation of proanthocyanidin biosynthesis and 
enhancing fungal resistance [43, 44]. Overexpression 
of PtoMYB115 also down-regulated the expression of 
the lignin biosynthetic genes [43], however, it is unclear 
whether PtoMYB115 regulates secondary wall formation, 
especially its impact on lignocellulose properties and bio-
mass glycosylation in bioethanol production. Here, we 
characterized the role of PtoMYB115 in cell wall forma-
tion during wood development and evaluated its effect 
on biomass enzymatic saccharification and bioethanol 
production in poplar.

Results
PtoMYB115 represses xylem development and cell wall 
biosynthesis
To investigate the function of PtoMYB115 in growth 
and development of poplar, the PtoMYB115-overex-
pressed (OE) and -knockout (KO) mutant lines using 
the CRISPR/Cas9 system were regenerated as described 
previously [43] (Additional file  1: Fig. S1). We observed 
stem morphology and determined cell wall composition 
in these transgenic plants (Fig. 1). Compared with wild-
type (WT) plants, the PtoMYB115-OE lines exhibited 
significantly reduction in xylem development, while the 
PtoMYB115-KO lines showed the opposite phenotype 
(Fig.  1A). Quantitative analysis revealed that the xylem 
area and xylem cell layers of the PtoMYB115-OE lines 
were significantly decreased, but the bark and pith area 
was increased, in comparison with the WT (Fig.  1B). 
In contrast, increased xylem cell layers and less pith 
area were observed in the stems of the PtoMYB115-KO 
lines (Fig.  1B). Additionally, the expression of the genes 
PtoLBD38 and PtoCLE14, which are involved in the reg-
ulation of xylem cell differentiation or stem cell activity 
[45], was down-regulated in the PtoMYB115-OE lines 
but upregulated in the PtoMYB115-KO lines, compared 
with the WT (Additional file 1: Fig. S2).

We further observed the cell wall thickness of the 
PtoMYB115-OE and PtoMYB115-KO lines by scanning 
electron microscopy (SEM). As shown in Fig. 2A, B, we 
observed that cell wall thickness of the stems in the Pto-
MYB115-OE lines were significantly reduced (P < 0.01), 
while that of the PtoMYB115-KO lines were increased, 
compared to the WT. A chemical analysis of cell wall 
showed that, in comparison to that of WT plants, lignin 
content in the stems in two PtoMYB115-OE lines (L9 and 
L13) were decreased by 13% and 8%, while that of Pto-
MYB115-KO lines (L5 and L7) were increased by 4% and 
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Fig. 1 Observations of wood formation in the PtoMYB115 transgenic lines and WT. a Phloroglucinol–HCl staining of stem cross sections in 6th 
internode stems of 3-month-old transgenic lines and WT (scale bars as 200 μm and 100 μm, respectively). b Numbers of xylem cell layers (cell files) 
and lumen area of individual xylem vessel cell and fiber cell. All data as means ± SD (n = 30). Increased percentage (%) obtained by subtracting 
transgenic line value with WT divided by WT. Student’s t-test was performed between the transgenic line and WT as **P < 0.01

Fig. 2 Observations of plant cell wall formation in the PtoMYB115 transgenic lines and WT. a Scanning electron microscopy (SEM) images (Xv xylem 
vessel cells, Xf xylem fiber cells, scale bars as 10 μm). b Cell wall thickness of SEM observation in xylem fiber cells. c Lignin content (% biomass). d 
Expression of genes involved in lignin biosynthesis. All data as means ± SD. Student’s t-test was performed between the transgenic line and WT as 
*P < 0.05 and **P < 0.01 (n = 30 in b, n = 3 in c and d)
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3%, respectively (Fig. 2C). Accordingly, real-time quanti-
tative PCR (RT-qPCR) analysis revealed that the expres-
sion of these lignin biosynthetic genes, including C4H2, 
4CL5, HCT1, C3H3, F5H4, F5H2, and COMT2 [4, 22], 
was drastically down-regulated in the PtoMYB115-OE 
lines, but significantly elevated in the PtoMYB115-KO 
lines (Fig.  2D). In contrast, other two major wall poly-
mers (cellulose and hemicellulose) and genes involved 
in cellulose and hemicelluloses biosynthesis were not 
significantly altered in all transgenic lines (Additional 
file 1: Fig. S2). Taken together, these results suggest that 
PtoMYB115 may be involved in the regulation of lignin 
biosynthesis in secondary cell wall, and affecting xylem 
development in poplar.

PtoMYB115 affected lignin composition and linkage 
patterns
As the lignin contents were altered in transgenic plants, 
we further evaluate the lignin structure and composi-
tion by solution-state two-dimensional (2D) 1H–13C 
correlation HSQC (gradient-enhanced heteronuclear 
single-quantum coherence) NMR analysis. The changes 
in lignin monomer composition, the bonding types and 
distribution of inter-unit linkage patterns were readily 
visualized [46, 47]. As shown in Fig.  3, in the aromatic 

regions of the lignin, typical G and S units were detected, 
while only trace level of H lignin was observed in all the 
woody samples. Compared to WT, higher level of S unit 
was detected in PtoMYB115-OE transgenic line, resulting 
in an increased S/G ratio (Table 1). In contrast, decreased 
S unit and S/G ratio were detected in PtoMYB115-KO 
transgenic line (Table 1). In addition, uncommon syrin-
gyl (S′) units derived from polymerization of sinapyl alde-
hyde were present in WT and PtoMYB115-OE transgenic 
line, but absent in PtoMYB115-KO line. For the aliphatic 
regions of lignin in the spectra, typical correlation peaks 
from the conspicuous methoxyl groups (OMe) and the 
substructures, such as β-ether (β-O-4, A), phenylcou-
maran (β-5, B), and resinol (β–β, C) units were identi-
fied. Semiquantitative analysis of the 2D HSQC peaks 

Fig. 3 2D HSQC NMR spectral analysis of lignin structure in the PtoMYB115 transgenic lines and WT. a Lignin aromatic region is shown for 
PtoMYB115-KO-L5, WT, and PtoMYB115-OE-L9. Correlations from the various aromatic ring unit types are well dispersed and can be categorized 
as the core lignin units (S syringyl, G guaiacyl, H p-hydroxyphenyl). b The lignin side chain region is shown for PtoMYB115-KO-L5, WT, and 
PtoMYB115-OE-L9. The major inter-unit structural units are β-ether (β-O-4, a), phenylcoumaran (β-5, b), and resinol (β–β, c), color-coded by their 
indicated structures

Table 1 Quantification of lignin fractions by quantitative 
2D-HSQC NMR (results expressed per 100 Ar)

Sample β-O-4 β–β PB S/G S/G/H

PtoMYB115-KO-L5 62.29 11.67 6.28 1.94 64/33/3

WT 66.26 12.80 7.84 2.63 71/27/2

PtoMYB115-OE-L9 69.68 14.63 6.61 2.92 73/25/2
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was performed for the relative percentage estimation. 
The relative content of β-O-4 linkage was 66.26/100 Ar 
in WT, with slightly increased to 69.68/100 Ar in the Pto-
MYB115-OE transgenic line. In contrast, PtoMYB115-
KO transgenic line had reduced β-O-4 linkages (Fig.  3, 
Table 1). These results suggest that PtoMYB115 also par-
ticipated in the regulation of monolignol biosynthesis 
(the S/G ratio) and the lignin linkage patterns.

PtoMYB115 enhanced biomass enzymatic saccharification 
and bioethanol yield
As lignin has been considered as one of the crucial fac-
tors negatively affecting biomass digestibility [3, 7–9], 
we next measured the hexoses yields released from enzy-
matic hydrolysis in WT and transgenic plants. Using our 

previously established approaches [48], three mild acid 
and alkali pretreatments (4%  H2SO4/120  ºC/20  min; 4% 
NaOH/50 ºC/2 h; and 10% CaO/50 ºC/2 h) were used in 
this study. Obviously, the NaOH pretreatment caused the 
highest hexoses yields in both transgenic lines and WT, 
among these pretreatments. In detail, the pretreatment 
with  H2SO4, NaOH or CaO could lead to hexoses yields 
(% biomass) 8–14%, 9–15%, or 10–14% increased from 
PtoMYB115-OE lines than the WT, respectively, while 
the PtoMYB115-KO transgenic lines had reduced hexoses 
yields after these pretreatments (Fig. 4A). In addition, this 
study performed a classic yeast fermentation using total 
hexoses released from enzymatic hydrolysis [48]. Under 
these pretreatments, the PtoMYB115-OE lines showed 
significantly higher bioethanol yields (% biomass) than 

Fig. 4 Analyses of biomass enzymatic saccharification in the PtoMYB115 transgenic lines and WT. a Hexose yields (% biomass) released from 
enzymatic hydrolysis after the pretreatment with 4%  H2SO4, 4% NaOH, or 10% CaO pretreatments. b Bioethanol yields (% biomass) obtained from 
yeast fermentation using total hexose contents released from enzymatic hydrolysis after pretreatments. c SEM images of in situ enzymatic digestion 
of stem cross sections after 4% NaOH pretreatment and sequential enzymatic hydrolysis, scale bar is 100 μm or 5 μm; d SEM images of biomass 
residue obtained from 4% NaOH pretreatment and sequential enzymatic hydrolysis. Allows as rough point. Scale bar is 5 μm. Data represent 
mean ± SD of three technical replicates. Student’s t-test between transgenic line and WT as **P < 0.01
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those of the WT at P < 0.01 level. In detail, the pretreat-
ment with  H2SO4, NaOH or CaO could lead to bioetha-
nol yields 19–20%, 12–14% or 14–17% increased from 
PtoMYB115-OE lines than the WT (Fig.  4B), respec-
tively. Such large enhancements were confirmed by SEM 
visualizations of more violent destruction of stem tissue 
in situ (Fig. 4C), and of rougher biomass residue surfaces 
in vitro (Fig. 4D) in the PtoMYB115-OE lines. Conversely, 
knockout of PtoMYB115 led to much lower bioetha-
nol yields compared with the WT. Hence, these results 
indicate that, under the relatively cost-effective pretreat-
ments, overexpression of PtoMYB115 lead to the contin-
uous improvement of biomass enzyme saccharification 
and bioethanol productivity.

Reduced cellulase adsorption for high biomass 
saccharification in the PtoMYB115-OE lines
Since lignin content and structure were defined to 
account for cellulase enzyme loading and adsorption 
access to cellulose microfibrils [7–13], we further exam-
ined the soluble protein contents in the supernatants of 
enzymatic hydrolyses with the pretreated biomass resi-
dues (Fig. 5). Compared to the WT, the PtoMYB115-OE 
lines contained significantly increased soluble proteins 
at P < 0.01, with the protein levels increased by 11–14% 
(Fig. 5A). SDS-PAGE profiling (Fig. 5B) also showed that 
the soluble proteins, which were derived from the com-
mercial mix-cellulases incubated with the pretreated bio-
mass residues for enzymatic hydrolysis, were higher in 
PtoMYB115-OE lines. In addition, the soluble proteins 
levels revealed a significantly positive correlation with the 
hexose yields released from enzymatic hydrolysis (n = 15, 
R = 0.981; Fig.  5C), indicating that the PtoMYB115-OE 
lines with increased biomass saccharification is partially 
due to the reduced adsorption of mixed cellulase with 
the pretreated biomass residues. Furthermore, the solu-
ble protein levels were negatively correlated with lignin 
contents of the biomass residues (n = 15, R =  −  0.978; 
Fig.  5D), suggesting that lignin may be specific for 
enzyme adsorption. Taken together, these results suggest 
that the reduction of lignin content could inhibit cellulase 
adsorption, leading to an integrated enhancement of its 
biomass enzymatic saccharification in the PtoMYB115-
OE lines.

Altered cellulose features and cellulose accessibility 
in PtoMYB115 transgenic poplar
It has been demonstrated that lignocellulose features 
significantly affect biomass enzymatic saccharification 
under various pretreatments [37]. Due to the marked 
changes in lignin features and biomass saccharifica-
tion in PtoMYB115 transgenic poplar, we subsequently 
examined other lignocellulose features. Compared to the 

WT, the PtoMYB115-OE lines showed reduced degree 
of polymerization (DP) values by 17–18%, while the Pto-
MYB115-KO lines showed increased DP (Fig. 6A). But no 
significant difference of cellulose crystalline index (CrI) 
was measured between PtoMYB115 transgenic lines and 
WT (Additional file 1: Fig. S3A). As the cellulose acces-
sibility of the pretreated residues is the direct parameter 
accounting for cellulase enzyme attack on cellulose sur-
face [49], we measured the cellulose accessibility in WT 
and transgenic plants. By comparison, the pretreated 
residues of the PtoMYB115-OE lines showed significantly 
(P < 0.01) increased cellulose accessibility by 11–16% than 
that of the WT (Fig. 6B), suggesting that the PtoMYB115-
OE lines had more cellulase loading and attacking surface 
sites. This result was supported by other findings as fol-
lows: in the process of enzymatic hydrolysis, the glucose 
yields released by the cellobiohydrolase (CBH I) hydro-
lyses in the PtoMYB115-OE lines are 1.5 times higher 
than that in the WT (Fig. 6C). Because CBHI specifically 
attacks the reducing-ends of β-1,4-glucan chains to pro-
duce cellobiose [50], this result could directly explain 
the increase of cellulose accessibility in the PtoMYB115-
OE lines. Conversely, PtoMYB115-KO transgenic lines 
showed reduced cellulose accessibility and CBHI activ-
ity (Fig.  6A–C). Additionally, we detected that the DP 
of cellulose was negatively correlated with the biomass 
enzymatic saccharification under various pretreatments 
(R2 > 0.9) in the transgenic plants (Fig.  6D, Additional 
file  1: Fig. S3B, C). Notably, we also found that the cel-
lulose accessibility and CBHI activity were positively cor-
related with biomass enzymatic saccharification (R2 > 0.9) 
(Fig. 6D, Additional file 1: Fig. S3B, C). These results indi-
cate that the reduced DP and increased cellulose acces-
sibility might result in enhanced biomass enzymatic 
saccharification in the PtoMYB115-OE plants.

Discussion
In previous studies, PtoMYB115 has been shown to be 
involved in regulating proanthocyanidin biosynthesis 
[43, 44]. However, it remains to explore whether Pto-
MYB115 regulates wood development and lignocel-
lulose biosynthesis. In this study, overexpression of 
PtoMYB115 showed much reduced xylem development 
with decreased xylem cell layers and cell wall thickness, 
while knockout of PtoMYB115 has expanded xylem area 
and thicker cell wall (Figs. 1–2). Accordingly, overexpres-
sion of PtoMYB115 can repress the expression of genes 
related to lignin biosynthesis, leading to a significant 
decrease in lignin level, while knockout of PtoMYB115 
showed increased lignin content (Fig. 2). By comparison, 
no significant impacts on other two major wall polymers 
(cellulose, hemicellulose) were detected in all transgenic 
lines (Additional file  1: Fig. S2). These results support 
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that PtoMYB115, as a negative regulator, specially regu-
lates lignin deposition during wood formation. In a 
previous study, we observed that most of the structural 
enzyme genes in flavonoids pathway (CHS4, CHI, ANS2, 
DFR1, ANR1, LAR1 and LAR3) were upregulated in the 
PtoMYB115-OE plants compared with the WT [43]. Sim-
ilarly, we also demonstrated that PtoMYB115 activated 
the promoters of the flavonoid biosynthetic genes (CHS4, 
DFR1, ANR1 and LAR3). Taken together, we specu-
late that the PtoMYB115 is critical for the regulation of 

different branches (lignin and flavonoids) in phenylpro-
panoid biosynthetic pathways.

In poplar, most of the MYB proteins are activators that 
positively regulate cell wall biosynthesis, less MYB genes 
are reported as repressors [38–42]. Previous studies 
have shown that PtoMYB115 is a transcriptional activa-
tor in yeast [43], and interacts with PtoKNAT7 [29]. In 
Arabidopsis, AtKNAT7 is a negative regulator of sec-
ondary wall biosynthesis [51]. It would be worth inves-
tigatin the function of PtoKNAT7 on secondary cell wall 

Fig. 5 Cellulase enzyme adsorption in PtoMYB115 transgenic lines and WT. a Total soluble enzyme levels (μg/mL) of the supernatant collected 
from enzymatic hydrolysis; b SDS-PAGE profiling of the soluble enzymes; c correlation analysis between the cellulase contents and hexose yields (% 
biomass) released from enzymatic hydrolyses of lignocellulose substrates examined; d correlation analysis between the cellulase content and lignin 
contents (% biomass). **Significant correlation at P < 0.01 (n = 3 in a, n = 15 in c, d)
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biosynthesis, and whether PtoMYB115 represses lignin 
metabolism by interacting with PtoKNAT7 in poplar.

In terms of much altered lignin levels in transgenic 
lines, this study also examined the other major lignocellu-
lose features in transgenic poplar. Compared to the WT, 
the PtoMYB115-OE transgenic lines showed higher level 
of S but less G lignin, resulting in an increased S/G ratio. 
The relative β-O-4 linkage was also increased in the Pto-
MYB115-OE lines (Fig. 3, Table 1). Subsequently, higher 
soluble cellulase content with reduced cellulase adsorp-
tion were observed in the PtoMYB115-OE lines (Fig. 5). 
In contrast, decreased S, S/G ratio, β-O-4 linkage (Fig. 3, 
Table  1) and cellulase content (Fig.  5) were detected in 

the PtoMYB115-KO lines. Besides the lignin features 
mentioned above, cellulose features were also altered. 
The PtoMYB115-OE lines had significantly reduced cel-
lulose DP values (Fig. 6A), as well as increased cellulose 
accessibility and CBHI activity (Fig. 6 B, C). Conversely, 
the PtoMYB115-KO lines showed increased DP, and 
reduced cellulose accessibility (Fig. 6). In plant cell wall, 
lignin is branched molecules crosslinking the hemicellu-
loses and possibly even hemicelluloses to cellulose fibrils 
[3, 10]. These major components are cross-linked to form 
lignin–carbohydrate complexes [13]. There is no differ-
ence in cellulose content and the expression of cellulose 
synthases among all transgenic plants (Additional file 1: 

Fig. 6 Comparison of lignocellulose features between the PtoMYB115 transgenic lines and WT. a Degree of polymerization (DP) of crude cellulose; 
b cellulose accessibility by measuring Congo red (CR) dye area; c glucose yield of the cellobiose released from time-course CBHI hydrolyzes 
using crude cellulose as substrate; d correlation analysis between lignocellulose features and hexose yields (% biomass) released from enzymatic 
hydrolyses after NaOH pretreatment. All data are means ± SD of three technical replicates. **Significant correlation at P < 0.01 (n = 3 in a–c, n = 15 in 
d)
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Fig. S2). Thus, we speculate that the changes of cellulose 
DP and cellulose accessibility are probably due to altering 
lignin features and the cross link between lignin and wall 
polysaccharides in the PtoMYB115 transgenic lines. The 
features of modified lignin (reduced lignin deposition, 
raised S/G ratio and β-O-4 linkage) should be able to 
effectively extract lignin, therefore reducing cellulose DP 
and increasing cellulose accessibility in the PtoMYB115-
OE lines. It has been reported that reducing lignin con-
tent, changing the composition or ester linkages of lignin 
monomers can improve cell wall digestibility [16–26]. 
However, little is yet reported about the impacts on cel-
lulose and hemicellulose features in these lignin-altered 
plants. Therefore, it remains to be explored whether it is 
used to regulate the biosynthesis of other cell wall poly-
mers and how lignocellulose properties are mediated.

Since the composition and basic features of plant cell 
wall determine the biomass saccharification [3, 7–15, 
37], our study examined the hexoses yields released from 
enzymatic hydrolysis after various chemical pretreat-
ments, and the bioethanol yield by yeast fermentation 
using hexoses released from enzymatic hydrolysis. In 
general, the PtoMYB115-OE lines produced much higher 
hexoses and bioethanol yields, but the PtoMYB115-KO 
lines had reduced hexoses and bioethanol yields (Fig. 4). 
Then correlation analyses were applied to account for 
wall polymer impacts on biomass enzymatic saccharifica-
tion (Figs. 5, 6). The level of soluble cellulase is positively 
correlated with the yield of hexose released by enzymatic 
hydrolysis, but lignin contents were negatively correlated 
with the level of soluble protein (Fig.  5), indicating that 
lignin may be a specific substance for enzyme adsorption 
as reported by previous studies [7, 8]. The DP of cellulose 
was negatively correlated with the biomass enzymatic 
saccharification, but the cellulose accessibility and CBHI 
activity were positively correlated with biomass enzy-
matic saccharification (Fig.  6), which confirms that the 
DP, cellulose accessibility and CBHI activity are key fac-
tors for biomass enzymatic digestibility [50, 52–54].

Based on these results obtained from our study, as 
shown in Fig. 7, a tentative model is proposed to explain 
why the biomass saccharification for the higher bioetha-
nol production was increased in the PtoMYB115-OE 
transgenic plants: (1) PtoMYB115 altered the expres-
sion of genes involved in lignin biosynthesis, results in 
reduced lignin content and raised S/G and beta-O-4 
linkage; (2) the reduction of lignin level not only weak-
ens the physical barrier of enzymes to carbohydrates, but 
also decreases the unproductive adsorption of enzymes 
to lignin, improving cellulose accessibility, so that more 
cellulose enzymes act on the cellulose surface of the 
PtoMYB115-OE lines; (3) the structural modification in 
lignin (reduced lignin content, increased S, S/G ratios, 

and β-O-4 lignin linkage) may loosen the interactions 
between lignin and carbohydrates, causing lower cel-
lulose DP to be detected during lignocellulose sampling 
for preparing crude or crystalline cellulose substrates 
in the PtoMYB115-OE lines; (4) the reduced cellulose 
DP improves the reducing-ends of cellulose chains, and 
the increase of cellulose accessibility are positive for the 
access and loading of celluloses, therefore leading to the 
remarkable increase of biomass enzymatic saccharifica-
tion and high ethanol conversion in the PtoMYB115-OE 
plants.

Conclusion
This study shows that PtoMYB115 specifically regulates 
lignin biosynthesis in the process of xylem lignifica-
tion in poplar. Overexpression of PtoMYB115 can sig-
nificantly suppress lignin content, increase lignin S/G 
ratio, and β-O-4 lignin linkage, which thereby result in 
reduced cellulose DP, and increased biomass accessibil-
ity. These changes of lignocellulose features consequently 
improve lignocellulose recalcitrance, leading to remark-
ably enhanced biomass enzymatic saccharification and 
bioethanol yield under green-like and cost-effective 

Fig. 7 A hypothetical model to demonstrate an integrated approach 
effective for high bioethanol production in lignocellulose-improved 
PtoMYB115-OE transgenic poplar plants
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chemical pretreatments. Hence, our study provides a 
powerful strategy for genetic modification of cell walls 
and low-cost utilization of lignocellulose in plants.

Materials and methods
Experimental procedures
Plant materials and transformation
The PtoMYB115 cDNA was cloned from Populus tomen-
tosa, and inserted into the pCXSN vector after 35S pro-
moter. Three CRISPR/Cas9 target sites of PtoMYB115 
were assembled into binary pYLCRIPSR/Cas9 vector. 
Genetic transformation of P. tomentosa was performed 
via Agrobacterium-mediated infiltration of leaf disks. 
The positive transgenic lines were selected based on the 
hygromycin selection and PCR analysis [43]. All primers 
used are listed in Additional file 1: Table S1.

RNA extraction and RT‑qPCR
Total RNA was extracted from the stems of 3-month-
old poplar trees using a Plant Total RNA Extraction Kit 
(Bioflux, China). Complementary DNA was synthesized 
using a PrimeScript RT reagent kit with gDNA Eraser 
(0047A, TAKARA, Dalian, China). RT-qPCR was per-
formed using Hieff qPCR SYBR Green Master Mix 
(11201ES08, YEASEN, China) according to the manu-
facturer’s instructions in a qTOWER3G IVD Real-Time 
PCR machine (Analytik Jena AG, Germany). The poplar 
UBIQUITIN gene was used as the reference gene. The 
primers are listed in Additional file 1: Table S1.

Microscopic observation
The sixth internode of the 3-month-old poplar stems 
were fixed in FAA buffer (formaldehyde:glacialacetic 
acid:50% ethanol, 1:1:18). After embedding in paraffin, 
the stems were cross sectioned by using an Ultra-Thin 
Semiautomatic Microtome (FINESSE 325, Thermo). For 
lignin staining, sections were incubated with 1% phlo-
roglucinol-HCl (v/v) for 5 min and then observed under 
Zeiss optical microscope (Zeiss, Oberkochen, Germany).

Scanning electron microscopy (SEM) was used to 
observe cell wall structures and the effects of pre-
treatment. Cross sections were observed by SEM 
(PhenomtmPure FEI, USA) following the manual’s rec-
ommendations and images were captured digitally. The 
cell wall thickness in xylem fiber cells were measured 
using the software Image J (NIH, USA). For plant tis-
sue in situ enzymatic digestion, the stem cross sections 
were pretreated with 1% NaOH as described below, 
washed with distilled water until pH 7.0 and incubated 
with 1 g/L mixed cellulase for 2 h at 50 °C. After enzy-
matic hydrolysis, the tissue samples were sputtered 
with gold and observed. For the effects of enzymatic 
digestion in  vitro, the biomass residues after NaOH 

pretreatment and enzymatic digestion were dried to 
constant weight at 50  °C, and the surfaces of biomass 
samples were observed by SEM. Each sample was 
observed 10 times, and a representative image was used 
in this study.

Plant cell wall fractionation and determination
Plant cell wall fractionation and assay method were con-
ducted as described previously [48] with minor modifi-
cation, all experiments were performed in the technical 
triplicates. The stems of five plants were harvested, dried 
at 50–55 °C. The dried samples were powdered by pass-
ing through a 40-mesh screen and were stored in a dry 
container until use. Consecutive extractions with phos-
phate buffer, chloroform–methanol, dimethyl sulfoxide/
water, and ammonium oxalate to remove soluble sugars, 
lipid, starch and pectin. Then the crude cell walls were 
used to collect the KOH-extractable hemicelluloses frac-
tion. The remaining pellets were dissolved in 72%  H2SO4 
(w/w), and the supernatants were collected to determine 
hexose as cellulose level. Total hemicelluloses were calcu-
lated by measuring hexose and pentose of the hemicel-
lulose fraction and the pentose of the remained cellulose 
pellets. Total lignin content was determined by two-step 
acid hydrolysis method as described. The crude cell wall 
samples were hydrolyzed with 67%  H2SO4 (v/v) at 25 ℃ 
for 90 min with a gentle shaking at 150 rpm, and subse-
quently diluted to 3.97% (w/w) with distilled water and 
heated at 25 ℃ for 60  min. The acid-soluble lignin was 
solubilized during the hydrolysis process, and was meas-
ured by UV spectroscopy at 205 nm. The remaining resi-
dues were placed in a muffle furnace at 575 ± 25 ℃ for 4 h 
for the acid-insoluble lignin assay.

2D‑NMR assay of lignin composition and linkage
The NMR experiment was performed on a Bruker 
AVIII 400  MHz spectrometer as described [15, 46, 47]. 
The stem powders were incubated in acetate buffer 
(0.05 mM, 250 mL, pH = 4.8) with the loading of 6.0 mL 
Cel-lic®CTec2 (100 filter paper activity  mL−1). Then, the 
reaction mixtures were incubated at 50  ℃ in a rotary 
shaker (50  g) for 2 days. After hydrolysis, the mixtures 
were centrifuged (2500 g), and the residual samples were 
washed with acetate buffer (0.05 mM, 250 mL, pH = 4.8) 
and freeze-dried with a smart freeze-dryer. The dry sam-
ples then underwent ball-milling for 120 min. The resid-
ual lignin was enzymatic hydrolyzed again in the same 
procedure. After the purification and drying process, the 
last samples were obtained. The chemical shifts of NMR 
spectra were calibrated with reference to dimethylsulfox-
ide (DMSO), used as an internal standard.
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Chemical pretreatment and biomass enzymatic hydrolysis
Chemical pretreatment and sequential enzymatic hydrol-
ysis were performed as described previously [48]. Pre-
treatment: the well-mixed biomass samples were treated 
with 6 mL  H2SO4 under various concentrations (4%, v/v) 
at 120 °C for 20 min, then shaken under 150 rpm at 50 °C 
for 2  h. For NaOH pretreatment: the well-mixed bio-
mass samples were incubated with 6  mL NaOH under 
various concentrations (4%, w/v) shaken at 50 °C for 2 h. 
For CaO pretreatment, the well-mixed biomass samples 
were treated with CaO at various concentrations (10%, 
w/w) shaken at 50  °C for 48 h. After pretreatments, the 
pretreated residues were washed with distilled water 
5 times following enzymatic hydrolysis. Enzymatic 
hydrolysis: the pretreated biomass residues were washed 
with mixed-cellulase reaction buffer (0.2 M acetic acid–
sodium acetate, pH 4.8), then incubated with 6  mL 
(1.6 g/L) of mixed-cellulases at 13.25 FPU/g biomass and 
xylanase at 8.40 U/g biomass (Imperial Jade Biotechnol-
ogy Co., Ltd. Ningxia 750002, China), co-supplied with 
1% Tween-80. The sealed samples were shaken under 
150 rpm for 60 h at 50 °C. After centrifugation at 3000 g 
for 5  min, the supernatants were collected for pentoses 
and hexoses assay. All experiments were performed using 
five representative plants in triplicate.

Yeast fermentation and ethanol measurement
The yeast fermentation was conducted using Saccharo-
myces cerevisiae strain (Angel yeast Co., Ltd., Yichang, 
China) as previously described [48, 49]. The activated 
yeast (dissolved in 0.2  M phosphate buffer, pH 4.8) was 
inoculated into the mixture of enzymatic hydrolysates 
and residues with initial cell mass concentration at 
0.5 g/L. The fermentation experiments were performed at 
37 °C for 48 h, then distilled for determination of ethanol 
content. Ethanol content was measured using the dichro-
mate oxidation method [48, 49]. All experiments were 
performed using five representative plants in triplicate.

Detection of cellulose features (CrI, DP)
The lignocellulose crystalline index (CrI) was detected 
with crude cell wall materials as described by Fan et  al. 
[48]. Essentially, crystalline cellulose was extracted using 
4  M KOH (containing 1.0  mg/mL sodium borohydride) 
followed by 8% (w/v)  NaClO2 with 1.5% acetic acid at 
25  °C for 72  h. The pellet was washed to neutral and 
dried before examination with X-ray diffraction (XRD) 
using Rigaku-D/MAX instrument (Uitima III, Japan). 
The biomass powder was laid on the glass sample holder 
(35 × 50 × 5  mm) and detected under plateau condi-
tions. Ni-filtered Cu Kα radiation (λ = 0.154056  nm) 
generated at voltage of 40 kV and current of 18 mA, and 

scanned at speed of 0.0197°/s from 10 to 45 °C. The CrI 
was estimated using the intensity of the 200 peak (I200, 
θ = 22.5°) and the intensity at the minimum between 
the 200 and 110 peaks (Iam, θ = 18.5°) as the follow: 
CrI = 100 × (I200−  Iam)/I200. Standard error of the CrI 
method was detected using five representative samples in 
triplicate.

The crude cellulose DP assay was performed using vis-
cosity method as previously described according to the 
equation:  DP0.905 = 0.75 [η]. And [η] is the intrinsic vis-
cosity of the solution. All experiments were performed 
at 25 ± 0.5  °C using an Ubbelohde viscosity meter and 
cupriethylenediamine hydroxide (Cuen) as the solvent. 
The intrinsic viscosity was calculated by interpolation 
using the USP table (USP, 2002) that lists the predeter-
mined values of the product of intrinsic viscosity and 
concentration. The [η] for cellulose samples exhibiting 
relative viscosity (ηre) values between 1.1 and 9.9. ηrel, was 
calculated using the equation: ηrel = t/t0, where t and t0 
are the efflux times for the cellulose solution and Cuen 
(blank) solvent, respectively. Standard error of the DP 
method was detected using five representative samples in 
triplicate.

Crude cellulose hydrolysis by β‑1,4‑exoglucanase (CBHI)
CBHI enzyme hydrolysis assay was performed using 
crude cellulose samples as described by Huang et al. [50, 
55]. Samples were incubated with CBHI (E.C. 3.2.1.91; 
Megazyme, USA) at 50  °C for a time course of reac-
tions. After centrifugation, the supernatants were col-
lected and treated with TFA, and Myo-inositol was added 
as the internal standard. The supernatants were then 
dried under vacuum to remove TFA. Distilled water and 
freshly prepared solution of sodium borohydride were 
added to each sample, incubated at 40 °C for 1 h, and the 
excess sodium borohydride was decomposed by adding 
acetic acid. 1-Methylimidazole and the acetic anhydride 
were added and mixed well to perform an acetylation 
reaction. The excess acetic anhydride was decomposed 
by adding distilled water. Dichloromethane was added, 
mixed gently, and left standing for phase separation. The 
collected samples were analyzed using GC–MS (SHI-
MADZU GCMS-QP2010 Plus) as previously described 
[50]. GC–MS Analytical Conditions: Restek Rxi-5  ms, 
30 m × 0.25 mm ID × 0.25μm df column. Carrier gas: He. 
Injection method: split. Injection port: 250 °C, interface: 
250  °C. Injection volume: 1.0 μL. The temperature pro-
gram: from 170  °C (held for12 min) to 220  °C (held for 
8 min) at 3 °C/min. Ion source temperature: 200 °C, ACQ 
Mode: SIM. The mass spectrometer was operated in the 
EI mode with ionization energy of 70  eV. Mass spectra 
were acquired with full scans based on the temperature 
program from 50 to 500 m/z in 0.45 s.
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Measurement of cellulose accessibility
Congo Red stain was applied to estimate cellulosic sur-
face area accessible for degrading cellulases as previ-
ously described by Wiman et  al. [56]. 100  mg sample 
was treated with Congo Red solution under increas-
ing concentrations (0.25, 0.50, 0.75, 1.0, 1.5, 2.0  mg/
mL) in 0.3  M phosphate buffer (pH 6.0) with 1.4  mM 
NaCl at 60  ºC for 24  h with 200  rpm rotation speed. 
After centrifugation at 8000g for 5  min, the absorb-
ance of the supernatant was recorded at 498  nm. 
Adsorption of Congo Red (Ae, mg/g) was calculated 
by Langmuir model using the following equation: 
Ae = (Ci − Ce) × V/(M × 1000). V, total volume (mL) at 
determination; M, initial weight of biomass (g). In this 
study, V was 10 mL, M was 0.1 g. Ci and Ce, Congo Red 
concentrations (mg/L) before or after adsorption, cal-
culated using standard curve from Congo Red solutions 
at 20, 40, 60, 80, 100 and 120 mg/L concentrations.

Statistical analysis
Biological triplicate samples were collected for 5 plants 
of each transgenic line selection, and chemical analysis 
was performed in technical triplicates. The SPSS sta-
tistical software was used for data analysis. Statistical 
analysis was performed by Student’s t-tests (two-tail 
distribution and two samples with unequal variances) 
as *P < 0.05 and **P < 0.01.
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microscopy; CrI: Cellulose crystallinity index; DP: Degree of polymerization; 
CBH: Cellobiohydrolase.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13068- 022- 02218-7.

Additional file 1: Table S1. Gene primers used in this study. Figure S1. 
Measurement of plant growth and gene expression in transgenic poplar 
plants. (a) Images of 3-month-old transgenic poplar lines and wild type 
(WT); Scale bar as 10 cm. (b) Expression of cell differentiation genes in Pto-
MYB115 transgenic plants and WT. Primers are listed in Table S1. The poplar 
ubiquitin gene was used as an internal control. All data are given as means 
± SD from three biological repeats. Statistical analyses were performed 
using Student’s t test as **P < 0.01 (n = 3). Figure S2. Observations of 
plant cell wall formation in the PtoMYB115 transgenic lines and WT. (a) 
Cell wall thickness of SEM observation; (b) Cellulose and hemicellulose 
contents (% biomass). All data as means ± SD. Student’s t-test was per-
formed between the transgenic line and WT as **P < 0.01 (n = 3). Figure 
S3. Comparison of lignocellulose features between the transgenic lines 
and WT. (a) Crystalline index (CrI) of crude cellulose. (b) Correlation analysis 
between lignocellulose features and hexose yields (% biomass) released 
from enzymatic hydrolyses after  H2SO4 or CaO pretreatment. **Significant 
correlation at P < 0.01 (n = 15). Figure S4. Correlation analysis between 
DP of cellulose and hexose yields (% biomass) released from enzymatic 
hydrolyses after pretreatments. Figure S5. Quantitative RT-PCR analysis of 
proanthocyanidin biosynthetic genes in the PtoMYB115 transgenic lines 
and WT.

Author contributions
CF completed major experiments and wrote the manuscript; WZ and YG par-
ticipated in cell wall determination; KS participated in the microscope obser-
vation; LW participated in transgenic poplar plants collection; KL finalized the 
manuscript. All authors have read and approved the final manuscript.

Funding
This work was supported in part by grants from the National Science Founda-
tion of China (32271835, 31800505), the Science Foundation of Chongqing 
(cstc2020jcyj-msxmX0465), the Fundamental Research Funds for the Central 
Universities of China (SWU120026), the National Key Research and Develop-
ment Program (2021YFD2200204), the Chongqing Municipal Training Program 
of Innovation and Entrepreneurship for Undergraduates (S202210635364), and 
the Chongqing Eagle Plan (CY220205).

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article and its additional file. Plant materials used in this study are available 
from corresponding author, Keming Luo (kemingl@swu.edu.cn).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Upon request.

Competing interests
The authors declare that they have no competing interests.

Received: 22 July 2022   Accepted: 17 October 2022

References
 1. Ragauskas AJ, Williams CK, Davison BH, Britovsek G, Cairney J, Eckert 

CA, et al. The path forward for biofuels and biomaterials. Science. 
2006;311:484–9.

 2. Service RF. Cellulosic ethanol-biofuel researchers prepare to reap a new 
harvest. Science. 2007;315:1488–91.

 3. Yuan YF, Jiang B, Chen H, Wu WJ, Wu SF, Jin YC, et al. Recent advances in 
understanding the effects of lignin structural characteristics on enzy-
matic hydrolysis. Biotechnol Biofuels. 2021;14:205.

 4. Vogt T. Phenylpropanoid biosynthesis. Mol Plant. 2010;3:2–20.
 5. Zhong R, Cui D, Ye ZH. Secondary cell wall biosynthesis. New Phytol. 

2019;221:1703–23.
 6. Chen J, Fan X, Zhang L, Chen X, Sun S, Sun RC. Research progress 

in lignin-based slow/controlled release fertilizer. Chemsuschem. 
2020;13:4356–66.

 7. Liu T, Wang P, Tian J, Guo J, Zhu W, Jin Y, et al. Polystyrene sulfonate is 
effective for enhancing biomass enzymatic saccharification under green 
liquor pretreatment in bioenergy poplar. Biotechnol Biofuels. 2022;15:10.

 8. Kumar L, Arantes V, Chandra R, Saddler J. The lignin present in steam 
pretreated softwood binds enzymes and limits cellulose accessibility. 
Bioresour Technol. 2012;103:201–8.

 9. Rahikainen J, Mikander S, Marjamaa K, Tamminen T, Lappas A, Viikari L, 
et al. Inhibition of enzymatic hydrolysis by residual lignins from soft-
wood-study of enzyme binding and inactivation on lignin-rich surface. 
Biotechnol Bioeng. 2011;108:2823–34.

 10. Studer MH, DeMartini JD, Davis MF, Sykes RW, Davison B, Keller M, et al. 
Lignin content in natural Populus variants affects sugar release. Proc Natl 
Acad Sci USA. 2011;108:6300–5.

 11. Li X, Li M, Pu Y, Ragauskas AJ, Klett AS, Thies M, et al. Inhibitory effects of 
lignin on enzymatic hydrolysis: the role of lignin chemistry and molecular 
weight. Renew Energy. 2018;123:664–74.

 12. Zhao C, Qiao X, Shao Q, Hassan M, Ma Z. Evolution of the lignin chemical 
structure during the bioethanol production process and its inhibition to 
enzymatic hydrolysis. Energy Fuels. 2020;34:5938–47.

https://doi.org/10.1186/s13068-022-02218-7
https://doi.org/10.1186/s13068-022-02218-7


Page 13 of 14Fan et al. Biotechnology for Biofuels and Bioproducts          (2022) 15:119  

 13. Jeong SY, Lee EJ, Ban SE, Lee JW. Structural characterization of the 
lignin-carbohydrate complex in biomass pretreated with Fenton oxida-
tion and hydrothermal treatment and consequences on enzymatic 
hydrolysis efficiency. Carbohydr Polym. 2021;270:118375.

 14. Shuai L, Amiri MT, Questell-Santiago YM, Heroguel F, Li Y, Kim H, Meilan 
R, Chapple C, Ralph J, Luterbacher JS. Formaldehyde stabilization facili-
tates lignin monomer production during biomass depolymerization. 
Science. 2016;54:29–33.

 15. Zhang C, Xu LH, Ma CY, Wang HM, Zhao YY, Wu YY, Wen JL. Understand-
ing the structural changes of lignin macromolecules from balsa wood 
at different growth stages. Front Energy Res. 2020;8:181.

 16. Fu C, Mielenz JR, Xiao X, Ge Y, Hamilton CY, Rodriguez M, et al. Genetic 
manipulation of lignin reduces recalcitrance and improves ethanol 
production from switchgrass. Proc Natl Acad Sci USA. 2011;108:3803–8.

 17. Dien BS, Miller DJ, Hector RE, Dixon RA, Chen F, McCaslin M, et al. 
Enhancing alfalfa conversion efficiencies for sugar recovery and 
ethanol production by altering lignin composition. Bioresour Technol. 
2011;102:6479–86.

 18. Chen F, Dixon RA. Lignin modification improves fermentable sugar 
yields for biofuel production. Nat Biotechnol. 2007;25:759–61.

 19. Van Acker R, Leplé JC, Aerts D, Storme V, Goeminne G, Ivens B, et al. 
Improved saccharification and ethanol yield from field-grown trans-
genic poplar deficient in cinnamoyl-CoA reductase. Proc Natl Acad Sci 
USA. 2014;111:845–50.

 20. Shafrin F, Das SS, Sanan-Mishra N, Khan H. Artificial miRNA-mediated 
downregulation of two monolignoid biosynthetic genes (C3H 
and F5H) cause reduction in lignin content in jute. Plant Mol Biol. 
2015;89:511–27.

 21. Reddy MS, Chen F, Shadle G, Jackson L, Aljoe H, Dixon RA. Targeted 
down-regulation of cytochrome P450 enzymes for forage quality 
improvement in alfalfa (Medicago sativa L). Proc Natl Acad Sci USA. 
2005;102:16573–8.

 22. Fan D, Li C, Fan C, Hu J, Li J, Yao S, Lu W, Yan Y, Luo K. MicroRNA6443-
mediated regulation of ferulate 5-hydroxylase gene alters lignin 
composition and enhances saccharification in Populus tomentosa. New 
Phytol. 2020;226:410–25.

 23. Vanholme R, Cesarino I, Rataj K, Xiao Y, Sundin L, Goeminne G, et al. 
Caffeoyl shikimate esterase (CSE) is an enzyme in the lignin biosyn-
thetic pathway in Arabidopsis. Science. 2013;341:1103–6.

 24. Van Acker R, Déjardin A, Desmet S, Hoengenaert L, Vanholme R, Mor-
reel K, et al. Different routes for conifer- and sinapaldehyde and higher 
saccharification upon deficiency in the dehydrogenase CAD1. Plant 
Physiol. 2017;175:1018–39.

 25. Qin S, Fan C, Li X, Li Y, Hu J, Li C, Luo K. LACCASE14 is required for the 
deposition of guaiacyl lignin and affects cell wall digestibility in poplar. 
Biotechnol Biofuels. 2020;13:197.

 26. Wilkerson CG, Mansfield SD, Lu F, Withers S, Park JY, Karlen SD, et al. 
Monolignol ferulate transferase introduces chemically labile linkages 
into the lignin backbone. Science. 2014;344:90–3.

 27. Zhong R, Lee C, Zhou J, McCarthy RL, Ye ZH. A battery of transcription 
factors involved in the regulation of secondary cell wall biosynthesis in 
Arabidopsis. Plant Cell. 2008;20:2763–82.

 28. Taylor-Teeples M, Lin L, de Lucas M, Turco G, Toal TW, Gaudinier A, et al. 
An Arabidopsis gene regulatory network for secondary cell wall synthe-
sis. Nature. 2015;517:571–5.

 29. Wang L, Lu W, Ran L, Dou L, Yao S, Hu J, et al. R2R3-MYB transcription 
factor MYB6 promotes anthocyanin and proanthocyanidin biosynthe-
sis but inhibits secondary cell wall formation in Populus tomentosa. 
Plant J. 2019;99:733–51.

 30. Zhu Y, Li L. Multi-layered regulation of plant cell wall thickening. Plant 
Cell Physiol. 2021;62:1867–73.

 31. McCarthy RL, Zhong R, Ye ZH. MYB83 is a direct target of SND1 and 
acts redundantly with MYB46 in the regulation of secondary cell wall 
biosynthesis in Arabidopsis. Plant Cell Physiol. 2009;50:1950–64.

 32. Zhou J, Lee C, Zhong R, Ye ZH. MYB58 and MYB63 are transcriptional 
activators of the lignin biosynthetic pathway during secondary cell 
wall formation in Arabidopsis. Plant Cell. 2009;21:248–66.

 33. Fornalé S, Shi X, Chai C, Encina A, Irar S, Capellades M, et al. ZmMYB31 
directly represses maize lignin genes and redirects the phenylpropa-
noid metabolic flux. Plant J. 2010;64:633–44.

 34. Shen H, He X, Poovaiah CR, Wuddineh WA, Ma J, Mann DGJ, et al. 
Functional characterization of the switchgrass (Panicum virgatum) 
R2R3-MYB transcription factor PvMYB4 for improvement of lignocel-
lulosic feedstocks. New Phytol. 2012;193:121–36.

 35. Vélez-Bermúdez ICV, Salazar-Henao JE, Fornalé S, López-Vidriero I, 
Franco-Zorrilla JM, Grotewold E, et al. A MYB/ZML complex regulates 
wound-induced lignin genes in maize. Plant Cell. 2015;27:3245–59.

 36. Wang XC, Wu J, Guan ML, Zhao CH, Geng P, Zhao Q. Arabidopsis MYB4 
plays dual roles in flavonoid biosynthesis. Plant J. 2020;101:637–52.

 37. Wu L, Zhang ML, Zhang R, Yu HZ, Wang HL, Li JY, et al. Down-regulation 
of OsMYB103L distinctively alters beta-1,4-glucan polymerization and 
cellulose microfibers assembly for enhanced biomass enzymatic sac-
charification in rice. Biotechnol Biofuels. 2021;14:245.

 38. Xiao R, Zhang C, Guo X, Li H, Lu H. MYB transcription factors and its 
regulation in secondary cell wall formation and lignin biosynthesis 
during xylem development. Int J Mol Sci. 2021;22:3560.

 39. Legay S, Sivadon P, Blervacq AS, Pavy N, Baghdady A, Tremblay L, et al. 
EgMYB1, an R2R3 MYB transcription factor from eucalyptus negatively 
regulates secondary cell wall formation in Arabidopsis and poplar. New 
Phytol. 2010;188:774–86.

 40. McCarthy RL, Zhong R, Fowler S, Lyskowski D, Piyasena H, Carleton K, 
et al. The poplar MYB transcription factors, PtrMYB3 and PtrMYB20, are 
involved in the regulation of secondary wall biosynthesis. Plant Cell 
Physiol. 2010;51:1084–90.

 41. Yang L, Zhao X, Ran L, Li C, Fan D, Luo K. PtoMYB156 is involved in 
negative regulation of phenylpropanoid metabolism and second-
ary cell wall biosynthesis during wood formation in poplar. Sci Rep. 
2017;7:41209.

 42. Ye ZH, Zhong R. Molecular control of wood formation in trees. J Exp 
Bot. 2015;66:4119–31.

 43. Wang L, Ran L, Hou Y, Tian Q, Li C, Liu R, et al. The transcription 
factor MYB115 contributes to the regulation of proanthocyanidin 
biosynthesis and enhances fungal resistance in poplar. New Phytol. 
2017;215:351–67.

 44. James AM, Ma D, Mellway R, Gesell A, Yoshida K, Walker V, et al. Poplar 
MYB115 and MYB134 transcription factors regulate proanthocyanidin 
synthesis and structure. Plant Physiol. 2017;174:154–71.

 45. Du J, Gerttula S, Li ZH, Zhao ST, Li-Liu Y, Liu Y, Lu MZ, Groover AT. 
Brassinosteroid regulation of wood formation in poplar. New Phytol. 
2020;225:1516–30.

 46. Wang HM, Ma CY, Li HY, Chen TY, Wen JL, Cao XF, et al. Structural varia-
tions of lignin macromolecules from early growth stages of poplar cell 
walls. ACS Sustain Chem Eng. 2020;8:1813–22.

 47. Kim H, Li Q, Karlen SD, SmithRA SR, Liu J, et al. Monolignol benzoates 
incorporate into the lignin of transgenic Populus trichocarpa depleted 
in C3H and C4H. ACS Sustain Chem Eng. 2020;8:3644–54.

 48. Fan C, Yu H, Qin SF, Li YL, Alam A, Xu C, et al. Brassinosteroid overpro-
duction improves lignocellulose quantity and quality to maximize 
bioethanol yield under green-like biomass process in transgenic 
poplar. Biotechnol Biofuels. 2020;13:9.

 49. Alam A, Zhang R, Liu P, Huang JF, Wang YT, Hu Z, Madadi M, Sun D, Hu 
RF, Ragauskas AJ, Tu YY, Peng LC. A finalized determinant for complete 
lignocellulose enzymatic saccharification potential to maximize 
bioethanol production in bioenergy miscanthus. Biotechnol Biofuels. 
2019. https:// doi. org/ 10. 1186/ s13068- 019- 1437-4.

 50. Huang J, Xia T, Li G, Li X, Li Y, Wang Y, et al. Overproduction of native 
endo-β-1,4-glucanases leads to largely enhanced biomass saccharifica-
tion and bioethanol production by specific modification of cellulose 
features in transgenic rice. Biotechnol Biofuels. 2019;12:11.

 51. Li E, Bhargava A, Qiang W, Friedmann M, Forneris N, Savidge R, et al. 
Douglas the Class II KNOX gene KNAT7 negatively regulates secondary 
wall formation in Arabidopsis and is functionally conserved in Populus. 
New Phytol. 2012;194:102–15.

 52. Wang YT, Fan CF, Hu HZ, Li Y, Sun D, Wang YM, Peng LC. Genetic 
modification of plant cell walls to enhance biomass yield and biofuel 
production in bioenergy crops. Biotechnol Adv. 2016;34(5):997–1017.

 53. Loque D, Scheller HV, Pauly M. Engineering of plant cell walls for 
enhanced biofuel production. Curr Opin Plant Biol. 2015;25:51–161.

 54. Fan C, Feng S, Huang J, Wang Y, Wu L, Li X, et al. AtCesA8-driven OsSUS3 
expression leads to largely enhanced biomass saccharification and 

https://doi.org/10.1186/s13068-019-1437-4


Page 14 of 14Fan et al. Biotechnology for Biofuels and Bioproducts          (2022) 15:119 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

lodging resistance by distinctively altering lignocellulose features in 
rice. Biotechnol Biofuels. 2017;10:221.

 55. Madadi M, Wang Y, Xu C, Liu P, Wang Y, Xia T, et al. Using Amaranthus 
green proteins as universal biosurfactant and biosorbent for effective 
enzymatic degradation of diverse lignocellulose residues and efficient 
multiple trace metals remediation of farming lands. J Hazard Mater. 
2021;406:124727.

 56. Wiman M, Dienes D, Hansen MAT, van der Meulen T, Zacchi G, Liden G. 
Cellulose accessibility determines the rate of enzymatic hydrolysis of 
steam-pretreated spruce. Bioresource Technol. 2012;126:208–15.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Overexpression of PtoMYB115 improves lignocellulose recalcitrance to enhance biomass digestibility and bioethanol yield by specifically regulating lignin biosynthesis in transgenic poplar
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	PtoMYB115 represses xylem development and cell wall biosynthesis
	PtoMYB115 affected lignin composition and linkage patterns
	PtoMYB115 enhanced biomass enzymatic saccharification and bioethanol yield
	Reduced cellulase adsorption for high biomass saccharification in the PtoMYB115-OE lines
	Altered cellulose features and cellulose accessibility in PtoMYB115 transgenic poplar

	Discussion
	Conclusion
	Materials and methods
	Experimental procedures
	Plant materials and transformation
	RNA extraction and RT-qPCR
	Microscopic observation
	Plant cell wall fractionation and determination
	2D-NMR assay of lignin composition and linkage
	Chemical pretreatment and biomass enzymatic hydrolysis
	Yeast fermentation and ethanol measurement
	Detection of cellulose features (CrI, DP)
	Crude cellulose hydrolysis by β-1,4-exoglucanase (CBHI)

	Measurement of cellulose accessibility
	Statistical analysis

	References




