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Plant cell walls represent an enormous biomass resource for the generation of biofuels and chemicals. As ligno-
cellulose property principally determines biomass recalcitrance, the genetic modification of plant cell walls has
been posed as a powerful solution. Here, we review recent progress in understanding the effects of distinct cell
wall polymers (cellulose, hemicelluloses, lignin, pectin, wall proteins) on the enzymatic digestibility of biomass
under various physical and chemical pretreatments in herbaceous grasses, major agronomic crops and fast-
growing trees. We also compare the main factors of wall polymer features, including cellulose crystallinity
(CrI), hemicellulosic Xyl/Ara ratio, monolignol proportion and uronic acid level. Furthermore, the review
presents themain gene candidates, such as CesA, GH9, GH10, GT61, GT43 etc., for potential genetic cell wall mod-
ification towards enhancing both biomass yield and enzymatic saccharification in geneticmutants and transgenic
plants. Regarding cellwallmodification, it proposes a novel groove-like cell wallmodel that highlights to increase
amorphous regions (density and depth) of the native cellulose microfibrils, providing a general strategy for
bioenergy crop breeding and biofuel processing technology.
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1. Introduction

Bioenergy is a renewable form of energy derived from biological
sources and can be used to generate heat, electricity and fuels
(Himmel and Bayer, 2009; Yuan et al., 2008). By 2050, it is estimated
that the use of bioenergy must increase at least four folds to reduce
worldwide CO2 emissions by 50%. While the use of first-generation
biofuels, such as starch- and sugar-derived ethanol and plant oil-de-
rived biodiesel, has already made small but significant contributions to
the global energy supply, the increase in bioenergy will most likely
stem from the use of lignocellulose, which produces 1.5 × 1010 tons/
year of biomass, with a 60% conversion efficiency (Chen and Peng,
2013; Pauly and Keegstra, 2008; Ragauskas et al., 2006; Rubin, 2008).
Lignocellulosic ethanol, a second-generation biofuel, has the potential
to fill most global transportation fuel needs and does not present a con-
flict between energy demand and food supply (Peng, 2012; Sims et al.,
2010).

Plant cell wall represents the most abundant renewable biomass re-
source for biofuels on the earth. The conversion of lignocellulose to eth-
anol involves threemajor steps: physical and chemical pretreatments to
enhance cell wall destruction, enzymatic digestion to release soluble
sugars, and yeast fermentation to produce ethanol (Carroll and
Somerville, 2009; Xu et al., 2012). Because plant cell walls have evolved
a complex structure and the mechanical strength to resist physical and
biochemical digestion in nature, lignocellulose recalcitrance greatly
leads to an unacceptably costly biomass process (Himmel et al., 2007;
Lynd et al., 2008). In principal, biomass recalcitrance is determined by
cell wall composition, wall polymer characteristics, and wall polymer
network structures. Hence, genetic modification of plant cell walls rep-
resents a powerful solution to biomass recalcitrance (Chen and Dixon,
2007; Demura and Ye, 2010; Torney et al., 2007; Vega-Sánchez and
Ronald, 2010; Wang et al., 2014b; Xie and Peng, 2011).

The cell wall is a layer of structuralmaterial that surrounds the plant
cell and extends to the protoplast (Fig. 1A, B). The plant cell wall can be
divided into primary and secondary cell walls (Fig. 1C, D), which are
systematically formed during plant cell growth and development
(Cosgrove, 2005; Dumville and Fry, 2000; Hall and Cannon, 2002;
Motose et al., 2004;Wang et al., 2014b). Plant cell walls aremainly com-
posed of cellulose, hemicelluloses and lignin, as well as minor pectic
polysaccharides and wall proteins (Fig. 1E–H), and they have distinct
compositions in different plant species (Table 1). As plants comprise
of numerous cell types with extremely complicated cell wall structures
and diverse biological functions, the genetic modification of plant cell
walls is often associated with defects in plant growth and development,
which could affect important agronomic traits in crops such as
plant lodging resistance, biomass yield and environmental stress toler-
ance (Casler et al., 2002; Li et al., 2015b; Pedersen et al., 2005;
Vega-Sánchez and Ronald, 2010). It thus becomes critical to find out
an optimal genetic engineering approach that not only maintains nor-
mal plant growth but also enhances biomass yield and lignocellulose
enzymatic digestibility (Wang et al., 2014b; Xie and Peng, 2011). In
the present review, we describe recent research progress about cell
wall polymer distinct effects on biomass enzymatic saccharification
under different physical and chemical pretreatments in various plant
species, including herbaceous grasses of highbiomass yield (Miscanthus,
switchgrass, and reed), major food crops (rice, wheat, maize, sweet sor-
ghum, and cotton) with large biomass residues, and fast-growing
woody trees rich in cellulose. We then discuss the key genes involved
in cell wall modifications that might enhance both biomass yield and
biofuel production. Finally, we present a hypothetical model for bridg-
ing plant cell wall engineering and biomass processing technology.

2. Effects of wall polymer features on biomass saccharification

Plant cell wall composition is highly variable among different plant
cell types and tissues. It therefore remains technically challenging to
identify individual wall polymers that impact the enzymatic digestibili-
ty of biomass. For example, selection of one genetic mutant or a one-
gene transgenic plant could result in multiple wall polymer alterations.
However, based on systems biology analyses of large populations of bio-
mass samples, three major wall polymers (cellulose, hemicelluloses,
and lignin) have been characterized in several plants used primarily
for biofuel production, as shown in Table 2 and Fig. 2. In addition, we
discuss recent studies of pectin and wall proteins in this section.

2.1. Cellulose

Cellulose is a major component of plant cell walls that accounts for
approximately 2–4% of cereal endospermwalls to 95% of the secondary
cell walls of cotton fibers (Delmer, 1999; Huang et al., 2015b; Li et al.,
2013a; Ragauskas et al., 2006). Among herbaceous grasses, Miscanthus
accessions exhibit a large variation in cellulose levels, from 20% to 46%
(Huang et al., 2012; Magid et al., 2004; Meineke et al., 2014), whereas
switchgrass and reed have cellulose levels of approximately 32–39%
(David and Ragauskas, 2010; Lindsey et al., 2013). In agronomic crops,
cellulose variation has been observed among rice genetic mutants (Li
et al., 2015b), sweet sorghum germplasms (Li et al., 2014a; Wu et al.,
2015), maize and wheat cultivars (Chundawat et al., 2007; Jia et al.,
2014; Wu et al., 2014b), and cotton and rapeseeds varieties (Huang et
al., 2015b). By comparison, economical crops (e.g., ramie, jute, kenaf,
and agave) and woody trees (e.g., poplar and pinus) are extremely
rich in cellulose, with levels ranging from 42% to 80%
(Escamilla-Treviño, 2012; Leple et al., 2007; Vieira et al., 2002).

Cellulose is a high molecular weight polymer found in plant cell
walls that is composed of β-1,4-glucan chains. Intermolecular hydrogen
bonding between these parallel chains leads to a compact cellulose
structure that is crystalline, fibrous, and mechanically strong (Brown
and Emsley, 2004). Cellulose crystallinity is thus a key feature of cell
walls that not only accounts for the amorphous and crystalline regions
of native cellulose but also reflects cellulose interactions with other
wall polymers (Kaida et al., 2009). Using X-ray diffraction, the crystal-
line index (CrI) has been applied to detect cellulose crystallinity in var-
ious biomass materials (Bansal et al., 2010; Park et al., 2010). Cellulose
CrI has thereby been determined to be a primary negative factor on bio-
mass enzymatic digestibility under various physical and chemical pre-
treatments in almost all plant species examined (Zhang et al., 2013).
Recently, Li et al. (2015b) have reported that cellulose CrI is the major
factor negatively affecting rice lodging resistance, a major agronomic
trait significantly associated with grain yield and biomass production
in crops. In addition, the cellulose level is known to have a negative im-
pact on biomass enzymatic saccharification inmost plant species exam-
ined, likely due to its positive correlation with cellulose CrI (Table 2).

The degree of polymerization (DP) is another important feature of
cellulose that is highly variable among different plant species (Hallac



Fig. 1. Plant cell wall structures in rice. (A, B) Scanning electron microscopic images of stem tissues at heading stage; (C, D) transmission electron microscopy observations of cell walls in
leaf veins (PCW: primary cell wall, SCW: secondary cell wall); (E) calcofluor staining with stem tissues on cellulose; (G) Wiesner's staining on lignin (arrow highlights lignin); (F, H)
staining with anti-xylogulucan (F, CCRC-M88) and anti-rhamnogalacturonan (H, CCRC-M35,); Arrows highlight high level wall polymers as indicated, and images are provided by Li FC
and Zhuo JD.
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Table 1
Three major wall polymer composition in bioenergy plants*.

Plant species Cellulose Hemicelluloses Lignin Reference

I. Herbaceous grasses
Miscanthus

Huang et al. (2012),
Magid et al. (2004),
Meineke et al. (2014)

(M. sinensis) 24–40 24–38 22–29
(M. floridulus) 22–38 24–34 19–26
(M. sacchariflorus) 20–44 23–35 24–30
(M. lutarioriparius) 28–46 27–35 25–31
(M. x giganteus) 40 34 26
Switchgrass

32–39 25–33 17–22
David and Ragauskas (2010),
Lindsey et al. (2013)(P. virgatum)

Reed (P. australis) 34–36 26–27 21 Jin et al. (2016)

II. Agronomic crops

Rice (O. sativa) 14–30 8–18 11–19
Li et al. (2015b),
Zhang et al. (2015)

Wheat (T. aestivum) 34–38 20–35 22–24
Garcia-Cubero et al. (2009),
Wu et al. (2014b)

Maize (Z. may) 20–38 21–32 13–21
Chundawat et al. (2007),
Jia et al. (2014)

Sugarcane (S. officinarum) 42–46 25–27 20–21
Kim and Day (2011),
Rocha et al. (2011)

Sweet sorghum (S. bicolor) 26–38 25–38 14–24 Li et al. (2014a)
Cotton

32 14 25
Huang et al. (2015)(G. hirsutum)

(G. barbadense) 40 17 26
Rye (L. perenne) 31 22 25 Garcia-Cubero et al. (2009)
Rapeseed

Pei et al. (2016)
(B. napus) 28–32 16–20 15–20
(B. rapa) 20–35 15–22 16–20
(B.carinata) 27–32 19–20 21–23
(B. junjea) 24–35 20 22–24

III. Fiber plants
Ramie (B. nivea) 48 26 26

Wei et al. (2016)Jute (C. capsularis) 44 28 28
Kenaf (H. cannabinus) 42 29 29
Agave

Escamilla-Treviño (2012), Vieira et al. (2002)(A. lechuguilla) 80 3 15
(A. fourcroydes) 78 5 13
Poplar (P. trichocarpa) 48 31 21 Leple et al. (2007)

*: indicates wall polymer level (% of dry weight, w/w).
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and Ragauskas, 2011; Huang et al., 2015b). In the three plant species
examined (Miscanthus, sweet sorghum, and cotton), cellulose DP is
the factor that significantly negatively affects biomass digestibility
(Table 2). Recently, Zhang et al. (2013) have shown that cellulose DP
is positively correlatedwith cellulose CrI in 80distinctMiscanthus germ-
plasm accessions, indicating that cellulose CrI and DP are both impor-
tant features of cellulose that impact biomass saccharification.
Table 2
Major wall polymer impacts on biomass enzymatic digestibility under pretreatment.

Wall polymer feature
Plant species

Ricea Wheatb Maizec Miscanthu

Cellulose − − − −
CrI − − − −
DP −
Hemicelluloses + − − +
Xyl + + +
Ara + + +
Xyl/Ara − − − −
Lignin + − − −
G + / −
S + − −
H + / −
S/G / / + −
H/G + + / −
S/H / / / −

+and –: respectively indicated significantly positive and negative effects on biomass enzymati
aLi et al. (2015b) andWu et al. (2013); bWu et al. (2013) andWu et al. (2014b); cGuillaumie et
(2013); eLi et al. (2014a); fBaxter et al. (2014), Fu et al. (2011), Shen et al. (2012b), and Xu et al.
(2008).
2.2. Hemicelluloses

Hemicelluloses are a class of heterogeneous polysaccharideswith di-
verse monosaccharide subunits with distinct compositions in different
plant species (Scheller and Ulvskov, 2010). For example, xylans
are major hemicelluloses found in the mature tissues of grasses;
arabinogalactan and glucuronoxylan mainly occur in woody plants;
sd Sweet sorghume Switchgrassf Cottong Poplarh

− − /
− − −
− − /
/ + − +
/ / /
/ / /
− − /
− − − −
− − / +
− − / /
− / /
/ − / +
/ + / /
/ / /

c digestibility; / indicated no significant effect; Blank: not determined; Datamodified from
al. (2008), Jia et al. (2014), and Kim et al. (2003); dLi et al. (2013b, 2014c), and Zhang et al.
(2011); gHuang et al. (2015b); hStuder et al. (2011); Van Acker et al. (2014), and Zhu et al.



Fig. 2. Wall polymer feature impacts on biomass enzymatic saccharification in Miscanthus. (A) Four major Miscanthus species have distinct biomass yields (upper lane) and cell wall
features (below lane: Wiesner's staining on lignin); (B) Ara-rich (relatively lower Xyl/Ara) Miscanthus accession (Msi56) shows much rougher face in vitro than that of its paired
sample (Msi02) after pretreatment and enzymatic hydrolysis (Li et al., 2013b); (C) uronic acids-rich Miscanthus accession (Msa24) exhibits much more destructed and lost
parenchyma cells in situ after 1% NaOH pretreatment and sequential enzymatic hydrolysis (Wang et al., 2015a); (H) and (L) indicate the samples with relatively high and low biomass
saccharification, respectively.
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and xyloglucan is found in both grasses and woody plants (Girio et
al., 2010). Xylans are most commonly substituted by α-L-
arabinofuranosyl units in arabinoxylan, while they are substituted
by α-D-glucopyranosyl uronic units or 4-O-methyl derivative side
chains in glucuronoarabinoxylan. Furthermore, hemicellulose content
varies greatly among different plant species. For example, different
high-level hemicelluloses are detected in particular samples of
Miscanthus accessions, sweet sorghum germplasm, and wheat cultivars
at approximately 35%–38% (Huang et al., 2012; Li et al., 2014a;Meineke
et al., 2014; Wu et al., 2014b), whereas agave species and typical rice
mutants have extremely low hemicellulose contents at approximately
3%–8% (Li et al., 2015b; Escamilla-Treviño, 2012; Vieira et al., 2002).

The major biological role of hemicelluloses is its cross-linkage with
cellulose and lignin. These interactions embed crystalline cellulose
elementary fibrils to strengthen the cell wall and form a wall barrier
against enzymes accessible to the cellulose surface, a major cause of

Image of Fig. 2


Table 3
Main gene candidates and appropriate genetic approaches applicable for plant cell wall modification.

Wall polymer Species Gene (source) Approach Phenotype Biomass Reference

Yield Digestibility

Cellulose synthesis Arabidopsis AtCesA1, 3 Aegeus(A903V), ixr1-2 (T942I) Reduce cellulose, CrI ∕ ↑ Harris et al. (2012)
AtCesA6 prc1-1 (Q720stop), prc1-9 (K720stop),

prc1-4 (W777stop), prc1-19 (Y275stop)
Reduce cellulose, CrI; affect growth ↓ Fagard et al. (2000)

AtCesA4 irx5-1, irx5-2 (W995stop), irx5-3 (Q263stop) Reduce cellulose; affect growth ↓ Taylor et al. (2003)
AtCesA7 p35S::CesA7fra5 (OE) Reduce cellulose; affect growth ↓ Zhong et al. (2003)
AtCesA8 irx1-1 (D683N), irx1-2 (S679L) Reduce cellulose; affect growth ↓ Taylor et al. (2000)
AtCOBL2 cobl2-1, cobl2-2 (T-DNA) Reduce crystalline cellulose in seed mucilage ∕ Ben-Tov et al. (2015)
AtCesA2, 5 pAtCesA6::CesA2, 5 /prc1-1 (OE) Increase cellulose ↑ Desprez et al. (2007),

Persson et al. (2007b)
Rice OsCesA4 bc11 (G858R), NE1031, ND5658 (Tos17) Reduce cellulose; affect growth ↓ Zhang et al. (2009),

Tanaka et al. (2003)
OsCesA7 NC0259, ND8759 (Tos17) Reduce cellulose; affect growth ↓ Tanaka et al. (2003)

B. distachyon BdCesA4, 7 pUBI::CESA4, 7 (amiR) Reduce cellulose, CrI; affect growth ↓ Handakumbura et al. (2013)
HvCesA4 fs2 (Copia-like retroelement) Reduce cellulose; affect growth ∕ Burton et al. (2010)

Barley HvCesA4, 8 p35S::CesA4, 8 (OE) Reduce cellulose; affect growth ↓ Tan et al. (2015)
Tobacco AtCESA3 pM24-GFP::CESA3ixr1-2 (OE) Affect growth ↓ ↑ Sahoo et al. (2013)
Poplar PtdCesA8 p35S::CesA8 (OE) Reduce cellulose; affect growth ↓ Joshi et al. (2011)

Cellulose degradation Arabidopsis PttCel9A1 p35S::Cel9A1 / kor1-1 (OE) Reduce CrI ↑ Takahashi et al. (2009)
AtKORRIGAN1 irx2-2(P553L), kor1-1 (T-DNA) Reduce primary cellulose; increase CrI;

affect growth
↓ Szyjanowicz et al. (2004),

Takahashi et al. (2009)
AtCel1 p35S::Cel1 (antisense) Reduce cellulose; affect growth ↓ Tsabary et al. (2003)
PtGH9B5, C2 pAtCesA8::GH9B5, C2 (OE) Increase CrI; affect growth ↓ Glass et al. (2015)
AtGH9C2 p35S::GH9C2 (RNAi) Reduce CrI ↑ Glass et al. (2015)

Cellulose regulation Arabidopsis AtVND6, 7 p35S::VND6, 7 (OE) Reduce secondary wall thickness; affect growth ↓ Kubo et al. (2005)
AtMYB46, 83 p35S::VMYB83 (OE) Increase cellulose; affect growth ↓ McCarthy et al. (2009)
AtMYB46, 83 myb46-1, b83 (T-DNA) Reduce cellulose; affect growth ↓ McCarthy et al. (2009)

Poplar,
Arabidopsis

PdC3H17,18 AtC3H14,15;
PdMYB10, 28

p35S::C3H17, 18; p35S::C3H14,
15; p35S::C3H10, 28 (OE)

Increase secondary wall thickness; affect growth ↓ Chai et al. (2014a, 2014b, 2015),

Rice OsMYB103L pUbi::MYB103L (OE) Increase secondary wall thickness ∕ Yang et al. (2014)
OsMYB61; NAC29, 31 pUbi::MYB61; NAC29, 31 (OE) Increase secondary wall thickness ∕ Huang et al. (2015a)

Hemicelluloses synthesis Arabidopsis AtIRX9, 9L, 14,4L(GT43) irx9, 9l, 14, 14l (T-DNA) Reduce Xyl, GX; affect growth ↓ Keppler and Showalter (2010),
Wu et al. (2010),
Lee et al. (2010)

AtESK1(DUF231) esk1 (T-DNA) Reduce xylan accetylation; affect growth ↓ ↑ Yuan et al. (2013)
AtGXMT(DUF579) gxmt1-1, 1-2 (T-DNA) Reduce 4-O-methyl-GlcA substituents ↑ Urbanowicza et al. (2012)
AtTBL129 tbl29-1, l29-2 (T-DNA) Reduce acetate content; affect growth ↓ Xiong et al. (2013)
AtIRX10, 10L(GT47) irx10/irx10l (T-DNA) Reduce GX; affect growth ↓ Wu et al. (2009),

Brown et al. (2009)
AtGUX1/PGSIP1,
AtGUX2/PGSIP3(GT8)

gux1-1, 1-2, 2-1, 2-2 (T-DNA) Reduce in [Me]GX ↑ Mortimer et al. (2010),
Bromley et al. (2013)

AtIRX15, 15L(DUF579) irx15/15l (T-DNA) Reduce xylan, Xyl; mild collapsed xylem ↑ Jensen et al. (2011),
Brown et al. (2011)

AtFRA8, AtF8H(GT47) fra8 (C1296T), f8h (T-DNA); p35S::F8H/fra8 Reduce GX; affect growth ↓ Zhong et al. (2005),
Lee et al. (2009)

AnAXE1 p35S::AXE1-eGFP, pGT43B::AXE1 Reduce xylan acetyl; increase ethanol yields ∕ ↑ Pawar et al. (2015)
AtIRX8(GT8), 9(GT43) irx8, 9 (T-DNA) Reduce GX; affect growth ↓ Peña et al. (2007),

Lee et al. (2007),
Persson et al. (2007a)

AtXXT1, 2 xxt1, 2 (T-DNA) Reduce xyloglucan; affect growth ↓ Cavalier et al. (2008)
AtMUR3/AtMURUS3 (GT47) mur3 (T-DNA) Reduce xyloglucan; affect growth ↓ Kong et al. (2015)
AtAXY3 axy3.1 (E630L), 3.2, 3.3 (T-DNA) Reduce xyloglucan, arabinose; affect growth ↓ Günl and Pauly (2011)
AtAXY9(TBL) axy9.1 (stop codon at 276th), 9.2(T-DNA) Reduce xyloglucan acetylation; affect growth ↓ Schultink et al. (2015)

Rice OsXAX1(GT61) axa1 (T-DNA) Reduce Xyl, ferulic, coumaric acid ↓ ↑ Chiniquy et al. (2012)
OsIRX10(GT47) Osirx10 (RGT6229D) Reduce X/A; affect growth ↓ ↑ Chen et al. (2013)
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Wheat TaXAT1, 2(GT61) p35S::XAT1,2 ( RNAi) Increase X/A ∕ Anders et al. (2011)
Poplar PtGAUT12.1,12.2(GT8) pUBi3:: GAUT12.1, 12.2 (RNAi) Reduce xylan content ↑ ↑ Biswal et al. (2015)

Hemicelluloses
degradation

Maize XynB, ThiXynB(GH11) pUbi3::XynB, iXynB (OE) Affect growth ∕ ↑ Shen et al. (2012a)
Poplar PtxtXyn10A(GH10) p35S::xtXyn10A (RNAi) ↑ Derba-Maceluch et al. (2014)

Hemicelluloses regulation Arabidopsis
AtKNAT7 knat7-1 (T-DNA) Increase IRX8, IRX9, FRA8; affect growth ↓ Li et al. (2012)
VND7 pVND7::IRX9 (IRX7, IRX8)/irx9

(irx7, irx8)
Partially complement the irx phenotype ↑ ↑ Petersen et al. (2012)

Lignin synthesis Alfalfa MsHCT pPvPAL2::HCT (RNAi) Increase H, reduce G, S ↑ Pu et al. (2009)
MsHCT pPvPAL2::HCT (RNAi) Reduce lignin; increase H; affect growth ↓ Gallego-Giraldo et al. (2014)
MsC3H pPvPAL2::C3H (RNAi) Reduce lignin, G, increase H; affect growth ↑ Reddy et al. (2005)
MsC4H pPvPAL2::C4H (RNAi) Reduce lignin, S, increase G ↑ Reddy et al. (2005)
MsF5H pPvPAL2::F5H (RNAi) Increase G, reduce S ↑ Reddy et al. (2005)
MsCCR1 p35S::CCR1 (RNAi) Reduce lignin, S, increase S/G ↓ ↑ Jackson et al. (2008)
MsCAD1 p35S::CAD1 (RNAi) Reduce lignin, S, S/G ↓ ↑ Jackson et al. (2008)
MsC4H pPvPAL2::C4H (RNAi) Reduce lignin, H, G ↑ Chen and Dixon (2007)
MsHCT pPvPAL2::HCT (RNAi) Reduce lignin, G , S, increase hemicellulose ↓ ↑ Chen and Dixon (2007)
MsC3H pPvPAL2::C3H (RNAi) Reduce lignin, G, S, increase hemicellulose ↓ ↑ Chen and Dixon (2007)
MsCCoAOMT pPvPAL2::CCoAOMT (RNAi) Reduce lignin, G, S ∕ ↑ Chen and Dixon (2007)
MsF5H pPvPAL2::F5H (RNAi) Reduce lignin, H, S, S/G, increase G ∕ Chen and Dixon (2007)
MsCOMT pPvPAL2::COMT (RNAi) Reduce lignin, H, G, increase hemicellulose ∕ ↑ Chen and Dixon (2007)

Arabidopsis AtCAD Atcad-c/cad-d (T-DNA) Reduce lignin, S, β-O-4 linkage, increase
H, G; affect growth

↓ ↑ Sibout et al. (2005)

AtLAC4-1 lac4-1 (T-DNA) Reduce lignin ↓ ↑ Berthet et al. (2011)
AtlLAC4-2/17 lac4-2/17 (T-DNA) Reduce lignin, increase S/G; affect growth ↓ ↑ Berthet et al. (2011)
AtCSE-1 cse-1 (T-DNA) Reduce lignin, G, increase H ↓ ↑ Vanholme et al. (2013c)
AtMOMT momt3 (T133L-E165I-F175I) Reduce lignin, G, S ∕ ↑ Zhang et al. (2012)
AtCCR1 pAtCESA7::CCR1 (miRNAi) Reduce lignin, G, S/G, increase S; affect growth ↓ Smith et al. (2013)

B. distachyon BdCAD1 cad1 (G192D) Reduce lignin, S, increase H, G ∕ ↑ Bouvier d'Yvoire et al. (2013)
L. leucocephala LlOMT p35S::LlOMT (RNAi) Reduce lignin, S, increase cellulose ↑ Rastogi and Dwivedi (2006)
Maize ZmCOMT pZmAdh1::COMT (RNAi) Reduce lignin, S ↑ Guillaumie et al. (2008)
Poplar PtCCR p35S::CCR (RNAi) Reduce lignin, increase G, hemicellulose ↓ ↑ Van Acker et al. (2014)

AtF5H pAtC4H::AtF5H (OE) Reduce lignin and G, increase H, S, S/G,
resinol ( β- β) and spirodienone (β-1)

∕ Stewart et al. (2009)

Rice Os4CL3 p35S::4CL3 (RNAi) Reduce lignin; affect growth ↓ Gui et al. (2011)
S. miltiorrhiza SmPAL1 p35S::PAL1 (RNAi) Reduce lignin ↓ Song and Wang (2011)
Sorghum SbCOMT comt (A71V, P150L, G225D, G325S) Reduce lignin ↑ Sattler et al. (2012)
Sugarcane SbCOMT pOsC4H::COMT (RNAi) Reduce lignin ↓ ↑ Jung et al. (2012)
Switchgrass PvCOMT pUbi::COMT (RNAi) Reduce lignin ↑ Fu et al. (2011)

Pv4CL1 pUbi::4CL1 (RNAi) Reduce lignin, G, increase H, S/G ∕ ↑ Xu et al. (2011)
SbCOMT pUbi::COMT (RNAi) Reduce lignin, S/G, increase hemicellulose ∕ ↑ Baxter et al. (2014)

Lignin interlinking Poplar AsFMT pPtCesA8/35S::FMT (OE) Increase ferulate conjugaes, ester bonds,
reduce β-ether bonds

∕ ↑ Wilkerson et al. (2014)

Alfalfa MsC3H c3h (G444D) Increase β-β, aryglycerol endgroup;
affect growth

↓ Ralph et al. (2006)

Lignin regulation Arabidopsis AtREF4/AtRFR1 med5a/5b (G383S, T-DNA) Increase G, reduce S, S/G ↓ Bonawitz et al. (2014)
AtC3′H ref8-1 (EMS missense mutant) Reduce lignin; affect growth ↓ Bonawitz et al. (2014)

med5a/5b ref8-1 (triple mutant) Increase β-β, β-5; reduce β-O-4; affect growth ↓ ↑ Bonawitz et al. (2014)
Rice OsSWN2S pOsSWN1::OsSWN2S-SRDX Reduce lignin, Xyl; affect plant growth ↑ Yoshida et al. (2013)
Switchgrass PvMYB4 p35S::MYB4 (OE) Reduce lignin, G, S ↑ Shen et al. (2012b)

Pectin synthesis Arabidopsis AtQUA2-1 qua2-1 (R2389stop) Reduce GalA and de-methyl-esterified
HG, increase Gal and Xyl

↓ ↑ Francocci et al. (2013)

AtPME3 pme3 (T-DNA ) Reduce de-methyl-esterified
HG, increase DM; increase resistant
to pathogens

/ ↑ Francocci et al. (2013),
Raiola et al. (2011)

AtPMEI p35S::PMEI (OE ) Reduce de-methyl-esterified
HG; increase resistant to pathogens

↑ ↑ Lionetti et al. (2010),
Lionetti et al. (2007)

Wheat AcPMEI p35S::PMEI (OE) Reduce de-methyl-esterified HG ↓ ↑
Poplar PtGAUT12 pUBi3::GAUT12 (RNAi ) Reduce Xyl, GalA, HG, RG; increase Man and Gal ↑ ↑ Biswal et al. (2015)

Pectin degradation Arabidopsis PcPL1 pMDC7_SpPcPL1-HA (OE) Increase Glc; affect growth ↓ ↑ Tomassetti et al. (2015)

(continued on next page)
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Table 3 (continued)

Wall polymer Species Gene (source) Approach Phenotype Biomass Reference

Yield Digestibility

AnPG pSAG12:: PG (OE) Reduce GalA and de-methyl-esterified HG / ↑
AnPGII p35S::PGII (OE ) Reduce de-methyl-esterified HG; affect growth ↓ ↑ Capodicasa et al. (2004),

Lionetti et al. (2010)
Tobacco AnPGII p35S::PGII (OE ) Reduce GalA and de-methyl-esterified

HG; affect growth
∕ ↑ Capodicasa et al. (2004),

Lionetti et al. (2010)
Apple MdPG p35S:: PGS-2, PGS-3, PGS-4 (OE) Reduced Gal, Ara, DM, and length of pectin

molecular; change cell adhesion
∕ Atkinson et al. (2002)

Poplar PtxtPL1-27 p35S:: PL1-27 (OE) Increase solubility of pectin, xylans ↑ Biswal et al. (2015)
Wall protein Arabidopsis FaEXP2 p35S::CBMEXP2 (OE) Reduce cellulose, hemicellulose; increase

pectin, stress tolerance
↑ Nardi et al. (2015)

AtEXPA1,3, 5,10 pOpON::EXPA1,3,5,10 (amiRNA) Affect growth ↓ Goh et al. (2012)
AtEXPA7 pEXPA7::EXPA7 (RNAi) Affect growth ↓ Lin et al. (2011)
AtEXT3 EXT3 (Enhancer-trap insertion) Affect growth ↓ Hall and Cannon (2002),

Cannon et al. (2008),
Saha et al. (2013)

AtEXT18 EXT18 (Gene-trap insertion) Affect growth ↓ Choudhary et al. (2015)
AtEXT1 p35S::EXT1 (OE) ↑ Roberts and Shirsat (2006)

Rice OsEXPA8 p35S::EXPA8 (RNAi) Affect growth ↓ Wang et al. (2014a)
OsEXPA8 p35S::EXPA8 (OE) ↑ Ma et al. (2013)
OsEXPA3 p35S::EXPA3 (RNAi) Affect growth ↓ Qiu et al. (2014)

Tobacco TaEXPB23 p35S::EXPB23, pPYK10::EXPB23 (OE) Increase pectin; increase stress tolerance ↑ Li et al. (2015a)
TaEXPB23 p35S::EXPB23 (OE) Increase stress tolerance ↑ Han et al. (2015)
PpEXP1 p35S::EXP1 (OE) Increase stress tolerance ↑ Xu et al. (2014)

Cotton GhEXPA1 p35S::EXPA1 (OE) ↑ Xu et al. (2013)
GbEXPATR p35S::EXPATR (OE) Increase noncellulosic polysaccharides ↑ Li et al. (2015c)

Soybean GmEXPB2 p35S::EXPB2 (OE) ↑ Zhou et al. (2014)

↑ and ↓: respectively indicated significantly positive and negative impacts on biomass enzymatic digestibility under pretreatment; ∕ : as no significant effect; blank: as not determined.
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lignocellulose recalcitrance (Himmel et al., 2007; Scheller and Ulvskov,
2010). Recentfindings indicate that hemicelluloses positively affect bio-
mass enzymatic digestibility under various physical and chemical pre-
treatments by reducing cellulose crystallinity in Miscanthus and rice
(Table 2). Notably, the Ara substitution degree of xylan (i.e., the reverse
Xyl/Ara ratio) is a mainly positive factor on biomass saccharification in
all grass species examined (Fig. 2B), in particular on the non-KOH-
extractable residues that comprise 10%–30% of total hemicelluloses.
Analysis of the digestion of individual cellulases further indicates that
the substituted Ara may interact with the β-1,4-glucan chains in amor-
phous regions of cellulose microfibrils via hydrogen bonding, thereby
significantly reducing cellulose crystallinity (Li et al., 2013b). This find-
ing also suggests that the remaining Ara in non-KOH-extractable resi-
dues could aid in maintaining cellulose microfibrils in the native state
accessible to amorphous regions for efficient biomass enzymatic hydro-
lysis, because classic physical and chemical pretreatments performed
could only remove partial hemicelluloses and lignin by 10%–60% (Li et
al., 2013b; Wang et al., 2014b). In contrast, the removal of nearly all
hemicelluloses leads to the reassembly of highly crystalline cellulose
macrofibrils that are not digestible by enzymes. In addition, Li et al.
(2015b) have reported that the Ara level in non-KOH-extractable resi-
dues positively affects plant lodging resistance by reducing the crystal-
linity of cellulose in rice mutants.

2.3. Lignin

Lignin is an amorphous polymer containing phenylpropane units pri-
marily consisting of threemonomers: p-hydroxyphenyl (H), guaiacyl (G),
and syringyl (S) (Grabber et al., 2004; Sun et al., 2013). It ismainly depos-
ited in secondary cellwalls in amounts that vary largely betweendifferent
plant species. In general, grass and woody plants have lignin contents by
weight ranging from 15% to 30%, accounting for 30%–40% of the energy
content of the biomass (Boerjan et al., 2003; Table 1). In particular, several
rice mutants show low lignin levels at 11%, whereas special germplasm
accessions of Miscanthus species have high lignin contents up to 28%–
31% (Huang et al., 2012; Magid et al., 2004; Meineke et al., 2014)

Because lignin tightly associates with hemicelluloses to maintain
plant mechanical strength and biomass recalcitrance (Li et al., 2015b),
it is thought to play a vital role in the adaptation of plants to terrestrial
environments (Abramson et al., 2010). Lignin is thus considered to exert
two primary effects on biomass enzymatic hydrolysis: preventing
cellulose microfibril swelling to reduce surface area access for cellulase
enzymes, and preventing cellulase action on the cellulose surface
(Keating et al., 2006). For instance, lignin typically has a negative impact
on biomass enzymatic digestibility under various chemical pretreatments
through the indirect increase of cellulose crystallinity inMiscanthus acces-
sions (Fig. 2A; Table 2). However, recent findings have suggested that lig-
nin could enhance biomass yield and lignocellulose enzymatic digestion
in rice mutants (Wu et al., 2013; Li et al., 2015b). In addition, dual effects
of ligninwere also observed in other species and transgenic plants (Table
2), and the positive impacts of lignin could be interpreted in three ways:
(1) After lignin is extracted via physical and chemical pretreatments, the
remaining non-KOH-extractable lignin-hemicellulose complexes could
maintain cellulose microfibrils in the native state that are accessible by
enzymes in amorphous regions (Li et al., 2014c;Wu et al., 2013); (2) Lig-
nin composed of relatively high proportions of G and H monomers is
more extractable after alkaline pretreatment (Li et al., 2014c); (3) The in-
creased monolignol levels in genetic mutants and transgenic plants may
not be interlinked to form a complete lignin-carbohydrate complex, lead-
ing to more cell wall pores for cellulase enzyme loading and accession
(Chandra et al., 2008; Li et al., 2014c; Wang et al., 2014b).

2.4. Pectin

Pectin is the most structurally complex polysaccharide that
comprises a major component of primary cell walls and is found
in smaller amounts in the secondary walls of both monocots
and dicots (Mohnen, 2008) (Fig. 1H). In principle, pectic polysac-
charides have been classified into so-called “domains” that
include homogalacturonan, xylogalacturonan, apiogalacturonan,
rhamnogalacturonan-I and rhamnogalacturonan- II (Atmodjo et al.,
2013;Mohnen, 2008). Uronic acids,which are typical components of pec-
tin, are primarily found in glucuronoarabinoxylans and galactosyluronic
acid-rich pectin (Kim and Carpita, 1992), and they can be extracted
with ammonium oxalate (AO) and other chelating agents. Pectin can
form a macromolecular wall-network through molecular substitution
with side chains associated with cellulose or hemicelluloses (Marcus et
al., 2008; Popper and Fry, 2008; Thompson and Fry, 2000; Zykwinska et
al., 2005; Wang et al., 2015b), suggesting that it plays a role in maintain-
ing cell wall structure and biomass recalcitrance. Transgenic plants ex-
pressing genes involved in pectin synthesis, modification and
degradation exhibit improved biomass digestibility (Biswal et al., 2014,
2015; Francocci et al., 2013; Lionetti et al., 2010; Tomassetti et al., 2015;
Xiao and Anderson, 2013), but it is difficult to determine whether this is
due to a change in pectin alone rather than in other associated wall poly-
mers. Because of the extremely low level and complicated structure of
pectin inmature tissues, it is technically difficult to identify the specific ef-
fects of pectin on lignocellulosic enzymatic digestibility after physical or
chemical pretreatment. However, based on systems biological analyses
of a large population of Miscanthus accessions, Wang et al. (2015b)
have recently shown that AO-extractable uronic acids are predominately
accounting for the positive impact of pectin on biomass enzymatic digest-
ibility by significantly reducing cellulose crystallinity (Fig. 2C). These
reports also suggest that uronic acid-rich pectin may interact with the
β-1,4-glucan chains that reduce cellulose CrI for high biomass saccharifi-
cation inMiscanthus and beyond.

2.5. Wall proteins

Wall proteins areminor and essential components of plant cell walls
(Cassab, 1998; Roberts, 1989, 1990; Showalter, 1993). Despite of wall
proteins role in maintaining cell wall strength and flexibility (Choi et
al., 2006; Cosgrove, 2000; Jamet et al., 2006; Sampedro and Cosgrove,
2005), little is known about their effects on lignocellulose recalcitrance
and biomass enzymatic digestion. Of the numerous cell wall proteins,
expansins are responsible for loosening plant cell walls by targeting
wall polymers and reducing hydrogen bonding (Cosgrove, 2000; Li et
al., 2015a, 2015b; Nardi et al., 2015), suggesting that they should affect
cell wall destruction during biomass pretreatment. In addition,
extensins are important hydroxyproline-rich wall proteins (Cassab,
1998; Showalter, 1993) and likely form a cross-linked wall network
(Cannon et al., 2008; Fry, 1986; Lamport et al., 2011; Velasquez et al.,
2011). Themutation of extensins genes leads to reduced biomass yields,
whereas overproduction of extension could enhance biomass produc-
tion in Arabidopsis (Cannon et al., 2008; Choudhary et al., 2015;
Roberts and Shirsat, 2006; Saha et al., 2013). Furthermore, the overex-
pression of extensins genes in transgenic tobacco cells can either
decrease cellulose crystallinity and increase xyloglucan or raise hydra-
tion capacity and wall biomass (Tan et al., 2014). Hence, it remains to
examine whether expansins and extensins have significant effects on
biomass enzymatic digestibility in bioenergy crops.

3. Genetic modification of plant cell walls

Selection of genetic mutants and transgenic plants that targets cell
wall modification has been considered to enhance biomass enzymatic
digestibility. However, as plants have to generate a complex wall-net-
work enabling to complete life cycles rather than to meet biofuel pur-
pose, it remains a challenge to maintain plant normal growth and
mechanical strength with high biomass yields (Wang et al., 2014b; Xie
and Peng, 2011). To address this challenge, the identification of appro-
priate genes is a crucial initial step, and the genetic engineering
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approach used must include appropriate promoters and effective sys-
tems for gene transformation and genetic mutagenesis. To date, more
than one thousand genes are thought to involve in cell wall biosynthe-
sis, degradation and modification (Guo et al., 2014), but only a small
number of these genes have been characterized, as shown in Table 3.
Based on the functions of these genes, potential genetic approaches
are described in this section.

3.1. Wall polymer synthesis

Increasing the biomass yield of bioenergy crops by enhancing wall
polymer synthesis, in particular on cellulose, is a major goal of
bioenergy engineering. In higher plants, cellulose is synthesized by cel-
lulose synthase (CESA) complexes and deposited into the cell wall in a
directional manner (Brabham and DeBolt, 2013; Mueller et al., 1976;
Somerville, 2006). These CESA complexes are assembled in theGolgi ap-
paratus and then exported to the plasma membrane for cellulose bio-
synthesis in three major steps: β-1,4-glucan chain initiation,
elongation, and termination (Peng et al., 2002). Since the cellulose syn-
thase (CesA) gene was first identified (Arioli et al., 1998), the CesA su-
perfamily have been characterized in many plant species, including
Arabidopsis (Taylor et al., 2003; Persson et al., 2007b; Desprez et al.,
2007), rice (Tanaka et al., 2003; Wang et al., 2010), maize
(Appenzeller et al., 2004), cotton (Li et al., 2013a), barley (Burton et
al., 2004) and poplar (Joshi et al., 2004; Djerbi et al., 2005). For example,
OsCesA1, OsCesA3, and OsCesA8 form the CESA complex typical for pri-
mary cell wall biosynthesis, whereas OsCesA4, OsCesA7, and OsCesA9
are involved in secondary cell wall formation in rice (Wang et al.,
2010). To dissect the biological functions of CesAs, dozens of distinct
CesA mutants have been identified through multiple genetic ap-
proaches, but most mutants exhibit reduced cellulose levels and defec-
tive plant growth (Table 3). Due to this reduction in cellulose, several
mutants have exhibited low cellulose crystallinity and high biomass
Fig. 3. Potential cellulase (GH9) gene engineering on lignocellulose modification towards enha
accessions; (H) and (L) indicate relatively high and low cellulase activities (provided by Yang B
after hemicellulose and lignin of biomass are almost extracted;Msi56 shows relatively shortmac
Xu ZD); (C) Msi56 and Msa01 exhibit distinct hexoses yields after chemical (NaOH, H2SO4) pr
enzymatic digestibility, but one Osbc13 rice mutant with an amino
acid substitution inOsCesA9 exhibits normal plant growth and cadmium
tolerance (Song et al., 2013). Furthermore, our recent data indicate that
conserved-site mutation of OsCesA9 could not only increase plant lodg-
ing resistance and biomass yield but also enhance biomass enzymatic
digestibility in rice by reducing cellulose CrI and DP (unpublished),
thereby providing a potential genetic engineering approach for cellulose
modification. Surprisingly, the overexpression of CesA genes results in
defective plant growth and reduced biomass yield in transgenic poplar
and barley (Joshi et al., 2011; Tan et al., 2015), suggesting that an induc-
ible promoter or a particular CesA gene may be required for transgenic
plant selection.

Hemicellulose, another group of abundant cell wall polysaccharides,
is synthesized in the Golgi apparatus by a plethora of glycosyltransfer-
ases (GTs). There are seven GT gene families associatedwith hemicellu-
loses biosynthesis (Guo et al., 2014; Pauly et al., 2013; Scheller and
Ulvskov, 2010) and cellulose synthase-like (Csl) genes encoded by
Golgi-localized glycan synthases are also involved in hemicellulose syn-
thesis. Hemicellulose mainly consists of C5 sugars such as Xyl and Ara,
which cannot be fermented into bioethanol by classic yeast strains.
However, as xylan has a positive effect on biomass enzymatic digestibil-
ity by reducing cellulose CrI, particularly on Ara substitution degree in
non-KOH-extractable hemicelluloses (Li et al., 2013b, 2015b), increas-
ing hemicellulose represents another promising strategy for enhancing
both biomass yield and lignocellulose enzymatic saccharification in
bioenergy crops. Recently, several genetic mutants and transgenic
plants associated with hemicellulose biosynthesis have exhibited a re-
duced biomass yield and an increased biomass digestibility in rice,
wheat, maize and poplar (Biswal et al., 2015; Chiniquy et al., 2012;
Chen et al. and Peng, 2013; Derba-Maceluch et al., 2014; Shen et al.,
2012a; Yoshida et al., 2013). Among the identified mutants, the GT43
and GT47 enzymes catalyze xylan backbone elongation (Brown et al.,
2007, 2009; Chiniquy et al., 2013; Chen et al., 2013; Keppler and
nced biomass digestibility. (A) Observation of cellulase activities in situ of twoMiscanthus
); (B) images of macrofibrils faces in two accessions under atomic force microscope (AFM)
rofibrils, corresponding to its low cellulose CrI andDP, comparedwithMsa01 (provided by
etreatments and sequential enzymatic hydrolysis of biomass (Li et al., 2013b).

Image of Fig. 3


Fig. 4. Dedicated bioenergy crops. (A) Two distinct rice mutants (Osfc30, Oshc11) show enhanced lodging resistance, high biomass yields and effective enzymatic saccharification (down
rights: rougher biomass residue faces) by either enhancing hemicellulosic Ara (Osfc30; Li et al., 2015b) or adding silicon into plant growth culture and land field (Oshc11; Zhang et al.,
2015), compared with wild type (NPB); (B) wheat variety (TaLq107) has relatively low lignin level (down left: Wiesner's staining) and high biomass enzymatic digestibility (down
right: rougher residue face) under alkali pretreatment compared with other cultivars (Wu et al., 2013, 2014b); (C) selected maize variety (Zm18) shows high seed yield and biomass
enzymatic saccharification upon 4% NaOH pretreatment (Jia et al., 2014); (D) selected sweet sorghum variety (NS171) from large population of cultivars (down left: seeds of different
accessions) exhibits much high hexoses yield under 1% NaOH pretreatment and enzymatic hydrolysis, coupled with high soluble sugars in stem and high seed yield (Li et al., 2014a).
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Showalter, 2010; Lee et al., 2007, 2009, 2010; Persson et al., 2007a; Wu
et al., 2009, 2010; Zhong et al., 2005), whereas GT8 and GT61 are in-
volved in side-chain substitution (Anders et al., 2011; Bromley et al.,
2013; Chiniquy et al., 2012; Lee et al., 2012; Mortimer et al., 2010).
The expression of these four genes under appropriate promoters, in
particular on the GT8 and GT61 genes, should enhance both biomass
yield and lignocellulose enzymatic digestibility in transgenic plants
(Bromley et al., 2013; Biswal et al., 2015; Chiniquy et al., 2012;
Mortimer et al., 2010; Petersen et al., 2012).

Lignin biosynthesis involves in two major processes with various
types of enzymes that enable the catalysis of the synthesis of three
monomers (Boerjan et al., 2003). In the first process, more than ten en-
zymes are involved in monolignol biosynthesis: phenylalanine ammo-
nia lyase (PAL) (Sewalt et al., 1997; Song and Wang, 2011), cinnamate
4-hydroxylase (C4H) (Blee et al., 2001; Reddy et al., 2005; Sewalt et
al., 1997), 4-coumarate-CoA ligase (4CL) (Gui et al., 2011; Sun et al.,
2013; Xu et al., 2011), shikimate hydroxycinnamoyl transferase (HCT)
(Gallego-Giraldo et al., 2014; Vanholme et al., 2013a), coumarate 3-
hydroxylase (C3H) (Kim et al., 2014a; Pu et al., 2009; Reddy et al.,
2005), caffeoyl-CoA 3-O-methyltransferase (CCoAOMT) (Li et al.,
2013c; Pang et al., 2014), cinnamoyl-CoA reductase (CCR) (Van Acker
et al., 2014; Chabannes et al., 2001; Jackson et al., 2008; Smith et al.,

Image of Fig. 4


Table 4
Physical and chemical pretreatment approach for altering wall polymer feature and enhancing biomass enzymatic digestibility.

Wall polymer alteration Species Pretreatment Biomass digestion Reference

Cellulose level Maize straw NaOH 36%–98% Jia et al. (2014)
CrI Wheat & Rice straw NaOH, H2SO4 60%–93% Wu et al. (2013)

Kenaf core fiber Microwave, ionic liquid 60%–90% Ninomiya et al. (2014)
Rice straw (NH4)2CO3 72% Kim et al. (2014b)
Switchgrass stem Ionic liquid 80% Sathitsuksanoh et al. (2015)
Miscanthus strem NaOH, H2SO4 26%–86% Zhang et al. (2013)
Sugarcane bagasse Ionic liquid 98% Gao et al. (2013)
Sugarcane bagasse Dilute acid, ionic liquid 96% Jiang et al. (2013)
Poplar wood Ionic liquid 97% Wu et al. (2014a)
Bamboo chips Subcritical water 42% Mohan et al. (2015)
Bamboo chips Steam explosion, alkaline 46%–64% Sun et al. (2014)
Pinus chips Ionic liquid 90% Trinh et al. (2015)
Switchgrass Ionic liquid 96% Li et al. (2010a)
Rice straw Ultrasonic irradiation , ionic liquid 96% Yang and Fang (2014)
Mustard stalk Steam explosion, alkaline, dilute acid 81% Kapoor et al. (2015)

DP Sweet sorghum bagasse NaOH, H2SO4 40%–100% Li et al. (2014a)
Miscanthus stem NaOH, H2SO4 26%–86% Zhang et al. (2013)
Cotton stalk Steam explosion, NaOH 78% Huang et al. (2015b)

Hemicellulose level Miscanthus stem NaOH 99% Xu et al. (2012)
Xyl Sugarcane bagasse Liquid hot water, NaOH, HCl 72%–77% Yu et al. (2013)

Barley straw Alkali, enzymatic extrusion 75% Duque et al. (2014)
Ara Wheat bran Hydrothermal microwave 91% Aguedo et al. (2015)
Xyl/Ara Sweet sorghum bagasse NaOH, H2SO4 40%–100% Li et al. (2014a)

Wheat bran Hydrothermal microwave 91% Aguedo et al. (2015)
Miscanthus stem NaOH, H2SO4 96% Li et al. (2013b)
Wheat & Rice straw NaOH, H2SO4 60%–93% Wu et al. (2013)

Lignin level Maize straw NaOH, H2SO4 98% Jia et al. (2014)
Rice straw Microwave, alkali 70% Ma et al. (2009)
Rice straw Trichoderma viride 56% Ghorbani et al. (2015)
Miscanthus stem NaOH, H2SO4 100% Si et al. (2015)
Sweet sorghum bagasse NaOH, H2SO4 40%–100% Li et al. (2014a)
Spruce, Birch, Sugarcane bagasse Alkaline oxidation 80%–97% Kallioinen et al. (2013)
Poplar wood White rot fungus 85% Wang et al. (2013)
Eucalyptus chips Endophytic fungi 55% Martín-Sampedro et al. (2015)
Eucalyptus chips Steam 47% Martin-Sampedro et al. (2014)

G Switchgrass stem Ionic liquid 96% Li et al. (2010a)
Corncob Hot compressed water 81% Daorattanachai et al. (2013)
Miscanthus stem NaOH 93%–100% Li et al. (2014b)

S Miscanthus stem Empty palm fruit bunch, Typha straw Organosolv,Hydrotherma, 2-naphthol 36%–45% Timilsena et al. (2013)
H/G Wheat & Rice straw NaOH 60%–93% Wu et al. (2013)
S/G Miscanthus stem NaOH, H2SO4 99% Xu et al. (2012)

Maize straw NaOH 36%–98% Jia et al. (2014)
Poplar wood Hot water 91% Studer et al. (2011)
Mixed hardwood chips H2SO4 55% Lim et al. (2013)

Pectic level Oilseed rape straw Steam explosion 86% Wood et al. (2014)
Uronic acids Miscanthus stem NaOH, H2SO4 39%–63% Wang et al. (2015b)
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2013), cinnamyl alcohol dehydrogenase (CAD) (Bouvier d'Yvoire et al.,
2013; Jackson et al., 2008; Sibout et al., 2005), ferulate 5-hydroxylase
(F5H) (Stewart et al., 2009) and caffeic acid/5-hydroxyferulic acid
O-methyltransferase (COMT) (Baxter et al., 2014; Fu et al., 2011;
Guillaumie et al., 2008; Jung et al., 2012; Sattler et al., 2012). Subsequent
enzymatic steps that catalyze hydroxylation and methylation reactions
then produce lignin monomers (Shi et al., 2009). To date, many genetic
mutants and transgenic plants involved in lignin biosynthesis have been
identified in different plant species (Table 3). For example, sorghum
SbCOMTs, which include four site mutations of COMT, exhibit lower
levels of lignin and improved biomass digestibility (Sattler et al.,
2012), whereas RNAi silencing of the Pv4CL1 gene in transgenic switch-
grass plants reduces lignin content and increases H-monomer, leading
to enhanced biomass digestibility (Xu et al., 2011). Although the
down-regulation of these genes in genetic mutants and transgenic
plants could enhance biomass enzymatic digestibility in almost all sam-
ples examined, it also affects normal growth and stress tolerance with a
significantly reduced biomass yield in these plants (Table 3). It has thus
suggested that a reduction of lignin level is not an appropriate approach
to cell wall modification in bioenergy crops.

Pectin biosynthesis and modification are highly associated with
plant growth and stress response, due to its complicated structures in
plant cell walls (Caffall and Mohnen, 2009; Ridley and O'Neill, 2001;
Wolf et al., 2009). Despite that many genes are known to play a
role in pectin biosynthesis, it remains to explore their effects on
biomass digestibility (Xiao and Anderson, 2013). However, recent
progress has indicated that expression of a fungal polygalacturonase
or of a pectin methylesterase inhibitor could lead to a reduced
de-methylesterified homogalacturonan and increased enzymatic sac-
charification in transgenic Arabidopsis plants (Lionetti et al., 2010).
In addition, down regulation of pectin methylesterase (PME) could
drastically increase biomass production and improve saccharification
in transgenic Arabidopsis (Chen and Peng, 2013). By comparison,
the down regulation of PME3, QUA2 and GAUT12 enhances biomass
digestibility but also affects plant growth in Arabidopsis mutants
and poplar transgenic plants (Biswal et al., 2014; Francocci et al.,
2013). In terms of cell wall proteins, the overexpression of EXP
and EXT genes could enhance stress tolerance and biomass yield in
transgenic plants, whereas the down-regulation of these genes in
most cases leads to defective plant growth and a reduced biomass
yield in mutants (Cannon et al., 2008; Choudhary et al., 2015; Goh et
al., 2012; Lin et al., 2011; Saha et al., 2013). But, it remains to test
whether altering wall protein expression affects biomass digestibility
in transgenic plants.



Fig. 5.Amodel on cellwallmodification for enhancing biomass yield andbiofuel production. Based on the cellwall structure (top), increasing of amorphous regions (density and depth, left
on the top) of native cellulose microfibrils, presumed as AFM observed groove-like regions of the extracted cellulose macrofibrils (right on the top), could largely enhance both biomass
saccharification and plant lodging resistance by reducing cellulose CrI (and DP). (1) Xylan's Ara, xyloglucan's Xyl, galacturonic acids and specific wall protein structures may negatively
affect cellulose CrI probably by their direct interactions with internal molecules of amorphous regions, whereas lignin and G-monomer may either have direct effects or play an
indirect role by its association with hemicelluloses (Li et al., 2013b, 2014b, 2015a, 2015b, 2015c; Wang et al., 2015b); (2) The groove-like amorphous regions are rich in branched-Ara
of xylan (secondary cell walls) or branched-Xyl of xyloglucan and uronic acids of pectin (primary cell walls), while crystalline regions may be tightly interlinked with lignin and the
backbone of xylan with less branched-Ara (Wang et al., 2014b); (3) According to the lignocellulose structure observation (right on the top) by AFM (bar as 200 nm) in the Miscanthus
stem, in which hemicelluloses and lignin are almost extracted, a related groove-like cell wall structure (left on the top) is modified subjective to the main findings reported by Li et al.,
2015b; Wang et al., 2014b and Wang et al., 2015a. .+/−: indicate positive/negative impacts on biomass yield and lignocellulose enzymatic digestibility, respectively.
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3.2. Wall polymer degradation

There are different types of enzymes associated with wall polymer
degradations that involve in cell wall remodelling and wall-network
construction in plant cells. Endo-β-1,4-glucanases (EGases, EC3.2.1.4)
cleave the internal β-1,4-glycosidic bonds between two glucose moie-
ties at the center of a polysaccharide chain. Plant EGase enzymes belong
to the glycoside hydrolase family 9 (GH9) that consists of three sub-
classes (A, B, C), each with specificity for different substrates
(Urbanowicz et al., 2007; Xie et al., 2013). KORRIGAN protein, a GH9A
family member, can play a role in cellulose biosynthesis by either cleav-
ing a sterol-cellodextrin substrate (Peng et al., 2002) or removing glu-
can chains incorrectly assembled in the growing microfibrils (Lane et
al., 2001). By comparison, KORRIGAN (kor)mutants exhibit reduced cel-
lulose levels and defective plant growth, whereas overexpression of
PtCel9A1 (GH9A) leads to reduced cellulose CrI and increased biomass
yield (Glass et al., 2015). In the GH9B and GH9C families, the enzymes
have cello-oligosaccharide release and xyloglucan cleavage properties
in plants. In rice mutants, the expression levels of OsGH9B family
genes are significantly correlated with cellulase activity and cellulose
CrI, suggesting that the GH9B family should play a role in cellulose deg-
radation (Fig. 3). Recent reports have indicated that the overexpression
of PtGH9B5/C2 genes leads to defective plant growth and biomass yield,
but RNAi silencing of the AtGH9C2 gene could reduce cellulose CrI and
enhance biomass yield (Glass et al., 2015).

In addition to the GH9 enzymes having activities on xyloglucan di-
gestion, GH10 and GH11 enzymes are also involved in hemicelluloses
(such as xylan) degradation. Overexpression of the xynB (GH11) gene
results in enhanced biomass digestibility in transgenic maize (Shen et
al., 2012a), whereas RNAi silencing of the xyn10A (GH10) gene increases
biomass yield in poplar (Derba-Maceluch et al., 2014). With respect to
pectin degradation, overexpression of the PL and PG genes enhances
biomass enzymatic digestibility but also leads to reduced biomass
yield in transgenic Arabidopsis and poplar (Lionetti et al., 2010;
Tomassetti et al., 2015). Therefore, a feasible approach is required to en-
hance both biomass yield and lignocellulose digestibility via the genetic
manipulation of the GH9, GH10, GH11 genes involved in cellulose and
hemicelluloses modification but not in pectin degradation.

Image of Fig. 5
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3.3. Wall network construction

Wall network construction involves the coordinated deposition and
interlinking of wall polymers, which is dependent on the dynamic reg-
ulation of wall polymer synthesis and degradation. Although dozens of
transcription factors (e.g., NAC, MYB, SND, VND, C3H, and SWN) have
been shown to regulate wall polymer biosynthesis (Zhong and Ye,
2007), the overexpression or silencing of most genes leads to defective
plant growth and reduced biomass yield in transgenic plants or genetic
mutants (Chai et al., 2014a, 2014b, 2015; Kubo et al., 2005;McCarthy et
al., 2009; Ralph et al., 2006; Yoshida et al., 2013). Expression of the IRX
gene via the AtVND7 promoter in Atirx mutants defective in hemicellu-
loses biosynthesis could enhance both biomass yield and lignocellulose
enzymatic digestibility (Petersen et al., 2012). In addition, expression of
OsSWN1 via the OsACT promoter enhances biomass saccharification in
transgenic rice (Yoshida et al., 2013). More recently, our results have
suggested that site-specific mutation of MYB transcription factors
could maintain normal plant growthwith enhanced biomass digestibil-
ity by altering cell wall composition in rice mutants (unpublished). In
conclusion, using appropriate promoter(s) or site-specific mutation
should be considered in the genetic manipulation of transcription fac-
tors for cell wall modification.

Three monomers (H, G, S) are linked by ether-, ester- and C\\C
bonds that are irregularly repeated in lignin structure, which deter-
mines the pattern of lignin interlinkage with wall polysaccharides in
cell wall network. Ralph et al. (2006) have shown that reducing the β-
aryl ether level in the lignin structure affects plant growth and biomass
yield in alfalfa mutants upon site-specific mutation of the C3H gene.
However, Wilkerson et al. (2014) have reported that replacing β-ether
bonds with ferulate conjugates and ester bonds could maintain normal
plant growth and enhance biomass saccharification in the transgenic
poplar lines by overexpressing the AsFMT gene (Table 3). In addition,
Li et al. (2014c) have noted that the minor non-KOH-extractable lig-
nin-polysaccharides-interlinking complex is a target for a simple genet-
ic modification of plant cell walls.

In addition to cell wall homologous manipulation, attempts to
overexpress heterologous cell wall degradation enzymes have been
made with success in transgenic plants. For example, cellulases or
xylanases native to micro-organisms have been thermo-stably
expressed in various cellular compartments without adverse effects
on plant growth, but enhance the hydrolysis activities of transgenic
plants (Shen et al., 2012a). In addition, introducing soluble polysac-
charides into plant cell walls could improve biomass solubility
with little impact on plant growth. For instances, introducing
hyaluronan synthase from chlorella viruses into tobacco has led
to enhanced cellulose hydrolysis upon heat and acid pretreatment
in transgenic plants (Abramson et al., 2010). More recently,
Vega-Sánchez et al. (2015) have shown that introducing β-1,3-1,4-
glucans into Arabidopsis by expressing the rice MLG synthase gene
driven by a senescence-associated promoter could increase glucose
levels up to 4-fold and biomass saccharification by 42% in transgenic
plants.
4. Evaluation of bioenergy crop breeding

Lignocellulosic biomass can be collected from herbaceous grasses,
food crop residues and fast-growing trees. In terms of the bioenergy
crop breeding, in particular for the development of lignocellulosic
biofuels, the main challenges include maximization of biomass yield;
improvement of biomass quality and maintenance of sustainability
while minimizing agricultural inputs; as well as prevention of competi-
tionwith food production (Chen and Peng, 2013). In this section, genet-
ic breeding approaches are considered through the selection of natural
germplasm accessions, genetic mutants and transgenic plants in major
bioenergy crops.
4.1. Herbaceous grasses

Among herbaceous grass plants, Miscanthus has been considered
one of the leading lignocellulose feedstock candidates for biofuel pro-
duction (Brosse et al., 2012). As a C4 perennial plant, Miscanthus is of
high biomass yield and well adaptation to various environment condi-
tions with minor requirements of water and fertilizers (Lewandowski
et al., 2003). It also exhibits a high combustion quality due to lowmois-
ture and ash content in dry biomass matter (Hodgson et al., 2010).
Miscanthus is mainly originated from East Asia and nearby Pacific
islands with more than 17 species identified worldwide (Jakob et al.,
2009). As thousands of natural germplasm accessions from four major
Miscanthus species exhibit diverse cell wall compositions and features,
as well as varied biomass enzymatic digestibility and bioethanol
productivity (Huang et al., 2012; Li et al., 2013b; Zhang et al., 2013)
(Fig. 2), several Miscanthus accessions have been selected as the desire
bioenergy plants under development in large-scale breeding (Fig. 3).
In addition, genetic modification of plant cell walls could lead to an en-
hancement on biomass yield and enzymatic saccharification in the
transgenic Miscanthus accessions by expressing the key genes that cor-
respond to alterations of themajor wall polymer features such as ligno-
cellulose crystallinity (CrI), cellulose DP and hemicellulosic Xyl/Ara.

Switchgrass is a widely adapted endemic species of North American
native ecosystem with two ecotypes (Parrish and Fike, 2005). Despite
that it has relatively less biomass yield than Miscanthus, switchgrass
has been ranked on the top list among the 18 perennial grass species
due to its considerable within-species variability for the potential in-
crease of biomass yield through further breeding (Lewandowski et al.,
2003). Recent reports indicate that four switchgrass genotypes have sig-
nificant difference in lignin content, especially the ratio of three mono-
mers and considerable amounts of p-coumaric acid and ferulic acid (Yan
et al., 2010), suggesting the potential genetic modification of lignin
structures in transgenic plants that favors the use of alkaline-based pre-
treatment for subsequently efficient enzymatic hydrolysis (Alizadeh et
al., 2005; Galbe and Zacchi, 2007; Sun and Cheng, 2002). In addition,
as the full genome sequence of switchgrass is accomplished, molecular
breeding becomes available to improve biomass yield and quality.

4.2. Food crops

Rice, wheat andmaize are major annual food crops that can provide
approximately 75% of total agricultural lignocellulose residues over the
world. Although significant amounts of crop residues need to remain in
the field for soil conservation and sustainable grain production, approx-
imately 20%–50% of total lignocellulose could be applied to biofuel pro-
duction (Antizar-Ladislao and Turrion-Gomez, 2008; Liu et al., 2010).
Thereby, the breeding of bioenergy food crops becomes important to
enhance both biomass yield and enzymatic digestibility by selecting ge-
neticmutants and transgenic plants (Fig. 4). For instance, among the se-
lected dozens of rice cell wall mutants, two distinct mutants exhibit
enhanced plant lodging resistance, high biomass yield and effective lig-
nocellulose enzymatic saccharification (Fig. 4A), indicating potential ge-
netic modification of hemicelluloses composition and structure by
increasingAra level in transgenic plants (Li et al., 2015b). It also suggests
an approach for enhancingplantmechanic strength and biomass digest-
ibility in the mutants by applying silicon fertilizer to field (Zhang et al.,
2015). Furthermore, Wu et al. (2013, 2014) and Jia et al. (2014) have
respectively identified several varieties with high biomass enzymatic
saccharification from large populations of wheat and maize cultivars
(Fig. 4B, C). Those selected varieties could be used either as genetic par-
ents of breeding or in transgenic plant selection.

Among the annual food crops, sweet sorghum has emerged as an
exceptional bioenergy crop because it contains both large amounts of
fermentable soluble sugars at stalk and degradable lignocellulose at ba-
gasse (Zegada-Lizarazu and Monti, 2012; Zegada-Lizarazu et al., 2012).
It grows fast and has the high tolerance to drought, submergence and
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salt stresses. In addition to its high grain yield of seeds, sweet sorghum
can potentially produce 20million tons of bioethanol per year in the al-
kaline soils in the north of China (Shi, 2008). Based on integrative anal-
ysis of 63 representative sweet sorghum accessions, Li et al. (2014a)
find that both soluble sugar content and dry bagasse level are not signif-
icantly correlated with lignocellulose enzymatic saccharification, indi-
cating that germplasm collection and genetic breeding should be used
to screen out the desirable sweet sorghum accessions as bioenergy
crop (Fig. 4D). It also suggests potential genetic approach for enhancing
both soluble sugar level and lignocellulose digestibility with reduced
yeast fermentation inhibitors in transgenic sweet sorghum plants.

4.3. Woody trees

Woody plants are rich in lignocellulose for high biofuel production.
In particular, short-rotation woody trees are considered as ideal energy
plants due to their fast growth, low land occupation, high disease resis-
tance and low management cost (Sims et al., 2001). Among the
bioenergy woody trees, poplar is one of leading candidates for selecting
plants with interesting traits via molecular breeding (Karp and Shield,
2008) subjective to its rather mature transgenic technique. In addition,
willow, pine and eucalyptus are also considerable lignocellulose
sources, but the appropriate genetic engineering approaches to enhance
biomass enzymatic saccharification and biofuel conversion rates remain
under development (Chen and Peng, 2013).

5. Biotechnology of biofuel process

Biomass processing principally involves three major steps: biomass
pretreatment, enzymatic digestion and yeast fermentation (Rubin,
2008). To reduce biomass processing cost and to raise bioethanol con-
version efficiency, optimal technologies comprising three steps are
discussed in this section, based on their distinct actions in wall polymer
extraction and wall polymer feature alteration in major bioenergy
crops.

5.1. Biomass pretreatment

As an initial step in enhancing biomass saccharification, a variety of
pretreatments have been applied including physical, chemical and bio-
logical approaches (Trinh et al., 2015). Different pretreatments appear
to play distinct roles by selectively removing wall polymers or increas-
ing the porosity and accessibility of biomass particles (Wu et al.,
2014b). Over the past several years, pretreatments applicable for en-
hancing biomass enzymatic digestibility have been performed in differ-
ent plant species, resulting in distinct alterations of wall polymer levels
and features, as shown in Table 4. Chemicals such as acids (H2SO4,
H3PO4), alkalis (NaOH, CaO, NH3·H2O) and salts or ionic liquids are
often used as effective pretreatments. In principal, alkali pretreatment
extracts wall polymers by disassociating hydrogen and other covalent
bonds with cellulosemicrofibrils (Hendriks and Zeeman, 2009), where-
as acid pretreatment often digests wall polymers by splitting strong
chemical bonds under high temperatures (Li et al., 2010a; Xu et al.,
2012; Zheng et al., 2009). In addition, strong salts or ionic liquid pre-
treatmentsmainly dissolve and separate cellulose from other wall poly-
mers (da Costa Lopes et al., 2013). As a result, alkali pretreatment at
relatively low temperatures could lead to much higher biomass enzy-
matic digestibility, compared to acid pretreatment performed in the
biomass samples (Jia et al., 2014; Wang et al., 2015b; Wu et al., 2013;
Xu et al., 2012). Furthermore, Li et al. (2014b) report that mild alkali
pretreatment effectively extracts G-rich lignin for high biomass digest-
ibility inMiscanthus. By comparison, ionic liquid pretreatment could en-
hance lignocellulose enzymatic saccharification in biomass samples
with low cellulose CrI (da Costa Lopes et al., 2013; Trinh et al., 2015)
and low lignin levels (Li et al., 2010a). More recently, Si et al. (2015)
have shown that two-step pretreatments with 2% NaOH and 1% H2SO4
are optimal for enhancing biomass digestibility in hemicelluloses-rich
samples via the effective co-extraction of hemicelluloses and lignin.

Steam explosion, heat water and hydrothermal microwave have
been applied as physical pretreatments in different biomass materials
(Aguedo et al., 2015; Kapoor et al., 2015; Yu et al., 2013). For instance,
Wood et al. (2014) and Huang et al. (2015b) find that stem explosions
are powerful for enhancing biomass digestibility in cotton stalks or
rapeseeds residues by reducing cellulose DP and extracting wall poly-
mers. In addition, Li et al. (2013c) report that hot water is effective for
high bioethanol production in Miscanthus accessions rich in cellulose
level, whereas Aguedo et al. (2015) find that hydrothermal microwave
pretreatment could increase biomass hydrolysis by 91% in the wheat
bran samples with relatively high arabinoxylans. Regardless of being
time-consuming, biological pretreatment is another approach for spe-
cific wall polymer extraction (Martín-Sampedro et al., 2015; Ishola et
al., 2014). For instance, white rot fungi can be used for specific lignin di-
gestion and white termite can effectively disassemble lignocellulose
structures, leading to an enhanced biomass enzymatic saccharification
in woody plants (Ghorbani et al., 2015; Wang et al., 2013).

5.2. Lignocellulose enzymatic hydrolysis

Enzymatic hydrolysis is a typical biochemical conversion of lignocel-
lulose into monomer sugars for use in subsequent yeast fermentation
into bioethanol (Balat, 2011; Singh et al., 2015). The cocktail-like multi-
ple enzymes are typically applied for the biochemical degradation of
pretreated biomass residues, mainly via cellobiohydrolases-I (CBHI),
endo-1,4-β-glucanases (EGII), β-glucosidases (BG) and xylanases (Li
et al., 2010b; Vanholme et al., 2013b). In particular, three types of en-
zymes (CBHI, EGII, BG) are jointly required for cellulose degradation
into glucose, and xylanases are involved in xylan digestion into pentose
sugars (Kumar andWyman, 2009; Nakamura et al., 2011). Progress has
been made in improving mixed-cellulase activities for biomass enzy-
matic hydrolysis, including genetic engineering of microorganism
strains to increase enzyme secretion and productivity, multiple bio-
chemical approaches for efficient enzyme purification and stable stor-
age, and supplying enzyme cofactors and diminishing inhibitors for
high enzyme activity (Yang and Fang, 2014). However, the efficiency
of biomass enzymatic hydrolysis requires an optimal ratio or proportion
of enzymes, as well as their synergistic cooperation, which is highly de-
pendent on the properties of biomass substrates, including the porosity
and accessibility of biomass particles; the surface structure of cellulose
microfibrils; and cell wall network features (Hendriks and Zeeman,
2009; Zhang et al., 2009). As previously described, appropriate pretreat-
ments could improve biomass substrate properties, but the genetic
modification of cell walls may lead to more mild and cost-effective pre-
treatments for high enzymatic hydrolysis (Xie and Peng, 2011). It is
generally accepted that cellulase enzymes are accessible to amorphous
(non-crystalline) regions of cellulose microfibrils for the initial diges-
tion ofβ-1,4-glucans chains (Song et al., 2015). Thus, appropriate genet-
ic modifications of the surface structure of cellulose microfibrils by
increasing the density and depth of the amorphous regionmight be op-
timal for both biomass pretreatment and enzymatic hydrolysis in biofu-
el generation (Wu et al., 2014a).

5.3. Bioethanol fermentation

Yeast fermentation is the final step in bioethanol production by
using soluble sugars released by the enzymatic hydrolysis of biomass.
Saccharomyces cerevisiae is one of the most effective ethanol-producing
organisms (Li et al., 2010b), but it can only use hexose as a carbon
source. Over the past several years, genetic engineering of yeast strains
has not only enhanced hexose fermentation capacity but also converted
xylose into bioethanol by introducing pentose fermentation genes
(XYL1, XYL2, and XKS1) into transgenic yeast strains (Gonçalves et al.,
2014). However, the yeast fermentation process is strongly affected by
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a wide range of inhibitory compounds that are released during various
physical and chemical pretreatments (Yu et al., 2014). As yeast fermen-
tation inhibitors contain many compounds, such as weak acids, furan
derivatives and phenolics, it is technically difficult to prevent the release
of inhibitors during biomass processing (Li et al., 2014b). The selection
of mild pretreatments seems to be a simple and feasible approach to re-
ducing yeast fermentation inhibitor release or to removing the com-
pounds prior to yeast fermentation. For example, Li et al. (2014b)
have shown that mild alkali pretreatment effectively extracted G-rich
lignin coupled with diminishing yeast fermentation inhibitors in
Miscanthus. Therefore, the genetic modification of plant cell walls is
suitable formild biomass pretreatment and is also beneficial for efficient
bioethanol production due to the reduction of yeast fermentation
inhibitors.
6. A model for cell wall modification and biofuel application

Based on the impacts of majorwall polymer features on biomass en-
zymatic digestibility in different plant species described above, a
groove-like cell wall structure model (Fig. 5) is posed to enhance both
biomass yield and biofuel production in bioenergy crops through a crit-
ical cell wall modification. The groove-like structure has been observed
by atomic force microscopy (AFM) on the extracted cellulose
macrofibrils in vitro after hemicelluloses and lignin are most removed
from physical and chemical pretreatments of biomass (Fig. 3B; Wang
et al., 2014b). Therefore, the structure model could somehow reflect
the density and depth of amorphous regions of native cellulose microfi-
brils. Since the amorphous regions of native cellulose microfibrils are
regarded as the initial places for cellulase enzyme digestion (Wang et
al., 2014b), this model could interpret the major wall polymer feature
impacts on lignocellulose enzymatic digestibility under various physical
and chemical pretreatments. (1) The density and depth of amorphous
regions of native cellulose microfibrils could be negatively accounting
for the cellulose crystallinity (CrI), which is the key factor that negative-
ly affects biomass enzymatic saccharification under various physical
and chemical pretreatments in almost all plant species examined
(Harris et al., 2012; Xu et al., 2012; Zhang et al., 2013; Li et al., 2014a;
Pei et al., 2016). (2) Hemicellulosic Ara level or the Ara substitution de-
gree (i.e., reverse Xyl/Ara) of xylan plays amajor positive impact on bio-
mass enzymatic hydrolysis in most plant species (Li et al., 2013b;
Aguedo et al., 2015) examined by negatively affecting cellulose CrI,
probably through the interlinking of branched Ara with inside β-1,4-
glucans of the amorphous regions (groove-like regions) of native cellu-
lose microfibrils via hydrogen bonds and other bonds. (3) Pectin and
uronic acids also positively affect biomass enzymatic hydrolysis by re-
ducing cellulose CrI in Miscanthus (Wang et al., 2015b), and the
branched sugars of pectin have been proposed to interlink with inside
cellulose microfibrils (Wang et al., 2015a), probably with β-1,4-glucans
in the amorphous regions. (4) G-rich lignin exhibit dual effects on bio-
mass digestibility (Li et al., 2013b, 2015b), probably due to the diverse
associations of G-monomer with hemicelluloses that indirectly affect
Ara interaction with native amorphous regions (negative impact) or
that lead to an effective extraction in vitro of lignin-hemicelluloses com-
plex for more cellulase access and loading after physical and chemical
pretreatment (positive impact). (5) Cellulose CrI is also a negative factor
on biomass yield and plant lodging resistance in rice mutants (Li et al.,
2015b), suggesting that the increased amorphous regions (low CrI)
may lead to a tight association between cellulosemicrofibrils and hemi-
celluloses/lignin to maintain cell wall integrity and plant mechanical
strength. In addition, this model refers that specific structure of wall
proteins, like hemicellulose's Ara and pectin's uronic acids, may also
play a positive role in biomass yield and lignocellulose enzymatic hy-
drolysis under physical and chemical pretreatments (Cannon et al.,
2008; Li et al., 2015a; Nardi et al., 2015; Roberts and Shirsat, 2006;
Saha et al., 2013).
Genetic modification of plant cell walls must meet the needs of re-
ducing biomass recalcitrance and maintaining normal plant growth.
The proposed model highlights the major genes known to enhance
both biomass yield and enzymatic digestibility. With respect to the cel-
lulose crystallinity, a key negative factor, reducing cellulose CrI (andDP)
is a critical cell wall modification probably by coexpression and muta-
tion ofmajor genes (GH9, CesA, GH10, GT43, GT61 and PME) in transgen-
ic plants. GH9 enzymes and modified CESA enzymes should have
activities on producing amorphous regions on the surface of cellulose
microfibrils, whereas GH10, GT43, GT61, PME enzymes may catalyze
Ara and uronic acids production to have more associations with the
amorphous regions that maintain cell wall integrity and strength for
normal plant growth and high biomass yield (Wang et al., 2014b; Li et
al., 2015b). In addition, the enhanced G-monomer and lignin contents
may aid to enhance cell wall integrity and strength in genetic mutants
and transgenic plants.

As the amorphous regions of native cellulose microfibrils are acces-
sible to initial cellulase hydrolysis of β-1,4-glucans, it should fundamen-
tally determine biomass enzymatic saccharification. In the proposed
model (Fig. 5), increase in the amorphous density and depth on the sur-
faces of cellulose microfibrils in transgenic plants, should lead to effec-
tive biomass pretreatment and subsequently efficient enzymatic
hydrolysis due tomore spaces or choices available for cellulases loading
and access. In addition, the increase in amorphous regions of cellulose
microfibrils may result in relatively tight associationswith noncellulosic
polymers in plant cell walls, thereby positively affecting plant strength,
mechanical flexibility and lodging resistance in mutants and transgenic
plants. Itmay also explainwhy cellulose CrI has a significant negative ef-
fect on plant lodging resistance in rice mutants.

In conclusion, cell wall modifications that increase the amorphous
density and depth of cellulose microfibrils could represent a powerful
solution to both biomass recalcitrance and plant strength (or lodging re-
sistance) through the coexpression and/or silencing of different types of
genes involved in forming andmodifying amorphous regions in genetic
mutants and transgenic plants. Meanwhile, an appropriate mild pre-
treatment could be applied for cost-effective biofuel production subjec-
tive to cell wall modification in amorphous regions of cellulose
microfibrils in bioenergy crops.

Acknowledgments

This work was supported in part by grants from the Fundamental
Research Funds for the Central Universities of China (2662015PY018),
the 111 Project (B08032), and Huazhong Agricultural University
Scientific & Technological Self-innovation Foundation (2011SC01). We
would like to thank all colleagues in Biomass and Bioenergy Research
Center for reading and discussion of the manuscript.

References

Abramson, M., Shoseyov, O., Shani, Z., 2010. Plant cell wall reconstruction toward im-
proved lignocellulosic production and processability. Plant Sci. 178, 61–72.

Aguedo, M., Ruizb, H.A., Richel, A., 2015. Non-alkaline solubilization of arabinoxylans from
destarched wheat bran using hydrothermal microwave processing and comparison
with the hydrolysis by an endoxylanase. Chem. Eng. Process. 96, 72–82.

Alizadeh, H., Teymouri, F., Gilbert, T.I., Dale, B.E., 2005. Pretreatment of switchgrass by am-
monia fiber explosion (AFEX). Appl. Biochem. Biotechnol. 124, 1133–1141.

Anders, N., Wilkinson, M.D., Lovegrove, A., Freeman, J., Tryfona, T., Pellny, T.K., et al., 2011.
Glycosyl transferases in family 61 mediate arabinofuranosyl transfer onto xylan in
grasses. Proc. Natl. Acad. Sci. U. S. A. 109 (3), 989–993.

Antizar-Ladislao, B., Turrion-Gomez, J.L., 2008. Second-generation biofuels and local
bioenergy systems. Biofuels Bioprod. Biorefin. 2, 455–469.

Appenzeller, L., Doblin, M., Barreiro, R.,Wang, H.Y., Niu, X.M., Kollipara, K., et al., 2004. Cel-
lulose synthesis in maize: isolation and expression analysis of the cellulose synthase
(CesA) gene family. Cellulose 11, 287–299.

Arioli, T., Peng, L., Betzner, A.S., Burn, J., Wittke, W., Herth, W., et al., 1998. Molecular anal-
ysis of cellulose biosynthesis in Arabidopsis. Science 279, 717–720.

Atkinson, R., Schroder, R., Hallett, I., Cohen, D., MacRae, E., 2002. Overexpression of
polygalacturonase in transgenic apple trees leads to a range of novel phenotypes in-
volving changes in cell adhesion. Plant Physiol. 129, 122–133.

http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0005
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0005
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0010
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0010
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0010
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0015
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0015
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0020
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0020
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0025
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0025
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0030
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0030
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0030
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0035
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0035
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0040
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0040
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0040


1013Y. Wang et al. / Biotechnology Advances 34 (2016) 997–1017
Atmodjo, M.A., Hao, Z., Mohnen, D.A., 2013. Evolving views of pectin biosynthesis. Annu.
Rev. Plant Biol. 64, 747–779.

Balat, M., 2011. Production of bioethanol from lignocellulosic materials via the biochem-
ical pathway: a review. Energy Convers. Manag. 52, 858–875.

Bansal, P., Hall, M., Realff, M.J., Lee, J.H., Bommarius, A.S., 2010. Multivariate statistical
analysis of X-ray data from cellulose: a new method to determine degree of crystal-
linity and predict hydrolysis rates. Bioresour. Technol. 101, 4461–4471.

Baxter, H.L., Mazarei, M., Labbe, N., Kline, L.M., et al., 2014. Two-year field analysis of re-
duced recalcitrance transgenic switchgrass. Plant Biotechnol. J. 12, 914–924.

Ben-Tov, D., Abraham, Y., Stav, S., Thompson, K., Loraine, A., Elbaum, R., et al., 2015.
COBRA-LIKE2, a member of the glycosylphosphatidylinositol-anchored COBRA-LIKE
family, plays a role in cellulose deposition in Arabidopsis seed coat mucilage secretory
cells. Plant Physiol. 167, 711–724.

Berthet, S., Demont-Caulet, N., Pollet, B., Bidzinski, P., Cézard, L., Le Bris, P., et al., 2011. Dis-
ruption of LACCASE4 and 17 results in tissue-specific alterations to lignification of
Arabidopsis thaliana stems. Plant Cell 23, 1124–1137.

Biswal, A.K., Soeno, K., Gandla, M.L., Immerzeel, P., Pattathil, S., Lucenius, J., et al., 2014.
Aspen pectate lyase PtxtPL1-27mobilizesmatrix polysaccharides fromwoody tissues
and improves saccharification yield. Biotechnol. Biofuels 7, 11.

Biswal, A.K., Hao, Z.Y., Pattathil, S., Yang, X.H., Winkeler, K., Collins, C., et al., 2015. Down-
regulation of GAUT12 in Populus deltoides by RNA silencing results in reduced recal-
citrance, increased growth and reduced xylan and pectin in a woody biofuel
feedstock. Biotechnol. Biofuels 8, 41.

Blee, K., Choi, J.W., O'Connella, A.P., Jupe, S.C., Schuch, W., Lewis, N.G., et al., 2001. Anti-
sense and sense expression of cDNA coding for CYP73A15, a class II cinnamate 4-hy-
droxylase, leads to a delayed and reduced production of lignin in tobacco.
Phytochemistry 57, 1159–1166.

Boerjan, W., Ralph, J., Baucher, M., 2003. Lignin biosynthesis. Annu. Rev. Plant Biol. 54,
519–546.

Bonawitz, N.D., Kim, J.I., Tobimatsu, Y., Ciesielski, P.N., Anderson, N.A., Ximenes, E., et al.,
2014. Disruption of mediator rescues the stunted growth of a lignin-deficient
Arabidopsis mutant. Nature 509, 376–380.

Bouvier d'Yvoire, M., Bouchabke-Coussa, O., Voorend, W., Antelme, S., Cézard, L., Legée, F.,
et al., 2013. Disrupting the cinnamyl alcohol dehydrogenase 1 gene (BdCAD1) leads
to altered lignification and improved saccharification in Brachypodium distachyon.
Plant J. 73, 496–508.

Brabham, C., DeBolt, S., 2013. Chemical genetics to examine cellulose biosynthesis. Front.
Plant Sci. 3.

Bromley, J.R., Wicher, M.B., Tryfona, T., Mortimer, J.C., Zhang, Z.N., Brown, M.D., et al.,
2013. GUX1 and GUX2 glucuronyltransferases decorate distinct domains of
glucuronoxylan with different substitution patterns. Plant J. 74, 423–434.

Brosse, N., Dufour, A., Meng, X., Sun, Q., Ragauskas, A., 2012. Miscanthus: A fast-growing
crop for biofuels and chemicals production. Biofuels Bioprod. Biorefin. 6, 580–598.

Brown, S.P., Emsley, L., 2004. The 2DMAS NMR spin-echo experiment: the determination
of 13C–13C J couplings in a solid-state cellulose sample. J. Magn. Reson. 171, 43–47.

Brown, D.M., Goubet, F., Wong, V.W., Goodacre, R., Stephens, E., Dupree, P., et al., 2007.
Comparison of five xylan synthesis mutants reveals new insight into the mechanisms
of xylan synthesis. Plant J. 52, 1154–1168.

Brown, D.M., Zhang, Z.N., Stephens, E., Dupree, P., Turner, S.R., 2009. Characterization of
IRX10 and IRX10-like reveals an essential role in glucuronoxylan biosynthesis in
Arabidopsis. Plant J. 57, 732–746.

Brown, D.M., Wightman, R., Zhang, Z.N., Gomez, L.D., Atanassov, I., Bukowski, J.P., et al.,
2011. Arabidopsis genes IRREGULAR XYLEM (IRX15) and IRX15L encode DUF579-con-
taining proteins that are essential for normal xylan deposition in the secondary cell
wall. Plant J. 66, 401–413.

Burton, R.A., Shirley, N.J., King, B.J., Harvey, A.J., Fincher, G.B., 2004. The CesA gene family of
barley. Quantitative analysis of transcripts reveals two groups of co-expressed genes.
Plant Physiol. 134, 224–236.

Burton, R.A., Ma, G., Baumann, U., Harvey, A.J., Shirley, N.J., Taylor, J., et al., 2010. A custom-
ized gene expression microarray reveals that the brittle stem phenotype fs2 of barley
is attributable to a retroelement in the HvCesA4 cellulose synthase gene. Plant Phys-
iol. 153, 1716–1728.

Caffall, K.H., Mohnen, D., 2009. The structure, function, and biosynthesis of plant cell wall
pectic polysaccharides. Carbohydr. Res. 344, 1879–1900.

Cannon, M.C., Terneus, K., Hall, Q., Tan, L., Wang, Y., Wegenhart, B.L., et al., 2008. Self-as-
sembly of the plant cell wall requires an extensin scaffold. Proc. Natl. Acad. Sci. U. S. A.
105, 2226–2231.

Capodicasa, C., Vairo, D., Zabotina, O., McCartney, L., Caprari, C., Mattei, B., et al., 2004.
Targeted modification of homogalacturonan by transgenic expression of a fungal
polygalacturonase alters plant growth. Plant Physiol. 135, 1294–1304.

Carroll, A., Somerville, C., 2009. Cellulosic biofuels. Annu. Rev. Plant Biol. 60, 165–182.
Casler, M.D., Buxton, D.R., Vogel, K.P., 2002. Genetic modification of lignin concentration

affects fitness of perennial herbaceous plants. Theor. Appl. Genet. 104, 127–131.
Cassab, G.I., 1998. Plant cell wall proteins. Annu. Rev. Plant Biol. 49, 281–309.
Cavalier, D.M., Lerouxel, O., Neumetzler, L., Yamauchi, K., Reinecke, A., Freshour, G., et al.,

2008. Disrupting two Arabidopsis thaliana xylosyltransferase genes results in plants
deficient in xyloglucan, a major primary cell wall component. Plant Cell 20,
1519–1537.

Chabannes, M., Barakate, A., Lapierre, C., Marita, J.M., Ralph, J., Pean, M., 2001.
Strong decrease in lignin content without significant alteration of plant
development is induced by simultaneous down-regulation of cinnamoyl CoA reduc-
tase (CCR) and cinnamyl alcohol dehydrogenase (CAD) in tobacco plants. Plant J. 28,
257–270.

Chai, G., Qi, G., Cao, Y., Wang, Z., Yu, L., Tang, X., et al., 2014a. Poplar PdC3H17 and
PdC3H18 are direct targets of PdMYB3 and PdMYB21, and positively regulate second-
ary wall formation in Arabidopsis and poplar. New Phytol. 203, 520–534.
Chai, G., Wang, Z., Tang, X., Yu, L., Qi, G., Wang, D., et al., 2014b. R2R3-MYB gene pairs in
Populus: evolution and contribution to secondary wall formation and flowering
time. J. Exp. Bot. 65, 4255–4269.

Chai, G., Kong, Y., Zhu, M., Yu, L., Qi, G., Tang, X., et al., 2015. Arabidopsis C3H14 and C3H15
have overlapping roles in the regulation of secondary wall thickening and anther de-
velopment. J. Exp. Bot. 66, 2595–2609.

Chandra, R., Ewanick, S., Hsieh, C., Saddler, J.N., 2008. The characterization of pretreated
lignocellulosic substrates prior to enzymatic hydrolysis, part 1: a modified Simons'
staining technique. Biotechnol. Prog. 24, 1178–1185.

Chen, F., Dixon, R.A., 2007. Lignin modification improves fermentable sugar yields for bio-
fuel production. Nat. Biotechnol. 25, 759–761.

Chen, P., Peng, L.C., 2013. The diversity of lignocellulosic biomass resources and their eval-
uation for use as biofuels and chemicals. In: Sun, J.Z., Ding, S.Y., Peterson, J.D. (Eds.),
Biological Conversion of Biomass for Fuels and Chemicals: Explorations From Natural
Biomass Utilization Systems. Royal Society of Chemistry, pp. 83–109.

Chen, X.W., Vega-Sánchez, M., Verhertbruggen, Y., Chiniquy, D., Canlas, P.E., Fagerström,
A., et al., 2013. Inactivation of OsIRX10 leads to decreased xylan content in rice
culm cell walls and improved biomass saccharification. Mol. Plant 6, 570–573.

Chiniquy, D., Sharma, V., Schultink, A., Baidoo, E.E., Rautengarten, C., Cheng, K., et al., 2012.
XAX1 from glycosyltransferase family 61 mediates xylosyltransfer to rice xylan. Proc.
Natl. Acad. Sci. U. S. A. 109, 17117–17122.

Chiniquy, D., Varanasi, P., Oh, T., Harholt, J., Katnelson, J., Singh, S., et al., 2013. Three novel
rice genes closely related to the Arabidopsis irx9, irx9l, and irx14 genes and their roles
in xylan biosynthesis. Front. Plant Sci. 4, 83.

Choi, D., Cho, H.T., Lee, Y., 2006. Expansins: expanding importance in plant growth and
development. Physiol. Plant. 126, 511–518.

Choudhary, P., Saha, P., RayT, T.Y.H., Yang, D., 2015. Cannon MC. EXTENSIN18 is required
for full male fertility as well as normal vegetative growth in Arabidopsis. Front. Plant
Sci. 6.

Chundawat, S., Venkatesh, B., Dale, B.E., 2007. Effect of particle size based separation of
milled corn stover on AFEX pretreatment and enzymatic digestibility. Biotechnol.
Bioeng. 96, 219–231.

Cosgrove, D.J., 2000. Loosening of plant cell walls by expansins. Nature 407, 321–326.
Cosgrove, D., 2005. Growth of the plant cell wall. Nat. Rev. Mol. Cell Biol. 6, 850–861.
da Costa Lopes, A.M., João, K.G., Rubik, D.F., Bogel-Łukasik, E., Duarte, L.C., Andreaus, J., et

al., 2013. Pre-treatment of lignocellulosic biomass using ionic liquids: wheat straw
fractionation. Bioresour. Technol. 142, 198–208.

Daorattanachai, P., Viriya-empikul, N., Laosiripojana, N., Faungnawakij, K., 2013. Effects of
kraft lignin on hydrolysis/dehydration of sugars, cellulosic and lignocellulosic bio-
mass under hot compressed water. Bioresour. Technol. 144, 504–512.

David, K., Ragauskas, A.J., 2010. Switchgrass as an energy crop for biofuel production: a re-
view of its ligno-cellulosic chemical properties. Energy Environ. Sci. 3, 1182–1190.

Delmer, D.P., 1999. Cellulose biosynthesis: Exciting times for a difficult field of study.
Annu. Rev. Plant Biol. 50, 245–276.

Demura, T., Ye, Z., 2010. Regulation of plant biomass production. Curr. Opin. Plant Biol. 13,
299–304.

Derba-Maceluch, M., Awano, T., Takahashi, J., Lucenius, J., Ratke, C., Kontro, I., et al., 2014.
Suppression of xylan endotransglycosylase PtxtXyn10A affects cellulose microfibril
angle in secondary wall in aspen wood. New Phytol. 205, 666–681.

Desprez, T., Juraniec, M., Crowell, E.F., Jouy, H., Pochylova, Z., Parcy, F., et al., 2007. Organi-
zation of cellulose synthase complexes involved in primary cell wall synthesis in
Arabidopsis thaliana. Proc. Natl. Acad. Sci. U. S. A. 104, 15572–15577.

Djerbi, S., Lindskog, M., Arvestad, L., Sterky, F., Teeril, T.T., 2005. The genome sequence of
black cottonwood (Populus tricocarpa) reveals 18 conserved cellulose synthase
(CesA) genes. Planta 221, 739–746.

Dumville, J.C., Fry, S.C., 2000. Uronic acid-containing oligosaccharins: their biosynthesis,
degradation and signalling roles in non-diseased plant tissues. Plant Physiol.
Biochem. 38, 125–140.

Duque, A., Manzanares, P., Ballesteros, I., Negro, M.J., Oliva, J.M., González, A., et al., 2014.
Sugar production from barley straw biomass pretreated by combined alkali and enzy-
matic extrusion. Bioresour. Technol. 158, 262–268.

Escamilla-Treviño, L.L., 2012. Potential of plants from the genus agave as bioenergy crops.
Bioenergy Res. 5, 1–9.

Fagard, M., Desnos, T., Desprez, T., Goubet, F., Refregier, G., Mouille, G., et al., 2000.
PROCUSTE1 encodes a cellulose synthase required for normal cell elongation specif-
ically in roots and dark-grown hypocotyls of Arabidopsis. Plant Cell 12, 2409–2424.

Francocci, F., Bastianelli, E., Lionetti, V., Ferrari, S., De Lorenzo, G., Bellincampi, D., et al.,
2013. Analysis of pectin mutants and natural accessions of Arabidopsis highlights
the impact of de-methyl-esterified homogalacturonan on tissue saccharification.
Biotechnol. Biofuel 6, 163.

Fry, S.C., 1986. Cross-linking of matrix polymers in the growing cell walls of angiosperms.
Annu. Rev. Plant Physiol. 37, 165–186.

Fu, C., Mielenz, J.R., Xiao, X., Ge, Y., Hamilton, C.Y., Rodriguez, M., et al., 2011. Genetic ma-
nipulation of lignin reduces recalcitrance and improves ethanol production from
switchgrass. Proc. Natl. Acad. Sci. U. S. A. 108, 3803–3808.

Galbe, M., Zacchi, G., 2007. Pretreatment of lignocellulosic materials for efficient
bioethanol production. Biofuels 108. Springer Berlin Heidelberg, pp. 41–65.

Gallego-Giraldo, L., Bhattarai, K., Pislariu, C., Nakashima, J., Jikumaru, Y., Kamiya, Y., et al.,
2014. Lignin modification leads to increased nodule numbers in alfalfa. Plant Physiol.
164, 1139–1150.

Garcia-Cubero, M.T., González-Benito, G., Indacoechea, I., Coca, M., Bolado, S., 2009. Effect
of ozonolysis pretreatment on enzymatic digestibility of wheat and rye straw.
Bioresour. Technol. 100, 1608–1613.

Ghorbani, F., Karimi, M., Biria, D., Kariminia, H.R., Jeihanipour, A., 2015. Enhancement of
fungal delignification of rice straw by Trichoderma viride sp. to improve its saccharifi-
cation. Biochem. Eng. J. 101, 77–84.

http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0045
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0045
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0050
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0050
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0055
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0055
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0055
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0060
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0060
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0065
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0065
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0065
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0070
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0070
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0070
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0075
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0075
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0080
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0080
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0080
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0080
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0085
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0085
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0085
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0085
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0090
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0090
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0095
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0095
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0100
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0100
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0100
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0105
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0105
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0110
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0110
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0115
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0115
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0120
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0120
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0120
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0120
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0125
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0125
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0130
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0130
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0130
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0135
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0135
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0135
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0140
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0140
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0140
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0145
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0145
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0145
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0145
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0150
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0150
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0155
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0155
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0155
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0160
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0160
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0165
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0170
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0170
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0175
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0180
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0180
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0180
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0185
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0185
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0185
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0185
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0190
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0190
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0190
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0195
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0195
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0195
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0200
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0200
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0200
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0205
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0205
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0205
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0210
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0210
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0215
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0215
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0215
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0215
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0220
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0220
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0225
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0225
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0230
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0230
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0230
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0235
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0235
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0240
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0240
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0240
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0245
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0245
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0245
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0250
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0255
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0260
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0260
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0265
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0265
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0265
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0270
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0270
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0275
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0275
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0280
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0280
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0285
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0285
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0290
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0290
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0290
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0295
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0295
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0295
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0300
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0300
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0300
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0305
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0305
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0310
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0310
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0315
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0315
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0320
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0320
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0320
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0325
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0325
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0330
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0330
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0330
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0335
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0335
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0340
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0340
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0345
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0345
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0345
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0350
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0350
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0350


1014 Y. Wang et al. / Biotechnology Advances 34 (2016) 997–1017
Girio, F.M., Fonseca, C., Carvalheiro, F., Duarte, L.C., Marques, S., Bogel-Łukasik, R., 2010.
Hemicelluloses for fuel ethanol: a review. Bioresour. Technol. 101, 4775–4800.

Glass, M., Barkwill, S., Unda, F., Mansfield, S.D., 2015. Endo-beta-1,4-glucanases impact
plant cell wall development by influencing cellulose crystallization. J. Integr. Plant
Biol. 57, 396–410.

Goh, H.H., Sloan, J., Dorca-Fornell, C., Fleming, A., 2012. Inducible repression of multiple
expansin genes leads to growth suppression during leaf development. Plant Physiol.
159, 1759–1770.

Gonçalves, D.L., Matsushika, A., de Sales, B.B., Goshima, T., Bon, E.P., Stambuk, B.U., 2014.
Xylose and xylose/glucose co-fermentation by recombinant Saccharomyces cerevisiae
strains expressing individual hexose transporters. Enzym. Microb. Technol. 63,
13–20.

Grabber, J.H., Ralph, J., Lapierre, C., Barriere, Y., 2004. Genetic and molecular basis of grass
cell-wall degradability. I. Lignin–cell wall matrix interactions. C. R. Biol. 327, 455–465.

Gui, J., Shen, J., Li, L., 2011. Functional characterization of evolutionarily divergent 4-
coumarate: coenzyme a ligases in rice. Plant Physiol. 157, 574–586.

Guillaumie, S., Goffner, D., Barbier, O., Martinant, J., Pichon, M., Barrière, Y., 2008. Expres-
sion of cell wall related genes in basal and ear internodes of silking brown-midrib-3,
caffeic acid O-methyltransferase (COMT) down-regulated, and normal maize plants.
BMC Plant Biol. 8, 71.

Günl, M., Pauly, M., 2011. AXY3 encodes aα-xylosidase that impacts the structure and ac-
cessibility of the hemicellulose xyloglucan in Arabidopsis plant cell walls. Planta 233,
707–719.

Guo, K., Zou, W., Feng, Y., Zhang, M., Zhang, J., Tu, F., et al., 2014. An integrated
genomic and metabolomic frame work for cell wall biology in rice. BMC Genomics
15, 596.

Hall, Q., Cannon, M.C., 2002. The cell wall hydroxyproline-rich glycoprotein RSH is essen-
tial for normal embryo development in Arabidopsis. Plant Cell 14, 1161–1172.

Hallac, B.B., Ragauskas, A.J., 2011. Analyzing cellulose degree of polymerization and its rel-
evancy to cellulosic ethanol. Biofuels Bioprod. Biorefin. 5, 215–225.

Han, Y.Y., Chen, Y.H., Yin, S.H., Zhang, M.,Wang,W., 2015. Over-expression of TaEXPB23, a
wheat expansin gene, improves oxidative stress tolerance in transgenic tobacco
plants. Plant Physiol. 173, 62–71.

Handakumbura, P.P., Matos, D.A., Osmont, K.S., Harrington, M.J., Heo, K., Kafle, K., et al.,
2013. Perturbation of Brachypodium distachyon CELLULOSE SYNTHASE A4 or 7 results
in abnormal cell walls. BMC Plant Biol. 13, 131.

Harris, D.M., Corbin, K., Wang, T., Gutierrez, R., Bertolo, A.L., Petti, C., et al., 2012. Cellulose
microfibril crystallinity is reduced by mutating C-terminal transmembrane region
residues CESA1A903V and CESA3T942I of cellulose synthase. Proc. Natl. Acad. Sci.
U. S. A. 109, 4098–4103.

Hendriks, A.T., Zeeman, G., 2009. Pretreatments to enhance the digestibility of lignocellu-
losic biomass. Bioresour. Technol. 100, 10–18.

Himmel, M.E., Bayer, E.A., 2009. Lignocellulose conversion to biofuels: current challenges,
global perspectives. Curr. Opin. Biotechnol. 20, 316–317.

Himmel, M.E., Ding, S.Y., Johnson, D.K., Adney, W.S., Nimlos, M.R., Brady, J.W., et al., 2007.
Biomass recalcitrance: engineering plants and enzymes for biofuels production. Sci-
ence 315, 804–807.

Hodgson, E.M., Lister, S.J., Bridgwater, A.V., Clifton-Brown, J., Donnison, I.S., 2010. Geno-
typic and environmentally derived variation in the cell wall composition of
Miscanthus in relation to its use as a biomass feedstock. Biomass Bioenergy 34,
652–660.

Huang, J.F., Xia, T., Li, A., Yu, B., Li, Q., Tu, Y.Y., et al., 2012. A rapid and consistent near in-
frared spectroscopic assay for biomass enzymatic digestibility upon various physical
and chemical pretreatments in Miscanthus. Bioresour. Technol. 121, 274–281.

Huang, D., Wang, S., Zhang, B., Shang-Guan, K., Shi, Y., Zhang, D., et al., 2015a. A gibberel-
lin-mediated della-nac signaling cascade regulates cellulose synthesis in rice. Plant
Cell 27, 1681–1696.

Huang, Y., Wei, X.Y., Zhou, S.G., Liu, M.Y., Tu, Y.Y., Li, A., et al., 2015b. Steam explosion
distinctively enhances biomass enzymatic saccharification of cotton stalks by largely
reducing cellulose polymerization degree in G. barbadense and G. hirsutum. Bioresour.
Technol. 181, 224–230.

Jackson, L.A., Shadle, G.L., Zhou, R., Nakashima, J., Chen, F., Dixon, R.A., 2008. Improving
saccharification efficiency of alfalfa stems throughmodification of the terminal stages
of monolignol biosynthesis. Bioenergy Res. 1, 180–192.

Jakob, K., Zhou, F., Paterson, A.H., 2009. Genetic improvement of C4 grasses as cellulosic
biofuel feedstocks. In Vitro Cell Dev. Biol. Plant 45, 291–305.

Jamet, E., Canut, H., Boudart, G., Pont-Lezica, R.F., 2006. Cell wall proteins: a new insight
through proteomics. Trends Plant Sci. 11, 33–39.

Jensen, J.K., Kim, H., Cocuron, J.C., Orler, R., Ralph, J., Wilkerson, C.G., 2011. The DUF579 do-
main containing proteins IRX15 and IRX15-L affect xylan synthesis in Arabidopsis.
Plant J. 66, 387–400.

Jia, J., Yu, B., Wu, L.M., Wang, H.W., Wu, Z.L., Li, M., et al., 2014. Biomass enzymatic sac-
charification is determined by the non-KOH-extractable wall polymer features that
predominately affect cellulose crystallinity in corn. PLoS ONE 9, e108449.

Jiang, L.Q., Fang, Z., Li, X.K., Luo, J., Fan, S.P., 2013. Combination of dilute acid and ionic liq-
uid pretreatments of sugarcane bagasse for glucose by enzymatic hydrolysis. Process
Biochem. 48, 1942–1946.

Jin, W.X., Chen, L., Hu, M., Sun, D., Li, A., et al., 2016. Tween-80 is effective for enhancing
steam-exploded biomass enzymatic saccharification and ethanol production by spe-
cifically lessening cellulase absorption with lignin in common reed. Appl. Energy 175,
82–90.

Joshi, C.P., Bhandari, S., Ranjan, P., Kalluri, U.C., Liang, X., Fujino, T., 2004. Genomics of cel-
lulose biosynthesis in poplars. New Phytol. 164, 53–61.

Joshi, C.P., Thammannagowda, S., Fujino, T., Gou, J.Q., Avci, U., Haigler, C.H., et al., 2011.
Perturbation of wood cellulose synthesis causes pleiotropic effects in transgenic
aspen. Mol. Plant 4, 331–345.
Jung, J.H., Fouad,W.M., Vermerris,W., Gallo, M., Altpeter, F., 2012. RNAi suppression of lig-
nin biosynthesis in sugarcane reduces recalcitrance for biofuel production from ligno-
cellulosic biomass. Plant Biotechnol. J. 10, 1067–1076.

Kaida, R., Kaku, T., Baba, K., Oyadomari, M., Watanabe, T., Nishida, K., et al., 2009. Loosen-
ing xyloglucan accelerates the enzymatic degradation of cellulose in wood. Mol. Plant
2, 904–909.

Kallioinen, A., Hakola, M., Riekkola, T., Repo, T., Leskelä, M., von Weymarn, N., et al., 2013.
A novel alkaline oxidation pretreatment for spruce, birch and sugar cane bagasse.
Bioresour. Technol. 140, 414–420.

Kapoor, M., Raj, T., Vijayaraj, M., Chopra, A., Gupta, R.P., Tuli, D.K., et al., 2015. Structural
features of dilute acid, steam exploded, and alkali pretreated mustard stalk and
their impact on enzymatic hydrolysis. Carbohydr. Polym. 124, 265–273.

Karp, A., Shield, I., 2008. Bioenergy from plants and the sustainable yield challenge. New
Phytol. 179, 15–32.

Keating, J., Panganiban, C., Mansfield, S., 2006. Tolerance and adaptation of ethanologenic
yeasts to lignocellulosic inhibitory compounds. Biotechnol. Bioeng. 93, 1196–1206.

Keppler, B.D., Showalter, A.M., 2010. IRX14 and IRX14-LIKE, Two glycosyl transferases in-
volved in glucuronoxylan biosynthesis and drought tolerance in Arabidopsis. Mol.
Plant 3, 834–841.

Kim, J.B., Carpita, N.C., 1992. Changes in esterification of the uronic acid groups of cell wall
polysaccharides during elongation of maize coleoptiles. Plant Physiol. 98, 646–653.

Kim, M., Day, D., 2011. Composition of sugar cane, energy cane, and sweet sorghum suit-
able for ethanol production at Louisiana sugar mills. J. Ind. Microbiol. Biotechnol. 38,
803–807.

Kim, T.H., Kim, J.S., Sunwoo, C., Lee, Y.Y., 2003. Pretreatment of corn stover by aqueous
ammonia. Bioresour. Technol. 90, 39–47.

Kim, J.I., Ciesielski, P.N., Donohoe, B.S., Chapple, C., Li, X., 2014a. Chemically induced con-
ditional rescue of the reduced epidermal fluorescence8 mutant of Arabidopsis reveals
rapid restoration of growth and selective turnover of secondary metabolite pools.
Plant Physiol. 164, 584–595.

Kim, I., Lee, B., Song, D., Han, J.I., 2014b. Effects of ammonium carbonate pretreatment on
the enzymatic digestibility and structural features of rice straw. Bioresour. Technol.
166, 353–357.

Kong, Y.Z., Peña, M.J., Renna, L., Avci, U., Pattathil, S., Tuomivaara, S.T., et al., 2015. Galac-
tose-depleted xyloglucan is dysfunctional and leads to dwarfism in Arabidopsis. Plant
Physiol. 167, 1296–1306.

Kubo, M., Udagawa, M., Nishikubo, N., Horiguchi, G., Yamaguchi, M., Ito, J., et al., 2005.
Transcription switches for protoxylem and metaxylem vessel formation. Genes Dev.
19, 1855–1860.

Kumar, R., Wyman, C.E., 2009. Effect of xylanase supplementation of cellulase on diges-
tion of corn stover solids prepared by leading pretreatment technologies. Bioresour.
Technol. 100, 4203–4213.

Lamport, D.T.A., Kieliszewski, M.J., Chen, Y., Cannon, M.C., 2011. Role of the extensin su-
perfamily in primary cell wall architecture. Plant Physiol. 156, 11–19.

Lane, D.R., Wiedemeier, A., Peng, L.C., Hofte, H., Vernhettes, S., Desprez, T., et al., 2001.
Temperature-sensitive alleles of RSW2 link the KORRIGAN endo-1,4-beta-glucanase
to cellulose synthesis and cytokinesis in Arabidopsis. Plant Physiol. 126, 278–288.

Lee, C.H., O'Neill, M.A., Tsumuraya, Y., Darvill, A.G., Ye, Z.H., 2007. The irregular xylem9
mutant is deficient in xylan xylosyltransferase activity. Plant Cell Physiol. 48,
1624–1634.

Lee, C.H., Teng, Q., Huang,W.L., Zhong, R.Q., Ye, Z.H., 2009. The F8H glycosyltransferase is a
functional paralog of FRA8 involved in glucuronoxylan biosynthesis in Arabidopsis.
Plant Cell Physiol. 50, 812–827.

Lee, C.H., Teng, Q., Huang, W.L., Zhong, R.Q., Ye, Z.H., 2010. The Arabidopsis family GT43
glycosyltransferases form two functionally nonredundant groups essential for the
elongation of glucuronoxylan backbone. Plant Physiol. 153, 526–541.

Lee, C.H., Teng, Q., Zhong, R.Q., Ye, Z.H., 2012. Arabidopsis GUX proteins are
glucuronyltransferases responsible for the addition of glucuronic acid side chains
onto xylan. Plant Cell Physiol. 53, 1204–1216.

Leple, J.C., Dauwe, R., Morreel, K., Storme, V., Lapierre, C., Pollet, B., et al., 2007. Downregu-
lation of cinnamoyl-coenzyme a reductase in poplar: multiple-level phenotyping re-
veals effects on cell wall polymer metabolism and structure. Plant Cell 19, 3669–3691.

Lewandowski, I., Scurlock, J.M.O., Lindvall, E., Christou, M., 2003. The development and
current status of perennial rhizomatous grasses as energy crops in the USA and Eu-
rope. Biomass Bioenergy 25, 335–361.

Li, C.L., Knierim, B., Manisseri, C., Arora, R., Scheller, H.V., Auer, M., et al., 2010a. Compar-
ison of dilute acid and ionic liquid pretreatment of switchgrass: biomass recalci-
trance, delignification and enzymatic saccharification. Bioresour. Technol. 101,
4900–4906.

Li, S.J., Du, J., Sun, J., Galazka, J.M., Glass, N.L., Cate, J.H.D., et al., 2010b. Overcoming glucose
repression inmixed sugar fermentation by co-expressing a cellobiose transporter and
a beta-glucosidase in Saccharomyces cerevisiae. Mol. BioSyst. 6, 2129–2132.

Li, E., Bhargava, A., Qiang, W., Friedmann, M.C., Forneris, N., Savidge, R.A., et al., 2012. The
Class II KNOX gene KNAT7 negatively regulates secondary wall formation in
Arabidopsis and is functionally conserved in Populus. New Phytol. 194, 102–115.

Li, A., Xia, T., Xu, W., Chen, T.T., Li, X.L., Fan, J., et al., 2013a. An integrative analysis of four
CESA isoforms specific for fiber cellulose production between Gossypium hirsutum
and Gossypium barbadense. Planta 237, 1585–1597.

Li, F.C., Ren, S.F., Zhang, W., Xu, Z.D., Xie, G.S., Chen, Y., et al., 2013b. Arabinose substitution
degree in xylan positively affects lignocellulose enzymatic digestibility after various
NaOH/H2SO4 pretreatments in Miscanthus. Bioresour. Technol. 130, 629–637.

Li, H.Q., Li, C.L., Sang, T., Xu, J., 2013c. Pretreatment onMiscanthus lutarioriparious by liquid
hot water for efficient ethanol production. Biotechnol. Biofuels 6, 76.

Li, M., Feng, S.Q., Wu, L.M., Li, Y., Fan, C.F., Zhang, R., et al., 2014a. Sugar-rich sweet sor-
ghum is distinctively affected by wall polymer features for biomass digestibility and
ethanol fermentation in bagasse. Bioresour. Technol. 167, 14–23.

http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0355
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0360
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0360
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0360
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0365
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0365
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0365
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0370
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0370
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0370
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0375
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0375
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0380
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0380
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0385
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0385
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0385
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0385
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0390
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0390
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0390
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0395
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0395
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0395
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0400
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0400
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0405
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0405
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0410
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0410
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0410
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0415
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0415
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0420
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0420
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0420
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0420
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0425
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0425
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0430
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0430
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0435
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0435
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0440
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0440
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0440
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0440
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0445
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0445
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0445
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0450
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0450
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0450
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0455
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0455
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0455
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0455
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0470
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0470
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0470
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0475
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0475
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0480
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0480
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0485
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0485
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0485
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0490
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0490
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0490
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0495
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0495
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0495
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0500
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0500
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0500
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0500
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0505
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0505
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0510
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0510
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0515
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0515
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0515
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0520
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0520
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0520
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0525
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0525
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0530
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0530
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0530
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0535
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0535
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0540
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0540
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0545
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0545
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0545
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0550
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0550
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0555
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0555
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0555
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0560
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0560
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0565
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0565
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0565
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0565
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0570
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0570
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0570
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0575
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0575
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0575
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0580
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0580
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0585
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0585
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0585
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0590
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0590
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0595
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0595
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0600
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0600
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0600
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0605
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0605
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0605
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0610
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0610
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0610
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0615
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0615
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0615
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0625
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0625
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0625
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0630
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0630
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0630
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0635
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0635
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0635
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0635
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0640
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0640
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0640
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0645
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0645
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0645
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0650
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0650
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0650
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0655
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0655
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0655
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0655
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0655
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0660
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0660
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0670
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0670
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0670


1015Y. Wang et al. / Biotechnology Advances 34 (2016) 997–1017
Li, M., Si, S.L., Hao, B., Zha, Y., Wan, C., Hong, S.F., et al., 2014b. Mild alkali-pretreatment
effectively extracts guaiacyl-rich lignin for high lignocellulose digestibility coupled
with largely diminishing yeast fermentation inhibitors in Miscanthus. Bioresour.
Technol. 169, 447–454.

Li, Z.R., Zhao, C.Q., Zha, Y., Wan, C., Si, S.L., Liu, F., et al., 2014c. The minor wall-networks
between monolignols and interlinked-phenolics predominantly affect biomass enzy-
matic digestibility in Miscanthus. PLoS ONE 9, e105115.

Li, A.X., Han, Y.Y., Wang, X., Chen, Y.H., Zhao, M.R., Zhou, S.M., et al., 2015a. Root-specific
expression of wheat expansin gene TaEXPB23 enhances root growth and water stress
tolerance in tobacco. Environ. Exp. Bot. 110, 73–84.

Li, F.C., Zhang, M.L., Guo, K., Hu, Z., Zhang, R., Feng, Y.Q., et al., 2015b. High-level
hemicellulosic arabinose predominately affects lignocellulose crystallinity for geneti-
cally enhancing both plant lodging resistance and biomass enzymatic digestibility in
rice mutants. Plant Biotechnol. J. 13, 514–525.

Li, Y., Tu, L., Pettolino, F.A., Ji, S., Hao, J., Yuan, D., et al., 2015c. GbEXPATR, a species-specific
expansin, enhances cotton fibre elongation through cell wall restructuring. Plant
Biotechnol. J. http://dx.doi.org/10.1111/pbi.12450.

Lim, W.S., Kim, J.Y., Kim, H.Y., Choi, J.W., Choi, I.G., Lee, J.W., 2013. Structural properties of
pretreated biomass from different acid pretreatments and their effects on simulta-
neous saccharification and ethanol fermentation. Bioresour. Technol. 139, 214–219.

Lin, C., Choi, H.S., Cho, H.T., 2011. Root hair-specific EXPANSIN A7 is required for root hair
elongation in Arabidopsis. Mol. Cell 31, 393–397.

Lindsey, K., Johnson, A., Kim, P., Jackson, S., Labbe, N., 2013. Monitoring switchgrass com-
position to optimize harvesting periods for bioenergy and value-added products. Bio-
mass Bioenergy 56, 29–37.

Lionetti, V., Raiola, A., Camardella, L., Giovane, A., Obel, N., Pauly, M., et al., 2007. Overex-
pression of pectin methylesterase inhibitors in Arabidopsis restricts fungal infection
by Botrytis cinerea. Plant Physiol. 143, 1871–1880.

Lionetti, V., Francocci, F., Ferrari, S., Volpi, C., Bellincampi, D., Galletti, R., et al., 2010. Engineer-
ing the cell wall by reducing de-methyl-esterified homogalacturonan improves sacchar-
ification of plant tissues for bioconversion. Proc. Natl. Acad. Sci. U. S. A. 107, 616–621.

Liu, H., Sale, K.L., Holmes, B.M., Simmons, B.A., Singh, S., 2010. Understanding the interac-
tions of cellulose with ionic liquids: a molecular dynamics study. J. Phys. Chem. B 114,
4293–4301.

Lynd, L.R., Laser, M.S., Brandsby, D., Dale, B.E., Davison, B., Hamilton, R., et al., 2008. How
biotech can transform biofuels. Nat. Biotechnol. 26, 169–172.

Ma, H., Liu, W.W., Chen, X., Wu, Y.J., Yu, Z.L., 2009. Enhanced enzymatic saccharification of
rice straw by microwave pretreatment. Bioresour. Technol. 100, 1279–1284.

Ma, N., Wang, Y., Qiu, S., Kang, Z., Che, S., Wang, G., et al., 2013. Overexpression of
OsEXPA8, a root-specific gene, improves rice growth and root system architecture
by facilitating cell extension. PLoS ONE 8, e75997.

Magid, J., Luxhoi, J., Lyshede, O.B., 2004. Decomposition of plant residues at low temper-
atures separates turnover of nitrogen and energy rich tissue components in time.
Plant Soil 258, 351–365.

Marcus, S.E., Verhertbruggen, Y., Hervé, C., Ordaz-Ortiz, J.J., Farkas, V., Pedersen, H.L., et al.,
2008. Pectic homogalacturonan masks abundant sets of xyloglucan epitopes in plant
cell walls. BMC Plant Biol. 8, 60.

Martin-Sampedro, R., Revilla, E., Villar, J.C., Eugenio, M.E., 2014. Enhancement of enzymat-
ic saccharification of Eucalyptus globulus: steam explosion versus steam treatment.
Bioresour. Technol. 167, 186–191.

Martín-Sampedro, R., Fillat, Ú., Ibarra, D., Eugenio, M.E., 2015. Use of new endophytic
fungi as pretreatment to enhance enzymatic saccharification of Eucalyptus globulus.
Bioresour. Technol. 196, 383–390.

McCarthy, R.L., Zhong, R., Ye, Z.H., 2009. MYB83 is a direct target of SND1 and acts redun-
dantly with MYB46 in the regulation of secondary cell wall biosynthesis in
Arabidopsis. Plant Cell Physiol. 50, 1950–1964.

Meineke, T., Manisseri, C., Voigt, C.A., 2014. Phylogeny in defining model plants for lignocel-
lulosic ethanol production: a comparative study of Brachypodium distachyon, wheat,
maize, and Miscanthus x giganteus leaf and stem biomass. PLoS ONE 9, e103580.

Mohan, M., Banerjee, T., Goud, V.V., 2015. Hydrolysis of bamboo biomass by subcritical
water treatment. Bioresour. Technol. 191, 244–252.

Mohnen, D., 2008. Pectin structure and biosynthesis. Curr. Opin. Plant Biol. 11, 266–277.
Mortimer, J.C., Miles, G.P., Brown, D.M., Zhang, Z.N., Segura, M.P., Weimar, T., et al., 2010.

Absence of branches from xylan in Arabidopsis guxmutants reveals potential for sim-
plification of lignocellulosic biomass. Proc. Natl. Acad. Sci. U. S. A. 107, 17409–17414.

Motose, H., Sugiyama, M., Fukuda, H., 2004. A proteoglycan mediates inductive interac-
tion during plant vascular development. Nature 429, 873–878.

Mueller, S.C., Brown Jr., R.M., Scott, T.K., 1976. Cellulosic microfibrils: nascent stages of
synthesis in a higher plant cell. Science 194, 949–951.

Nakamura, I., Horikawa, Y., Makino, A., Sugiyama, J., Kimura, S., 2011. Enzymatic polymer-
ization catalyzed by immobilized endoglucanase on gold. Biomacromolecules 12,
785–790.

Nardi, C.F., Villarreal, N.M., Rossi, F.R., Martinez, S., Martinez, G.A., Civello, P.M., 2015.
Overexpression of the carbohydrate binding module of strawberry expansin2 in
Arabidopsis thaliana modifies plant growth and cell wall metabolism. Plant Mol.
Biol. 88, 101–117.

Ninomiya, K., Yamauchi, T., Ogino, C., Shimizu, N., 2014. Microwave pretreatment of lig-
nocellulosic material in cholinium ionic liquid for efficient enzymatic saccharification.
Biochem. Eng. J. 90, 90–95.

Pang, S.L., Ong, S.S., Lee, H.H., Zamri, Z., Kandasamy, K.I., Choong, C.Y., et al., 2014.
Isolation and characterization of CCoAOMT in interspecific hybrid of Acacia
auriculiformis × Acacia mangium—a key gene in lignin biosynthesis. Genet.
Mol. Res. 13, 7217–7238.

Park, S., Baker, J.O., Himmel, M.E., Parilla, P.A., Johnson, D.K., 2010. Cellulose crystallinity
index: measurement techniques and their impact on interpreting cellulase perfor-
mance. Biotechnol. Biofuels 3, 10.
Parrish, D.J., Fike, J.H., 2005. The biology and agronomy of switchgrass for biofuels. Plant
Sci. 24, 423–459.

Pauly, M., Keegstra, K., 2008. Cell-wall carbohydrates and their modification as a resource
for biofuels. Plant J. 54, 559–568.

Pauly, M., Gille, S., Liu, L.F., Mansoori, N., Souza, A.D., Schultink, A., et al., 2013. Hemicellu-
lose biosynthesis. Planta 238, 627–642.

Pawar, P.M.A., Derba-Maceluch, M., Chong, S.L., Gómez, L.D., Miedes, E., Banasiak, A., et al.,
2015. Expression of fungal acetyl xylan esterase in Arabidopsis thaliana improves sac-
charification of stem lignocellulose. Plant Biotechnol. J. 14, 387–397.

Pedersen, J.F., Vogel, K.P., Funnell, D.L., 2005. Impact of reduced lignin on plant fitness.
Crop Sci. 45, 812–819.

Pei, Y.J., Li, Y.Y., Zhang, Y.B., Yu, C.B., Fu, T.D., Zou, J., et al., 2016. G-lignin and
hemicellulosic monosaccharides distinctively affect biomass digestibility in rapeseed.
Bioresour. Technol. 30, 325–333.

Peña, M.J., Zhong, R.Q., Zhou, G.K., Richardson, E.A., O'Neill, M.A., Darvill, A.G., et al., 2007.
Arabidopsis irregular xylem8 and irregular xylem9: implications for the complexity of
glucuronoxylan biosynthesis. Plant Cell 19, 549–563.

Peng, L.C., 2012. Fundamental solution for biofuel production in China. J. Huazhong Agric.
Univ. 92, 1–6 (in Chinese).

Peng, L.C., Kawagoe, Y.S., Hogan, P., Delmer, D., 2002. Sitosterol-beta-glucoside as primer
for cellulose synthesis in plants. Science 295, 147–150.

Persson, S., Caffall, K.H., Freshour, G., Hilley,M.T., Bauer, S., Poindexter, P., et al., 2007a. The
Arabidopsis irregular xylem8 mutant is deficient in glucuronoxylan and
homogalacturonan, which are essential for secondary cell wall integrity. Plant Cell
19, 237–255.

Persson, S., Paredez, A., Carroll, A., Palsdottir, H., Doblin, M., Poindexter, P., et al., 2007b.
Genetic evidence for three unique components in primary cell-wall cellulose syn-
thase complexes in Arabidopsis. Proc. Natl. Acad. Sci. U. S. A. 104, 15566–15571.

Petersen, P.D., Lau, J., Ebert, B., Yang, F., Verhertbruggen, Y., Kim, J.S., et al., 2012. En-
gineering of plants with improved properties as biofuels feedstocks by vessel-
specific complementation of xylan biosynthesis mutants. Biotechnol. Biofuels 5,
84.

Popper, Z.A., Fry, S.C., 2008. Xyloglucan-pectin linkages are formed intra-protoplasmically,
contributes to wall-assembly, and remains stable in the cell wall. Planta 227,
781–794.

Pu, Y.Q., Chen, F., Ziebell, A., Davison, B.H., Ragauskas, A.J., 2009. NMR characterization of
C3H and HCT down-regulated alfalfa lignin. Bioenergy Res. 2, 198–208.

Qiu, S.C., Ma, N.N., Che, S.G., Wang, Y., Peng, X.Y., Zhang, G.P., et al., 2014. Repression of
OsEXPA3 expression leads to root system growth suppression in rice. Crop Sci. 54,
2201–2213.

Ragauskas, A.J., Williams, C.K., Davison, B.H., Britovsek, G., Cairney, J., Eckert, C.A., et al.,
2006. The path forward for biofuels and biomaterials. Science 311, 484–489.

Raiola, A., Lionetti, V., Elmaghraby, I., Immerzeel, P., Mellerowicz, E., Salvi, G., et al., 2011.
Pectin methylesterase is induced in Arabidopsis upon infection and is necessary for a
successful colonization by necrotrophic pathogens. Mol. Plant Microbe Interact. 24,
432–440.

Ralph, J., Akiyama, T., Kim, H., Lu, F., Schatz, P.F., Marita, J.M., et al., 2006. Effects of
coumarate 3-hydroxylase down-regulation on lignin structure. J. Biol. Chem. 281,
8843–8853.

Rastogi, S., Dwivedi, U.N., 2006. Down-regulation of lignin biosynthesis in transgenic
Leucaena leucocephala harboring O-methyltransferase gene. Biotechnol. Prog. 22,
609–616.

Reddy, M.S., Chen, F., Shadle, G., Jackson, L., Aljoe, H., Dixon, R., 2005. Targeted down-reg-
ulation of cytochrome P450 enzymes for forage quality improvement in alfalfa
(Medicago sativa L.). Proc. Natl. Acad. Sci. U. S. A. 102, 16573–16578.

Ridley, B., O'Neill, M.D., 2001. Pectin: structure, biosynthesis, and oligogalacturonide-
related signaling. Phytochemistry 57 (292-67).

Roberts, K., 1989. The plant extracellular matrix. Curr. Opin. Cell Biol. 1, 1020–1027.
Roberts, K., 1990. Structures at the plant cell surface. Curr. Opin. Cell Biol. 2, 920–928.
Roberts, K., Shirsat, A.H., 2006. Increased extensin levels in Arabidopsis affect inflorescence

stem thickening and height. J. Exp. Bot. 57, 537–545.
Rocha, G., Martin, C., Soares, I.B., Maior, A.M.S., Baudel, H.M., Abreu, C.A.M., et al., 2011. Di-

lute mixed-acid pretreatment of sugarcane bagasse for ethanol production. Biomass
Bioenergy 35, 663–670.

Rubin, E.M., 2008. Genomics of cellulosic biofuels. Nature 454, 841–845.
Saha, P., Ray, T., Tang, Y., Dutta, I., Evangelous, N.R., Kieliszewski, M.J., et al., 2013. Self-res-

cue of an EXTENSIN mutant reveals alternative gene expression programs and candi-
date proteins for new cell wall assembly in Arabidopsis. Plant J. 75, 104–116.

Sahoo, D.K., Stork, J., DeBolt, S., Maiti, I.B., 2013.Manipulating cellulose biosynthesis by ex-
pression of mutant Arabidopsis proM24: : CESA3(ixr1-2) gene in transgenic tobacco.
Plant Biotechnol. J. 11, 362–372.

Sampedro, J., Cosgrove, D.J., 2005. The expansin superfamily. Genome Biol. 6, 242.
Sathitsuksanoh, N., Sawant, M., Truong, Q., Tan, J., Canlas, C.G., Sun, N., et al., 2015. How

alkyl chain length of alcohols affects lignin fractionation and ionic liquid recycle dur-
ing lignocellulose pretreatment. Bioenergy Res. 8, 973–981.

Sattler, S.E., Palmer, N.A., Saballos, A., Greene, A.M., Xin, Z.G., Sarath, G., et al., 2012. Identifi-
cation and characterization of four missense mutations in Brownmidrib 12 (Bmr12), the
caffeic O-methyltranferase (COMT) of sorghum. Bioenergy Res. 5, 855–865.

Scheller, H.V., Ulvskov, P., 2010. Hemicelluloses. Annu. Rev. Plant Biol. 61, 263–289.
Schultink, A., Naylor, D., Dama, M., Pauly, M., 2015. The role of the plant-specific ALTERED

XYLOGLUCAN9 protein in Arabidopsis cell wall polysaccharide O-acetylation. Plant
Physiol. 167, 1271–1283.

Sewalt, V., Ni, W., Blount, J.W., Jung, H.C., Masoud, S.A., Howles, P.A., et al., 1997. Reduced
lignin content and altered lignin composition in transgenic tobacco down-regulated
in expression of L-phenylalanine ammonia-lyase or cinnamate 4-hydroxylase. Plant
Physiol. 115, 41–50.

http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0675
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0675
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0675
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0675
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0680
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0680
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0680
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0685
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0685
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0685
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0690
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0690
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0690
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0690
http://dx.doi.org/10.1111/pbi.12450
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0700
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0700
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0700
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0705
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0705
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0710
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0710
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0710
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0715
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0715
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0715
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0720
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0720
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0720
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0725
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0725
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0725
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0730
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0730
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0735
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0735
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0740
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0740
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0740
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0750
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0750
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0750
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0755
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0755
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0760
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0760
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0760
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0765
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0765
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0765
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0770
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0770
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0770
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0775
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0775
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0775
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0780
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0780
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0785
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0790
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0790
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0795
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0795
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0800
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0800
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0805
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0805
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0805
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0810
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0810
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0810
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0815
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0815
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0815
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0820
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0820
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0820
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0825
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0825
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0825
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0830
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0830
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0835
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0835
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0840
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0840
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0845
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0845
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0850
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0850
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0855
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0855
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0855
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0860
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0860
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0865
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0865
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0870
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0870
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0875
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0875
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0875
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0875
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0880
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0880
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0885
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0885
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0885
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0885
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0890
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0890
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0890
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0895
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0895
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0900
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0900
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0900
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0905
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0910
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0910
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0910
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0915
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0915
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0915
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0920
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0920
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0920
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0925
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0925
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0925
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0930
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0930
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0935
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0940
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0945
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0945
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0950
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0950
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0950
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0955
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0960
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0960
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0960
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0965
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0965
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0965
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0970
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0980
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0980
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0980
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0985
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0985
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0985
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0990
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0995
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0995
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf0995
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1000
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1000
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1000
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1000
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1000
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1000


1016 Y. Wang et al. / Biotechnology Advances 34 (2016) 997–1017
Shen, B.Z., Sun, X.G., Zou, X., Shilling, T., Aogar, J., Ross, M., et al., 2012a. Engineering a ther-
moregulated intein-modified xylanase into maize for consolidated lignocellulosic
biomass processing. Nat. Biotechnol. 30, 1131–1136.

Shen, H., He, X., Poovaiah, C.R., Wuddineh,W.A., Ma, J., Mann, D.G., et al., 2012b. Function-
al characterization of the switchgrass (Panicum virgatum) R2R3-MYB transcription
factor PvMYB4 for improvement of lignocellulosic feedstocks. New Phytol. 193,
121–136.

Shi, Y.C., 2008. Serials of Renewable Development Strategies in China: Biomass Volume.
China electricity publishing house, Beijing, China.

Shi, R., Sun, Y.H., Li, Q., Heber, S., Sederoff, R., Chiang, V.L., 2009. Towards a systems ap-
proach for lignin biosynthesis in Populus trichocarpa: transcript abundance and spec-
ificity of the monolignol biosynthetic genes. Plant Cell Physiol. 51, 144–163.

Showalter, A.M., 1993. Structure and function of plant cell wall proteins. Plant Cell 5,
9–23.

Si, S.L., Chen, Y., Fan, C.F., Hu, H.Z., Li, Y., Huang, J.F., et al., 2015. Lignin extraction distinc-
tively enhances biomass enzymatic saccharification in hemicelluloses-rich
Miscanthus species under various alkali and acid pretreatments. Bioresour. Technol.
183, 248–254.

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

Sims, R.E.H., Maiava, T.G., Bullock, B.T., 2001. Short rotation coppice tree species se-
lection for woody biomass production in New Zealand. Biomass Bioenergy 20,
329–335.

Sims, R.E.H., Mabee, W., Saddler, J.N., Taylor, M., 2010. An overview of second generation
biofuel technologies. Bioresour. Technol. 101, 1570–1580.

Singh, J., Suhag, M., Dhaka, A., 2015. Augmented digestion of lignocellulose by steam ex-
plosion, acid and alkaline pretreatment methods: a review. Carbohydr. Polym. 117,
624–631.

Smith, R.A., Schuetz, M., Roach, M., Mansfield, S.D., Ellis, B., Samuelsa, L., 2013. Neighbor-
ing parenchyma cells contribute to Arabidopsis xylem lignification, while lignification
of interfascicular fibers is cell autonomous. Plant Cell 25, 3988–3999.

Somerville, C., 2006. Cellulose synthesis in higher plants. Annu. Rev. Cell Dev. Biol. 22,
53–78.

Song, J., Wang, Z., 2011. RNAi-mediated suppression of the phenylalanine ammonia-lyase
gene in Salvia miltiorrhiza causes abnormal phenotypes and a reduction in rosmarinic
acid biosynthesis. J. Plant Res. 124, 183–192.

Song, X.Q., Liu, L.F., Jiang, Y.J., Zhang, B.C., Gao, Y.P., Liu, X.L., et al., 2013. Disruption of sec-
ondary wall cellulose biosynthesis alters cadmium translocation and tolerance in rice
plants. Mol. Plant 6, 768–780.

Song, Y.L., Zhang, J.Z., Zhang, X., Tan, T.W., 2015. The correlation between cellulose
allomorphs (I and II) and conversion after removal of hemicellulose and lignin of lig-
nocellulose. Bioresour. Technol. 193, 164–170.

Stewart, J.J., Akiyama, T., Chapple, C., Ralph, J., Mansfield, S.D., 2009. The effects on lignin
structure of overexpression of ferulate 5-hydroxylase in hybrid poplar. Plant Physiol.
150, 621–635.

Studer, M.H., DeMartini, J.D., Davis, M.F., Sykes, R.W., Davison, B., Keller, M., et al., 2011.
Lignin content in natural Populus variants affects sugar release. Proc. Natl. Acad. Sci.
U. S. A. 108, 6300–6305.

Sun, Y., Cheng, J., 2002. Hydrolysis of lignocellulosic materials for ethanol production: a
review. Bioresour. Technol. 83, 1–11.

Sun, H.Y., Li, Y., Feng, S.Q., Zhou, W.H., Guo, K., Fan, C.F., et al., 2013. Analysis of five rice 4-
coumarate: coenzyme a ligase enzyme activity and stress response for potential roles
in lignin and flavonoid biosynthesis in rice. Biochem. Biophys. Res. Commun. 430,
1151–1156.

Sun, S.N., Cao, X.F., Zhang, X.M., Xu, F., Sun, R.C., Jones, G.L., 2014. Characteristics and enzy-
matic hydrolysis of cellulose-rich fractions from steam exploded and sequentially alkali
delignified bamboo (Phyllostachys pubescens). Bioresour. Technol. 163, 377–380.

Szyjanowicz, P.M., McKinnon, I., Taylor, N.G., Gardiner, J., Jarvis, M.C., Turner, S.R., 2004.
The irregular xylem 2 mutant is an allele of korrigan that affects the secondary cell
wall of Arabidopsis thaliana. Plant J. 37, 730–740.

Takahashi, J., Rudsander, U.J., Hedenstrom, M., Banasiak, A., Harholt, J., Amelot, N., et al.,
2009. KORRIGAN1 and its aspen homolog PttCel9A1 decrease cellulose crystallinity
in Arabidopsis stems. Plant Cell Physiol. 50, 1099–1115.

Tan, H.T., Shirley, N.J., Singh, R.R., Henderson, M., Dhugga, K.S., Mayo, G.M., et al., 2015.
Powerful regulatory systems and post-transcriptional gene silencing resist increases
in cellulose content in cell walls of barley. BMC Plant Biol. 15, 62.

Tan, L., Pu, Y.Q., Pattathil, S., Avci, U., Qian, J., Arter, A., et al., 2014. Changes in cell wall
properties coincide with overexpression of extensin fusion proteins in suspension
cultured tobacco cells. PLoS One 9 e115906.

Tanaka, K., Murata, K., Yamazaki, M., Onosato, K., Miyao, A., Hirochika, H., 2003. Three dis-
tinct rice cellulose synthase catalytic subunit genes required for cellulose synthesis in
the secondary wall. Plant Physiol. 133, 73–83.

Taylor, N.G., Laurie, S., Turner, S.R., 2000. Multiple cellulose synthase catalytic subunits are
required for cellulose synthesis in Arabidopsis. Plant Cell 12, 2529–2540.

Taylor, N.G., Howells, R.M., Huttly, A.K., Vickers, K., Turner, S.R., 2003. Interactions
among three distinct CesA proteins essential for cellulose synthesis. Proc. Natl.
Acad. Sci. U. S. A. 100, 1450–1455.

Thompson, J.E., Fry, S.C., 2000. Evidence for covalent linkage between xyloglucan and
acidic pectins in suspension-cultured rose cells. Planta 211, 275–286.

Timilsena, Y.P., Abeywickrama, C.J., Rakshit, S.K., Brosse, N., 2013. Effect of different pre-
treatments on delignification pattern and enzymatic hydrolysability of miscanthus,
oil palm biomass and typha grass. Bioresour. Technol. 135, 82–88.

Tomassetti, S., Pontiggia, D., Verrascina, I., Reca, I.B., Francocci, F., Salvi, G., et al., 2015. Con-
trolled expression of pectic enzymes in Arabidopsis thaliana enhances biomass con-
version without adverse effects on growth. Phytochemistry 112, 221–230.
Torney, F., Moeller, L., Scarpa, A., Wang, K., 2007. Genetic engineering approaches to im-
prove bioethanol production from maize. Curr. Opin. Plant Biol. 18, 193–199.

Trinh, L.T., Lee, Y.J., Lee, J.W., Lee, H.J., 2015. Characterization of ionic liquid pretreatment
and the bioconversion of pretreated mixed softwood biomass. Biomass Bioenergy 81,
1–8.

Tsabary, G., Shani, Z., Roiz, L., Levy, I., Riov, J., Shoseyov, O., 2003. Abnormal ‘wrinkled’ cell
walls and retarded development of transgenic Arabidopsis thaliana plants expressing
endo-1,4-beta-glucanase (cell) antisense. Plant Mol. Biol. 51, 213–224.

Urbanowicz, B.R., Bennett, A.B., Del Campillo, E., Catala, C., Hayashi, T., Henrissat, B., et al.,
2007. Structural organization and a standardized nomenclature for plant endo-1,4-
beta-glucanases (cellulases) of glycosyl hydrolase family 9. Plant Physiol. 144,
1693–1696.

Urbanowicza, B.R., Peña, M.J., Ratnaparkhe, S., Avci, U., Backe, J., Steet, H.F., et al., 2012. 4-
O-methylation of glucuronic acid in Arabidopsis glucuronoxylan is catalyzed by a do-
main of unknown function family 579 protein. Proc. Natl. Acad. Sci. U. S. A. 109,
14253–14258.

Van Acker, R., Lepléc, J.C., Aerts, D., Stormea, V., Goeminne, G., Ivens, B., et al., 2014. Im-
proved saccharification and ethanol yield from field-grown transgenic poplar defi-
cient in cinnamoyl-CoA reductase. Proc. Natl. Acad. Sci. U. S. A. 111, 845–850.

Vanholme, B., Cesarino, I., Goeminne, G., Kim, H., Marroni, F., Van Acker, R., et al., 2013a.
Breeding with rare defective alleles (BRDA): a natural Populus nigra HCT mutant
with modified lignin as a case study. New Phytol. 198, 765–776.

Vanholme, B., Desmet, T., Ronsse, F., Rabaey, K., Breusegem, F.V., Mey, M.D., et al., 2013b.
Towards a carbon-negative sustainable bio-based economy. Front Plant Sci. 4, 174.

Vanholme, R., Cesarino, I., Rataj, K., Xiao, Y., Sundin, L., Goeminne, G., et al., 2013c. Caffeoyl
Shikimate Esterase (CSE) is an enzyme in the lignin biosynthetic pathway in
Arabidopsis. Science 341, 1103–1106.

Vega-Sánchez, M.E., Ronald, P.C., 2010. Genetic and biotechnological approaches for bio-
fuel crop improvement. Curr. Opin. Biotechnol. 21, 218–224.

Vega-Sánchez, M.E., Loqué, D., Lao, J., Catena, M., Verhertbruggen, Y., Herter, T., et al.,
2015. Engineering temporal accumulation of a low recalcitrance polysaccharide
leads to increased C6 sugar content in plant cell walls. Plant Biotechnol. J. 13,
903–914.

Velasquez, S.M., Ricardi, M.M., Dorosz, J.G., Fernandez, P.V., Nadra, A.D., Pol-Fachin, L., et
al., 2011. O-glycosylated cell wall proteins are essential in root hair growth. Science
332, 1401–1403.

Vieira, M.C., Heinze, T.H., Antonio-Cruz, R., Mendoza-Martinez, A.M., 2002. Cellulose de-
rivatives from cellulosic material isolated from Agave lechuguilla and fourcroydes.
Cellulose 9, 203–212.

Wang, L., Guo, K., Li, Y., Tu, Y., Hu, H., Wang, B., et al., 2010. Expression profiling and inte-
grative analysis of the CESA/CSL superfamily in rice. BMC Plant Biol. 10, 282.

Wang, W., Yuan, T.Q., Cui, B.K., Dai, Y.C., 2013. Investigating lignin and hemicellulose in
white rot fungus-pretreated wood that affect enzymatic hydrolysis. Bioresour.
Technol. 134, 381–385.

Wang, Y., Ma, N.N., Qiu, S.C., Zou, H.Y., Zang, G.C., Kang, Z.H., et al., 2014a. Regulation of the
alpha-expansin gene OsEXPA8 expression affects root system architecture in trans-
genic rice plants. Mol. Breed. 34, 47–57.

Wang, Y.T., Xu, Z.D., Peng, L.C., 2014b. Model of plant cell wall ditches structure for en-
hancing biomass saccharification and plant resistances. Sci. Sin. Vitae 44 (8),
766–774 (in Chinese).

Wang, T., Park, Y., Cosgrove, D., Hong, M., 2015a. Cellulose–pectin spatial contacts are in-
herent to never-dried Arabidopsis primary cell walls: evidence from solid-state nucle-
ar magnetic resonance. Plant Physiol. 168, 871–874.

Wang, Y.T., Huang, J.F., Li, Y., Xiong, K., Wang, Y.M., Li, F.C., et al., 2015b. Ammonium ox-
alate-extractable uronic acids positively affect biomass enzymatic digestibility by re-
ducing lignocellulose crystallinity in Miscanthus. Bioresour. Technol. 196, 391–398.

Wei, X.Y., Zhou, S.G., Huang, Y., Huang, J.F., Chen, P., Wang, Y.T., et al., 2016. Three fiber
crops show distinctive biomass saccharification under physical and chemical pre-
treatments by altered wall polymer features. Bioresources 11, 2124–2137.

Wilkerson, C.G., Mansfield, S.D., Lu, F., Withers, S., Park, J.Y., Karlen, S.D., et al., 2014.
Monolignol ferulate transferase introduces chemically labile linkages into the lignin
backbone. Science 344, 90–93.

Wolf, S., Mouille, G., Pelloux, J., 2009. Homogalacturonan methylesterification and plant
development. Mol. Plant 2, 851–860.

Wood, I.P., Elliston, A., Collins, S.R., Wilson, D., Bancroft, I., Waldron, K.W., 2014. Steam ex-
plosion of oilseed rape straw: establishing key determinants of saccharification effi-
ciency. Bioresour. Technol. 162, 175–183.

Wu, A.M., Rihouey, C., Seveno, M., Hörnblad, E., Singh, S.K., Matsunaga, T., et al., 2009. The
Arabidopsis IRX10 and IRX10-LIKE glycosyltransferases are critical for glucuronoxylan
biosynthesis during secondary cell wall formation. Plant J. 57, 718–731.

Wu, A.M., Hörnblad, E., Voxeur, A., Gerber, L., Rihouey, C., Lerouge, P., et al., 2010. Analysis
of the Arabidopsis IRX9/IRX9-L and IRX14/IRX14-L pairs of glycosyltransferase genes
reveals critical contributions to biosynthesis of the hemicellulose glucuronoxylan.
Plant Physiol. 153, 542–554.

Wu, Z.L., Zhang, M.L., Wang, L.Q., Tu, Y.Y., Zhang, J., Xie, G.S., et al., 2013. Biomass digest-
ibility is predominantly affected by three factors of wall polymer features distinctive
in wheat accessions and rice mutants. Biotechnol. Biofuels 6, 183.

Wu, L., Kumagai, A., Lee, S.H., Endo, T., 2014a. Synergistic effect of delignification and
treatment with the ionic liquid 1-ethyl-3-methylimidazolium acetate on enzymatic
digestibility of poplar wood. Bioresour. Technol. 162, 207–212.

Wu, Z.L., Hao, H.H., Zahoor, T.Y.Y., Hu, Z., Wei, F., et al., 2014b. Diverse cell wall composi-
tion and varied biomass digestibility in wheat straw for bioenergy feedstock. Biomass
Bioenergy 70, 347–355.

Wu, L., Li, M., Huang, J., Zhang, H., Zou,W., Hu, S., et al., 2015. A near infrared spectroscopic
assay for stalk soluble sugars, bagasse enzymatic saccharification and wall polymers
in sweet sorghum. Bioresour. Technol. 177, 118–124.

http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1005
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1005
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1005
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1010
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1010
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1010
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1010
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1015
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1015
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1020
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1020
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1020
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1025
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1025
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1030
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1030
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1030
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1030
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1035
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1035
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1040
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1040
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1040
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1045
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1045
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1050
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1050
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1050
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1055
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1055
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1055
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1060
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1060
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1065
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1065
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1065
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1070
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1070
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1070
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1075
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1075
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1075
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1080
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1080
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1080
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1085
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1085
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1090
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1090
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1095
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1095
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1095
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1095
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1100
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1100
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1100
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1105
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1105
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1110
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1110
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1115
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1115
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf2000
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf2000
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf2000
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1120
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1120
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1120
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1125
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1125
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1130
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1130
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1130
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1135
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1135
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1140
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1140
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1140
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1145
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1145
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1145
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1150
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1150
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1155
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1155
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1155
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1160
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1160
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1160
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1165
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1165
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1165
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1170
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1170
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1170
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1170
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1175
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1175
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1175
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1180
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1180
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1185
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf2005
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf2005
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf2005
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1190
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1190
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1195
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1195
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1195
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1200
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1200
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1205
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1205
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1205
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1210
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1210
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1215
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1215
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1215
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1220
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1220
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1220
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1225
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1225
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1225
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1230
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1230
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1230
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1235
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1235
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1235
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1240
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1240
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1240
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1245
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1245
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1250
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1250
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1255
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1255
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1255
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1260
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1260
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1260
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1265
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1265
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1265
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1265
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1270
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1270
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1270
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1275
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1275
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1275
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1280
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1280
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1280
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1285
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1285
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1285


1017Y. Wang et al. / Biotechnology Advances 34 (2016) 997–1017
Xiao, C., Anderson, C.T., 2013. Roles of pectin in biomass yield and processing for biofuels.
Front. Plant Sci. 4, 1–7.

Xie, G.S., Peng, L.C., 2011. Genetic engineering of energy crops: a strategyfor biofuel pro-
duction in China. J. Integr. Plant Biol. 53, 143–150.

Xie, G.S., Yang, B., Xu, Z.D., Li, F.C., Guo, K., Zhang, M.L., et al., 2013. Global identification of
multiple OsGH9 family members and their involvement in cellulose crystallinity
modification in rice. PLoS ONE 8, e50171.

Xiong, G.Y., Cheng, K., Pauly, M., 2013. Xylan O-acetylation impacts xylem development
and enzymatic recalcitrance as indicated by the Arabidopsis mutant tbl29. Mol.
Plant 6, 1373–1375.

Xu, B., Escamilla-Treviño, L.L., Sathitsuksanoh, N., Shen, Z., Shen, H., Zhang, Y.H., et al.,
2011. Silencing of 4-coumarate: coenzyme A ligase in switchgrass leads to reduced
lignin content and improved fermentable sugar yields for biofuel production. New
Phytol. 192, 611–625.

Xu, N., Zhang, W., Ren, S.F., Liu, F., Zhao, C.Q., Liao, H.F., et al., 2012. Hemicelluloses nega-
tively affect lignocellulose crystallinity for high biomass digestibility under NaOH and
H2SO4 pretreatments in Miscanthus. Biotechnol. Biofuels 5, 58.

Xu, B., Gou, J.Y., Li, F.G., Shangguan, X.X., Zhao, B., Yang, C.Q., et al., 2013. A cotton BURP
domain protein interacts with alpha-expansin and their co-expression promotes
plant growth and fruit production. Mol. Plant 6, 945–958.

Xu, Q., Xu, X., Shi, Y., Xu, J., Huang, B., 2014. Transgenic tobacco plants overexpressing a
grass PpEXP1 gene exhibit enhanced tolerance to heat stress. PLoS ONE 9, e100792.

Yan, J.H., Hu, Z.Q., Pu, Y.Q., Brummer, E.C., Ragauskas, A.J., 2010. Chemical compositions of
four switchgrass populations. Biomass Bioenergy 34, 48–53.

Yang, C.Y., Fang, T.J., 2014. Combination of ultrasonic irradiation with ionic liquid pre-
treatment for enzymatic hydrolysis of rice straw. Bioresour. Technol. 164, 198–202.

Yang, C.H., Li, D.Y., Liu, X., Ji, C.J., Hao, L.L., Zhao, X.F., et al., 2014. OsMYB103L, an R2R3-
MYB transcription factor, influences leaf rolling and mechanical strength in rice
(Oryza sativa L.). BMC Plant Biol. 14, 158.

Yoshida, K., Sakamoto, S., Kawai, T., Kobayashi, Y., Sato, K., Ichinose, Y., et al., 2013. Engi-
neering the Oryza sativa cell wall with rice NAC transcription factors regulating sec-
ondary wall formation. Front. Plant Sci. 4, 383.

Yu, Zhuang, Lv, He, Zhang, Y., Yuan, et al., 2013. Liquid hot water pretreatment of sugar-
cane bagasse and its comparison with chemical pretreatment methods for the sugar
recovery and structural changes. Bioresour. Technol. 129, 592–598.

Yu, X.C., Zeng, J.J., Zheng, Y.B., Chen, S.L., 2014. Effect of lignocellulose degradation prod-
ucts on microbial biomassand lipid production by the oleaginous yeast Cryptococcus
curvatus. Process Biochem. 49, 457–465.

Yuan, J.S., Tiller, K.H., Al-Ahmad, H., Stewart, N.R., Stewart Jr., C.N., 2008. Plants to power:
bioenergy to fuel the future. Trends Plant Sci. 13, 421–429.
Yuan, Y.X., Teng, Q., Zhong, R.Q., Ye, Z.H., 2013. The Arabidopsis DUF231 domain-contain-
ing protein ESK1 mediates 2-O- and 3-O-acetylation of xylosyl residues in xylan.
Plant Cell Physiol. 54, 1186–1199.

Zegada-Lizarazu, W., Monti, A., 2012. Are we ready to cultivate sweet sorghum as a
bioenergy feedstock? A review on field management practices. Biomass Bioenergy
40, 1–12.

Zegada-Lizarazu, W., Zatta, A., Monti, A., 2012. Water uptake efficiency and aboveand be-
lowground biomass development of sweet sorghum andmaize under different water
regimes. Plant Soil 351, 47–60.

Zhang, B.C., Deng, L.W., Qian, Q., Xiong, G.Y., Zeng, D.L., Li, R., et al., 2009. A missense mu-
tation in the transmembrane domain of CESA4 affects protein abundance in the plas-
ma membrane and results in abnormal cell wall biosynthesis in rice. Plant Mol. Biol.
71, 509–524.

Zhang, K., Bhuiya, M.W., Pazo, J.R., Miao, Y., Kim, H., Ralph, J., et al., 2012. An engineered
monolignol 4-O-methyltransferase depresses lignin biosynthesis and confers novel
metabolic capability in Arabidopsis. Plant Cell 24, 3135–3152.

Zhang, W., Yi, Z.L., Huang, J.F., Li, F.C., Hao, B., Li, M., et al., 2013. Three lignocellulose fea-
tures that distinctively affect biomass enzymatic digestibility under NaOH and H2SO4

pretreatments in Miscanthus. Bioresour. Technol. 130, 30–37.
Zhang, J., Zou, W., Li, Y., Feng, Y., Zhang, H., Wu, Z., et al., 2015. Silica distinctively affects

cell wall features and lignocellulosic saccharification with large enhancement on bio-
mass production in rice. Plant Sci. 239, 84–91.

Zheng, Y., Pan, Z.L., Zhang, R.H., Wang, D.H., 2009. Enzymatic saccharification of dilute
acid pretreated saline crops for fermentable sugar production. Appl. Energy 86,
2459–2465.

Zhong, R.Q., Ye, Z.H., 2007. Regulation of cell wall biosynthesis. Curr. Opin. Plant Biol. 10,
564–572.

Zhong, R.Q., Morrison, W.H., Freshour, G.D., Hahn, M.G., Ye, Z.H., 2003. Expression of a
mutant form of cellulose synthase AtCesA7 causes dominant negative effect on cellu-
lose biosynthesis. Plant Physiol. 132, 786–795.

Zhong, R.Q., Pen, M.J., Zhou, G.K., Nairn, C.J., Jones, A.W., Richardson, E.A., et al., 2005.
Arabidopsis fragile fiber8, which encodes a putative glucuronyltransferase, is essential
for normal secondary wall synthesis. Plant Cell 17, 3390–3408.

Zhou, J., Xie, J.N., Liao, H., Wang, X.R., 2014. Overexpression of betaexpansin gene
GmEXPB2 improves phosphorus efficiency in soybean. Physiol. Plant. 150, 194–204.

Zhu, L., O'Dwyer, J.P., Chang, V.S., Granda, C.B., Holtzapple, M.T., 2008. Structural features
affecting biomass enzymatic digestibility. Bioresour. Technol. 99, 3817–3828.

Zykwinska, A.W., Ralet, M.C.J., Garnier, C.D., Thibault, J.F., 2005. Evidence for in vitro
binding of pectin side chains to cellulose. Plant Physiol. 139, 397–407.

http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1290
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1290
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1295
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1295
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1300
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1300
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1300
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1305
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1305
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1305
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1310
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1310
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1310
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1315
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1315
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1315
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1315
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1315
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1320
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1320
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1320
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1325
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1325
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1330
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1330
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1335
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1335
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1340
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1340
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1340
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1345
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1345
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1345
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1350
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1350
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1350
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1360
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1360
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1360
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1365
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1365
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1370
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1370
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1370
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1375
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1375
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1375
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1380
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1380
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1380
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1385
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1385
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1385
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1385
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1390
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1390
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1390
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1395
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1395
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1395
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1395
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1400
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1400
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1400
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1405
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1405
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1405
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1410
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1410
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1415
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1415
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1415
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1420
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1420
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1425
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1425
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1430
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1430
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1435
http://refhub.elsevier.com/S0734-9750(16)30069-6/rf1435

	Genetic modification of plant cell walls to enhance biomass yield and biofuel production in bioenergy crops
	1. Introduction
	2. Effects of wall polymer features on biomass saccharification
	2.1. Cellulose
	2.2. Hemicelluloses
	2.3. Lignin
	2.4. Pectin
	2.5. Wall proteins

	3. Genetic modification of plant cell walls
	3.1. Wall polymer synthesis
	3.2. Wall polymer degradation
	3.3. Wall network construction

	4. Evaluation of bioenergy crop breeding
	4.1. Herbaceous grasses
	4.2. Food crops
	4.3. Woody trees

	5. Biotechnology of biofuel process
	5.1. Biomass pretreatment
	5.2. Lignocellulose enzymatic hydrolysis
	5.3. Bioethanol fermentation

	6. A model for cell wall modification and biofuel application
	Acknowledgments
	References


