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Summary

Lignocelluloses from plant cell walls are attractive resources for sustainable biofuel production.
However, conversion of lignocellulose to biofuel is more expensive than other current
technologies, due to the costs of chemical pretreatment and enzyme hydrolysis for cell wall
deconstruction. Recalcitrance of cell walls to deconstruction has been reduced in many plant
species by modifying plant cell walls through biotechnology. These results have been achieved by
reducing lignin content and altering its composition and structure. Reduction of recalcitrance has
also been achieved by manipulating hemicellulose biosynthesis and by overexpression of
bacterial enzymes in plants to disrupt linkages in the lignin—carbohydrate complexes. These
modified plants often have improved saccharification yield and higher ethanol production. Cell
wall-degrading (CWD) enzymes from bacteria and fungi have been expressed at high levels in
plants to increase the efficiency of saccharification compared with exogenous addition of
cellulolytic enzymes. In planta expression of heat-stable CWD enzymes from bacterial
thermophiles has made autohydrolysis possible. Transgenic plants can be engineered to reduce
recalcitrance without any yield penalty, indicating that successful cell wall modification can be

achieved without impacting cell wall integrity or plant development. A more complete
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understanding of cell wall formation and structure should greatly improve lignocellulosic
feedstocks and reduce the cost of biofuel production.

Introduction

Biomass is biological material derived from living organisms. It is
an important renewable energy resource, either for direct
production of heat or for indirect conversion to biofuels. With
increased demand for energy and the need for cost-effective
sustainable production of alternative fuels to reduce dependence
on fossil fuel, a great effort has been made to create more cost-
effective biofuels. The ideal biofuel feedstocks would have high-
energy content, could be produced at high yield on a large scale,
and could grow on marginal land that would not compete with
agriculture.

Biofuels are classified into different categories depending on
the source of biomass. First-generation biofuels are derived from
sugar or starch, which is easily extracted and fermented to
ethanol. Second-generation biofuels are produced from lignocel-
lulosic non-food plants, or from agricultural and municipal waste,
converting cellulose to ethanol. Currently, the dominant biomass-
based liquid biofuel is ethanol from maize kernels and sugarcane
stalks (Sticklen, 2006). However, the production of first-
generation biofuel often competes with food crops for land and
can only meet a limited fraction of the global fuel requirement
(Field et al., 2008). Plant lignocelluloses, as the most abundant
organic raw materials, are regarded as the best feedstock for
ethanol biofuel production (Carroll and Somerville, 2009).

Lignocelluloses consist predominantly of lignin, carbohydrates,
pectin and proteins. Lignocellulosic biofuel production is the
process of removing lignin and converting cellulose to ethanol. It
includes five main steps: feedstock collection and transport to the
processing plant, pretreatment to reduce lignin, enzyme hydro-
lysis for saccharification, fermentation, and distillation (Figure 1).
Cell wall polymers first need to be hydrolysed to sugars for
fermentation to ethanol, but lignocelluloses are highly recalcitrant
to microbial and enzymatic degradation. Cellulose is highly
crystalline and cross-linked with lignin and hemicelluloses, limiting
the accessibility of cellulases to cellulose (Himmel et al., 2007). To
achieve effective hydrolysis of cellulose, pretreatment is necessary
to remove lignin and hemicelluloses or to disrupt their linkages
with cellulose and to reduce its crystallinity. Technologies for
pretreatment include physical pretreatment (mechanical
reduction to small particle size and pyrolysis), physicochemical
pretreatment (steam, carbon dioxide, and ammonia fibre explo-
sion), chemical pretreatment (acid, alkaline, ionic liquids, and
ozonolysis) and biological pretreatment (using biomass-degrading
micro-organisms) (Kumar et al., 2009). Chemical and thermo-
chemical pretreatments are currently the most effective for
industrial application (Alvira et al., 2010). After pretreatment,
more cellulose can be hydrolysed to glucose by polysaccharide
hydrolases. Glucose is then fermented to ethanol, which is
recovered by distillation.
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Figure 1 Biofuel production.
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The cost of conversion of lignocellulose to sugar is high, due to
the costs of biomass cultivation, collection, transport, storage,
chemical pretreatment and the price of exogenous enzymes.
Pretreatment accounts for 20% of the total cost (Mosier et al.,
2005). To decrease the cost of biofuel production, research has
focused on the optimization of pretreatment, hydrolysis and
fermentation. With the growing understanding of the biosynthesis
of the cell wall components, cellulose, hemicelluloses and lignin,
genetic modification of the plant cell wall has generated plant
materials with higher saccharification efficiency. Polysaccharide
hydrolases from bacteria and fungi have been expressed in plants
to achieve a high-level accumulation of enzymes to provide an
alternative to production of enzymes by microbial fermentation
(Sticklen, 2006). Recently, transgenic plants with in planta expres-
sion of polysaccharide hydrolases have been evaluated for
saccharification efficiency (Shen et al.,, 2012). In this review, we
describe the progress of biotechnology studies towards conquering
the cell wall recalcitrance to biomass deconstruction. It includes
modifications of plant cell walls and the engineering of polysac-
charide hydrolases in plants for biofuel production.

Plant cell wall modifications for biofuel
production

Cell wall formation is a complex plant-specific process, involving
the deposition of polysaccharides and the building of a polysac-
charide network (Cosgrove, 2005). When new cell plates are
formed after cytokinesis, primary cell walls are continuously built
during cell growth, assembling the polysaccharides cellulose,
hemicelluloses and pectin. After cells cease enlargement, sec-
ondary cell walls (SCWs) are formed in specialized cells to provide
mechanical strength and to form sclerenchyma cells. These
terminally differentiated cells include vessels and fibres in
angiosperms and tracheids in gymnosperms (Evert, 2006).

The SCW is rich in cellulose, hemicelluloses and lignin, and is a
major biomass resource for biofuel. Efforts have focused on the
biosynthesis of cellulose, hemicelluloses and lignin to understand
how SCWs are formed. Of these three components in the SCW,
the lignin biosynthetic pathway is best understood. Many aspects
of the route of metabolic flux through the monolignol biosyn-
thesis pathway were identified by characterizations of mutants
and antisense suppression transgenics, combined with biochem-
ical enzyme assays (Boerjan et al., 2003; Campbell and Sederoff,
1996).

Engineering of monolignol biosynthesis pathway genes

Lignin is a phenolic polymer covalently linked with cellulose and
hemicelluloses in the SCW of vascular plants (Balakshin et al.,
2008; Sarkanen and Ludwig, 1971). It plays a critical role in
vascular transport and mechanical support (Harada and Cote,
1985). It also plays a unique role in the adaptation of plants to
their environment and in resistance to biotic and abiotic stresses
(Harada and Cote, 1985).

Lignin surrounds the preformed hemicelluloses and cellulose,
reducing the accessibility of cellulose-degrading enzymes. Lignin
is the major barrier for the accessibility of cellulolytic enzymes to
cellulose to hydrolyse plant fibres. Several lignin characteristics,
such as content, subunit composition and the degree of ester
linkages between lignin and carbohydrates, affect the recalci-
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trance (Chen and Dixon, 2007; Grabber et al., 2009). Lower
lignin content and a higher ratio of syringyl/guaiacyl units (5/G
ratio) increase sugar release (Chen and Dixon, 2007; Chiang,
2002; Davison et al., 2006; DeMartini et al., 2013; Min et al.,
2012; Studer et al., 2011).

Lignin is typically polymerized from three phenylpropanoid
monomers, p-coumaryl, coniferyl and sinapyl alcohols, also
known as the H, G and S monolignols. Members of ten enzyme
families convert phenylalanine to monolignols through a
metabolic grid, including serial reactions of hydroxylation
and methylation (Figure 2) (Dixon et al., 2001; Higuchi,
1997, 2003; Humphreys et al., 1999; Shi et al., 2010; Vanholme
et al., 2008). These ten enzyme families are phenylalanine
ammonia-lyase (PAL), cinnamate-4-hydroxylase (C4H), 4-couma-
rate: CoA ligase (4CL), p-hydroxycinnamoyl-CoA: shikimate
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(CCR), coniferaldehyde 5-hydroxylase/ferulate  5-hydroxylase
(CAId5H/F5H), caffeic acid/5-hydroxyconiferaldehyde 3-O-meth-
yltransferase (COMT) and cinnamyl alcohol dehydrogenase (CAD)
respectively. Monolignols are exported to the cell wall (Higuchi,
1997; Liu, 2012; Miao and Liu, 2010; Smith et al., 2013) and
oxidized by peroxidases (POs) and laccases (LACs) to phenoxy
radicals to form lignin polymers (Berthet et al, 2011; Higuchi,
1997; Lu et al,, 2013; Zhao et al., 2013b). G and S subunits
polymerize typically through p-O-4, B-5 and B-B linkages
(Figure 3a) (Ralph et al., 2004).

The supply and ratios of monolignols determine lignin compo-
sition, content and structure. These lignin properties are key
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Figure 2 Monolignol biosynthetic pathway. The principal path in Arabidopsis and poplar is shown in the heavy green colour and red arrows. The pathway
in switchgrass that is supported by biochemical and genetic studies is shown by blue arrows.
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factors affecting the efficiency of lignin removal during conver-
sion of SCWs into biofuels. Engineering of the lignin pathway has
been carried out in many species, including poplars, eucalyptus,
switchgrass, alfalfa and maize.

Monolignol pathway mutation in the model plant Arabidopsis

Because of the negative impact of lignin on the accessibility of
polysaccharide-degrading enzymes, engineering of monolignol
pathway genes to decrease lignin content has been a strategy for
producing crops with improved digestibility (Chen and Dixon,
2007). The Arabidopsis ref8 mutant showed that mutation of
C3H caused cell walls to be more completely degraded by
polysaccharide hydrolases than in the wildtype (Franke et al.,
2002a).

Conversion efficiency of cellulose was estimated using a set of
20 Arabidopsis mutants in 8 families of 10 different genes
involved in the monolignol biosynthesis pathway (Van Acker
et al., 2013). These mutants alter lignin content and S/G ratios at
different levels. In wildtype Arabidopsis, only 18% of cellulose
can be converted to glucose after pretreatment. In most
Arabidopsis SCW mutants, cellulose conversion efficiency was
increased, with the highest being 88% in the ccr mutant (Van
Acker et al., 2013).
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The hydrolysis of Arabidopsis mutants shows that increases of
cellulose saccharification by engineering monolignol biosynthesis
can be the basis for monolignol pathway engineering in other
species. Different species may have alternative routes for mono-
lignol biosynthesis (Weng et al., 2010; Zhou et al., 2010), and
down-regulation of specific monolignol pathway genes in
different species may not have the same effects. For example,
down-regulation of C3H in Arabidopsis caused reduction of both
G and S monolignols (Ralph et al., 2006). However, in a hybrid
poplar (Populus alba x grandidentata), the lignin content reduc-
tion was mainly due to the decrease of G monolignols, and S
monolignols remained at about the same level (Coleman et al.,
2008).

Recently, the caffeoyl shikimate esterase (CSE) gene was
identified converting caffeoyl shikimic acid to caffeic acid in
Arabidopsis (Vanholme et al., 2013) (Figure 2). The cse mutants
had reduced lignin content with enriched H units. The sacchar-
ification efficiency of the cse-2 mutant was increased to 75%;
fourfold higher than that in the wildtype (Vanholme et al.,
2013). However, the involvement of CSE in other species
has not been verified, although other species also possess
CSE genes that are highly expressed in the lignification tissues.
For example, switchgrass CSE gene expression was not
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induced in the lignified cell cultures (Shen etal., 2013).
Nevertheless, engineering of the monolignol pathway in
species with industrial potential could lead to better biofuel
production.

Monolignol pathway engineering in woody plants

Woody plants highly specialized in lignin biosynthesis in wood
formation also provide fundamental information on the genetic
and biochemical basis of lignification (Li et al., 2006). Wood
formation is a process of xylem differentiation derived from
continuous cell division in the vascular cambium, which gives rise
to xylem mother cells inside and phloem mother cells outside. The
cells derived from xylem mother cells undergo further cell division,
followed by cell expansion, cell wall thickening and programmed
cell death. In angiosperm, xylem differentiation produces vessels,
ray parenchyma and fibre cells. The thick-walled fibre cells are the
major components of the secondary xylem (wood). In gymno-
sperms, there is only one major type of cell with thick SCWs, the
tracheids, which provide both mechanical support and water
transport (Evert, 2006).

As a major SCW component, lignin accounts for more than
20% of the dry weight of wood. In the wood of Populus, the S/G
ratio is approximately 2 (Higuchi, 1997; Hu et al., 1999; Sarkanen
and Ludwig, 1971). Many studies of lignin biosynthesis were
carried out on woody species (softwoods or hardwoods) because
they have economic importance as raw materials or for biofuel.
Engineering of monolignol pathway genes has enabled the
alteration of lignin content and composition in trees (Lu et al.,
2010).

4CL mediates the activation of hydroxycinnamates for mono-
lignol biosynthesis (Figure 2). Down-regulation of 4CL in aspen
(Populus tremuloides) resulted in a 45% reduction of lignin
content, with both G and S subunits decreased, and accordingly
cellulose content increased by 15% (Hu et al., 1999). Repression
of 4CL by RNAI in the gymnosperm Pinus radiata also caused a
lignin content reduction, up to 36%, but an increase of polysac-
charide was only observed for galactan (Wagner et al., 2009). The
4CL gene was silenced by antisense in Populus trichocarpa, and
enzymatic hydrolysis showed an increase of up to 65% of the
saccharification efficiency in the 4CL-down-regulated transgenic
wood (Min et al., 2012).

CAId5H catalyses hydroxylation at the 5-position of the
aromatic ring of cinnamic intermediates and is a key enzyme
for S monolignol biosynthesis (Figure 2) (Humphreys et al., 1999;
Osakabe et al., 1999). Overexpression of CAld5H in P. tremulo-
ides and in a hybrid poplar (Populus tremula x alba) increased
the lignin S/G ratio (Franke et al., 2000; Stewart et al., 2009).
Antisense silencing of 4CL and overexpression of CAld5H in
quaking aspen caused a 52% reduction of lignin content and a
64% increase of lignin S/G ratio (Li et al., 2003).

Cinnamoyl-CoA reductase catalyses the conversion of cinna-
moyl-CoA esters to their corresponding cinnamaldehydes in
monolignol biosynthesis (Figure 2). In the transgenic hybrid
poplar (P. tremula x alba) when CCR was down-regulated by
antisense, lignin content was reduced to 50%, and this
transgenic had improved pulping efficiency (Leplé et al., 2007).
The cellulose content in the CCR-down-regulated poplar was not
increased, and the saccharification yield is improved due to higher
cellulose conversion (Van Acker etal, 2014). Field-grown
CCR-down-regulated poplar had a 161% higher ethanol yield
than the wildtype. In P. radiata, a 46% lignin content reduction
was obtained in a CCR RNAI line, and an 8% lignin content

reduction was obtained in a Norway spruce CCR antisense line
(Wadenback et al., 2008; Wagner et al., 2013).

Cinnamy!l alcohol dehydrogenase catalyses the last step of
monolignol biosynthesis, converting hydroxycinnamyl aldehydes
to alcohols (Figure 2). Transgenic poplar (P. tremula x alba)
down-regulating CAD had normal growth in the field, and its
wood was more easily extracted (Baucher et al, 1996; Lapierre
et al., 1999; Pilate et al., 2002).

Monolignol pathway engineering in grass species

Grasses, such as switchgrass (Panicum virgatum), Miscanthus
sinensis, rice (Oryza sativa) and maize (Zea mays), are also
potential cellulosic bioenergy crops (Heaton et al., 2008; Schmer
et al., 2008). Some grasses, such as switchgrass, can grow well
on marginal land and therefore do not necessarily compete with
crop plants for land (Parrish and Fike, 2005). In switchgrass, 4CL,
COMT, CCR and CAD have been characterized (Escamilla-Trevino
et al., 2010; Fu et al., 2011a,b; Saathoff et al.,, 2011; Xu et al.,
2011), and recently the genes involved in the monolignol
biosynthesis were identified in a systematic genome-wide study
(Shen et al., 2013).

In transgenic switchgrass lines down-regulating COMT by
RNAI, lignin content was reduced as much as 24% and the lignin
S/G ratio was decreased from 0.71 to as low as 0.37 (Fu et al.,
2011b). Ethanol yield from COMT-down-regulated switchgrass
was 38% higher than wildtype. The same amount of ethanol was
produced from this transgenic switchgrass with less severe
pretreatment and much lower cellulose dosages as the control
(Fu et al, 2011b). Field-grown 2-year-old COMT RNAi switch-
grass plants had similar sugar release and ethanol yield as those
grown in a greenhouse and did not show any negative effects on
biomass yield or disease susceptibility, indicating that COMT RNAI
switchgrass can be used for biofuel production at lower cost
(Baxter et al., 2014). RNAI silencing of the 4CL gene in switch-
grass caused an 80% decrease of plant protein extract 4CL
activity, leading to a reduction of lignin content up to 32% in a
severe knockdown line. The dilute acid-pretreated transgenic
biomass yielded 57.2% more fermentable sugar than pretreated
wildtype wood (Xu et al., 2011).

In  Brachypodium distachyon, COMT and CAD genes
were silenced by artificial microRNA. Fermentation of CADT-
down-regulated and COMT-down-regulated plants yielded 9%
and 17% higher ethanol than the control respectively (Trabucco
et al., 2013). Saccharification was also analysed in two B. distach-
yon mutants that have point mutations at different locations in the
CAD gene and were found to have 46% and 44% increases of
saccharification efficiency (d"Yvoire et al.,, 2013). In ryegrass
(Lolium perenne), modifications of lignin biosynthesis by RNAi-
mediated down-regulation of COMT and CCR also enhanced the
enzyme digestibility (Tu et al., 2010).

The leaves and stalks of maize and rice (stover), or bagasse
(stalks and leaves after crushing to remove sugars) of sorghum or
sugarcane, can be feedstocks for biofuel. Stalks contain vascular
bundles, composed of many thick-walled vessels and fibre cells.
Several cases of lignin reduction in these species showed positive
effects on saccharification efficiency. Five brown midrib (bm)
maize mutants and four bm sorghum mutants have reduced
lignin. Some have been characterized as CAD or COMT
mutations. These bm mutants showed increased digestibility
(Sattler et al., 2010). Mutation of sorghum CAD and COMT
caused 22% and 21% increases, respectively, of the conversion
of cellulose to ethanol. The increase was 43% in the double
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mutant (Dien et al., 2009; Saballos et al., 2008). Saccharification
efficiency was increased by 28%-32% in sugarcane COMT RNAi
transgenic plants, grown either in a greenhouse or in the field
(Jung et al., 2012, 2013).

Grass lignins contain substantial amounts of p-coumarate
(pCA) (Ralph, 2010). Grass-specific p-coumaroyl-CoA: monolig-
nol transferases (PMTs) have been identified as enzymes acylat-
ing monolignols with p-CAs in rice and B. distachyon (Petrik
et al., 2014; Withers et al., 2012). Disruption of BdPMT in
B. distachyon caused a reduction of p-coumarate content (Petrik
et al., 2014). In Z mays, RNAI suppression of p-coumaroyl CoA:
hydroxycinnamyl alcohol transferase (pCAT), which is responsible
for formation of pCA-monolignol conjugates, also resulted in a
decrease of pCA levels (Marita et al., 2014). Because pCA does
not participate in the radical coupling reactions of lignifica-
tion, engineering of the acyltransferases that specifically
acylate monolignols could generate lignin with lower amounts
of pCA and more monolignol conjugates, which could be
cleaved by alkaline or acidolytic processes, and provides a
potential strategy for improving saccharification efficiency
specifically in grasses.

Monolignol pathway engineering in herbaceous plants

Perennial herbaceous plants have high biomass yield and can be
grown on marginal land (Bhattarai et al, 2013). Alfalfa is
regarded as one potential plant for biofuel. In alfalfa, the functions
of four enzymes C4H, COMT, CAD and CCR involved in the
monolignol pathway have been characterized (Guo et al., 2001;
Reddy et al., 2005; Shadle et al., 2007; Zhao et al., 2013¢).

The relationships between lignin content/composition and
chemical/enzymatic saccharification for biofuel production were
investigated using transgenic alfalfa lines independently down-
regulated in each of six lignin biosynthetic enzymes C4H, HCT,
C3H, CCoAOMT, F5H and COMT (Chen and Dixon, 2007). A
strong negative correlation between lignin content and sugar
release by enzymatic hydrolysis was observed. The highest
saccharification efficiency was 79% in the HCT line that had
the lowest lignin content (Chen and Dixon, 2007). More sugars
were released from xylan in transgenics than in the wildtype,
indicating that lignin modification also increases the accessibility
of residual hemicellulose to degradative enzymes (Chen and
Dixon, 2007). Further, the alfalfa COMT transgenic that has
reduced S lignin was examined for ethanol production. Ethanol
yield was as much as 277 L/ton, 19.7% higher than wildtype
(Dien et al., 2011).

Growth of lignin transgenics

Because lignin is essential for normal growth and development,
strong reduction of lignin content could affect plant growth
(Novaes et al., 2010). Except CAD, down-regulation of other
monolignol pathway genes, such as C3H, CCR, HCT, at severe
levels (i.e. >40% lignin reduction) resulted in a severe dwarf
phenotype (Franke et al,, 2002b; Shadle et al., 2007; Voelker
et al., 2010). The decreased biomass yield will have adverse effect
on the ethanol production. For example, CCR down-regulation in
hybrid poplar (P. tremula x alba) had 161% higher ethanol
production than the wildtype. If the yield penalty is taken into
account, the ethanol produced by CCR transgenic poplar was
only 57% higher than that produced by wildtype (Van Acker
et al., 2014).

The stunted growth may be due to the perturbation of the
auxin signal or alteration of the salicylic acid (SA) level, but not by
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lignin content reduction, because bringing the SA level back
down to normal restored growth (Besseau et al., 2007; Gallego-
Giraldo et al., 2011). The HCT-down-regulated Arabidopsis
maintained reduced lignin independent of the level of SA
(Gallego-Giraldo et al., 2011).

In the case of low-lignin maize bm2 mutant, time to flowering is
longer than for wildtype (Vermerris and Mclntrye 1999). Recently
map-based cloning showed that bm2 gene encodes a methylene-
tetrahydrofolate reductase that is involved in the biosynthesis of
SAM (Tang et al., 2014). This work provides an example of
avoiding lignin pathway genes for generating transgenic plants
with low lignin, but not affecting agronomic performance.

MED5a and MED5b, subunits of the transcriptional coregula-
tory complex Mediator, are required for homeostatic repression
of phenylpropanoid biosynthesis in Arabidopsis (Bonawitz et al.,
2012). Disruption of MED5a and MED5b in the Arabidopsis C3H
missense mutant reduced epidermal fluorescence 8-1 (ref8-1)
rescued the stunted growth and lignin deficiency and produced a
novel lignin consisting almost exclusively of p-hydroxyphenyl
lignin subunits (Bonawitz et al., 2014). The med5a/med5b/ref8-1
triple mutant substantially increased the conversion of cellulose to
glucose, with more than twice the glucose yield than the wildtype
or med5a/5b. The increase of saccharification efficiency may be
due to the altered lignin composition and structure. Engineering
of the Mediator in the transcription machinery and signalling
pathways responding to cell wall defects provides another
potential mechanism for reducing biomass recalcitrance.

Modification of lignin structures

Although lignin reduction by silencing/knocking-down monolignol
pathway genes in all the species tested is a promising approach to
improve biofuels, increased saccharification efficiency can be
compromised by decreased biomass. Strategies for altering lignin
structure without affecting plant growth have been studied to
provide materials that are more easily deconstructed. Incorporat-
ing a new linkage in lignin is an effective way to generate more
easily digested plants without affecting plant growth (Wilkerson
et al., 2014).

Incorporating new linkages in lignin

Lignin can be polymerized using isolated maize cell walls and
added lignin precursors, including subunits for generating novel
linkages. For example, the incorporation of ferulate is compatible
with normal lignification reactions, allowing its integration into
lignin polymers (Figure 3b) (Ralph, 2010). Cell walls with coniferyl
ferulate esters produce ester-interunit linkages that enhance
alkaline delignification and enzymatic degradation, because ester
linkages are readily cleaved by alkali (Grabber et al., 2008).
Enhanced delignification was also observed when epigallocate-
chin gallate (EGCG) was incorporated into lignin. The EGCG-
lignified walls yielded 34% more glucose and total sugars than
the control (Elumalai et al., 2012).

Chemically labile ester linkages were introduced into the lignin
backbone in hybrid poplar (P. alba x grandidentata) by
overexpressing an Angelica sinensis (dong quai) gene encoding
feruloyl-coenzyme A (CoA) monolignol transferases (FMT), which
catalyse the formation of the conjugate (Wilkerson et al., 2014).
Both coniferyl ferulate and sinapyl ferulate were incorporated into
the lignin of the transgenic poplar. This transgenic poplar wood
was more easily deconstructed, with as much as a twofold
increase of the saccharification efficiency (Wilkerson et al., 2014).
These transgenic plants did not show any growth reduction and
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demonstrate a new approach to improve plant biomass for
biofuel.

Reducing the degree of lignin polymerization

Hydroxycinnamoyl-CoA hydratase-lyase (HCHL) can cleave the
propanoid side chain of hydroxycinnamoyl-CoA lignin precursors.
The resulting monomers, when incorporated into lignin polymers,
lack propanoid side chains and conjugated double bonds,
disabling them from further polymerization with other mono-
mers. Overexpression of Pseudomonas fluorescens HCHL in
plants caused the accumulation of a non-conventional side-
chain-truncated monomer, resulting in a reduced degree of lignin
polymerization (reduced molecular weight) (Eudes et al., 2012;
Mayer et al., 2001). Arabidopsis plants overexpressing a codon-
optimized HCHL gene driven by a SCW-specific promoter were
normal in phenotype in contrast to tobacco plants expressing
CaMV 35S promoter-driven HCHL that were dwarfed and sterile.
The HCHL-overexpressing Arabidopsis, with a reduced degree of
lignin polymerization, had a higher saccharification efficiency, up
to a ~70% increase over wildtype (Eudes et al., 2012).

Engineering artificial enzymes

Through iterative saturation mutagenesis, Zhang et al. (2012)
engineered a monolignol 4-O-methyltransferase (MOMT4) that
can regiospecifically methylate the p-hydroxyl of monolignols,
important for coupling during lignin polymerization. Overexpres-
sion of MOMT4 in Arabidopsis caused etherification of the
p-hydroxyl of lignin monomeric precursors, which blocked
coupling/polymerization of linkages between side chain carbons
and conventional lignin monomers, and subsequently caused
lignin content reduction. Plant growth was not severely affected
in the MOMT4-overexpressing Arabidopsis that has lignin content
reduction up to 34%. Overexpression of MOMT4 enhanced the
hydrolysis of cell wall carbohydrates, producing 22% more sugars
than the wildtype.

Cellulose biosynthesis and engineering

Cellulose is the world’s most abundant polymer. It accounts for
40%-50% of plant SCW. It is a linear polymer composed of
(1—-4)-linked B-p-glucose residues (Doblin et al., 2002) (Figure 4).
Thirty to thirty-six parallel cellulose chains, each containing up to
14 000 glucose molecules, form microfibrils through hydrogen
bonds and Van der Waals forces (Somerville, 2006). At the base
of the growing microfibril there is a rosette structure; a large
multimeric plasma membrane-bound complex, responsible for
cellulose synthesis (Brown, 1996; Eckardt, 2003). The high
crystallinity of cellulose makes it recalcitrant to enzymatic
hydrolysis by cellulases into glucose subunits.

Cellulose synthase (CesA) is the catalytic subunit of the
cellulose synthase (CESA) complex. Thirty-six CesA proteins may
be required for the CESA complex (Somerville, 2006). A CESA
complex requires at least three different interacting CesA proteins
(Endler and Persson, 2011; Timmers et al., 2009). Ten CesA genes
have been identified in Arabidopsis (Richmond and Somerville,
2000; Somerville, 2006). AtCesA4, AtCesA7 and AtCesA8 encode
the three protein subunits necessary for cellulose biosynthesis in
SCWs (Atanassov et al., 2009; Endler and Persson, 2011; Taylor
et al., 2000, 2003). Their functions are not interchangeable
(Gardiner et al., 2003). Of the 17 CesA genes identified in
P. trichocarpa, the PtrCesA4 gene, the PtrCesA7/17 gene pair and
the PtrCesA8/18 gene pair encode interacting proteins in the
CESA complex for cellulose synthesis in wood. These genes have

the highest protein sequence identities with Arabidopsis
AtCesA4, AtCesA7 and AtCesAS8 respectively (Song et al., 2010;
Suzuki et al., 2006). There are no reports of increasing cellulose
content by overexpressing one or more CesA genes.

Other proteins are associated with the CESA complex. Sucrose
synthase (SuSy) and KOR can be immunoprecipitated from
protein extract of P. deltoides x trichocarpa stem-differentiating
xylem (SDX) by CesA-specific antibodies (Song et al, 2010).
Immunogold labelling with anti-SuSy antibodies showed that
SuSy is an integral component of the catalytic unit of cellulose
biosynthesis (Fujii et al., 2010). SuSy catalyses the formation of
UDP-GIc from sucrose. Overexpression of SuSy in hybrid poplar
(P. alba x grandidentata) resulted in increased cellulose synthesis
(Coleman et al., 2009). Overexpression of KOR, a membrane-
bound endo-B-1,4-glucanase, decreased cellulose crystallinity
(Takahashi et al., 2009).

Hemicellulose biosynthesis and engineering

Hemicelluloses are short abundant branched polysaccharides,
ranging from 500 to 3000 units, with B-(1—4)-linked backbones
in plant cell walls. Hemicelluloses include xyloglucan (XyG), xylan,
mannan, and glucomannan, and B-(1—3,1—4)-glucan (Scheller
and Ulvskov, 2010). XyG is mainly deposited in the primary cell
wall of seed plants except the grasses, constituting 20%-25%
and 10% of the wall in dicot and conifer respectively (Scheller
and Ulvskov, 2010). XyG is composed of backbone of repeated
(1—>4)-linked B-p-Glc units, substituted by a-p-xylose, and the
xylosyl residue can be substituted with additional residues, such
as galactose, arabinose and fucose (Figure 4). Xylan, the most
abundant hemicellulose in SCWs, is a linear polymer with a
backbone composed entirely of (1—4)-linked B-o-xylose units
(Figure 4). In dicot SCWs, the major hemicellulose is glucuron-
oxylan (GX), in which some Xyl residues are attached to
Glucuronic acid (GIcA) or 4-O-methyl GIcA (MeGlcA). Some Xyl
residues can also be substituted with arabinosyl or acetyl groups
(Ebringerova and Heinze, 2000). In wood of angiosperms,
the xylose backbone is partially substituted by MeGIcA
groups through a-(1-2)-glycosidic linkages (Fengel and Wegener,
1983). Xylan in angiosperm wood is also referred to as
4-O-methylglucuronoxylan. The backbone terminates with a
tetrasaccharide containing an a-t-rhamnopyranosyl-1,2-o-p-ga-
lactopyranosyl uronic acid unit linked to the reducing end of the
polymer (Andersson et al., 1983; Johansson and Samuelson,
1977). Glucuronoarabinoxylan (GAX) represents the major hemi-
cellulose in both the primary and secondary walls of grasses
(Scheller and Ulvskov, 2010).

Currently, hemicelluloses are commonly removed during the
initial stage of biomass processing to increase the efficiency of
enzymatic cellulose hydrolysis. Manipulations of hemicellulose
biosynthesis to reduce hemicellulose content or to break its cross-
links with cellulose and lignin could improve the accessibility of
cellulases and hemicellulases to their substrates.

Engineering of xylan

Information on the involvement of glycosyltransferases (GTs) in
xylan biosynthesis comes from work on Arabidopsis. IRX9, IRX9-L,
IRX10, IRX-10L, IRX14 and IRX14-L are involved in xylan backbone
synthesis (Brown et al., 2007, 2009; Lee et al., 2010, 2012; Pena
et al., 2007; Wu et al., 2009, 2010). IRX7/FRAS8, F8H, IRX8 and
PARVUS are implicated in synthesis of the tetrameric end group
(Figure 4) (Brown et al., 2007; Lee et al., 2007, 2009a; Pena
et al., 2007).
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The GTs of poplars involved in xylan biosynthesis have been
characterized for their functions during wood formation (Kong
et al., 2009; Lee et al., 2009b, 2011; Li et al., 2011; Zhou et al.,
2006, 2007). Down-regulation of family GT47 PoGT47C in
P. alba x tremula showed an up to 48% increase in the
conversion of cellulose to glucose compared to wildtype (Lee
et al., 2009b).

Xylan is covalently attached to lignin through ester linkages to
branch MeGIcA, which is also involved in the xylan—cellulose and
xylan—xylan interactions (Kabel et al, 2007, Watanabe and
Koshijima, 1988). Glucuronic acid substitution of xylan 1
(GUX1) and GUX2 are the xylan glucuronyltransferases adding
GlcA and MeGlIcA branches to xylan in Arabidopsis (Bromley
et al., 2013; Mortimer et al., 2010). The a-(1,2)-glycosidic bond
between MeGIcA and Xyl is difficult to break and thus

a-glucuronidases are added into the enzyme mixture containing
xylanases and xylosidases for complete xylan hydrolysis. Xylan
that lacks branches in the gux? gux2 double mutants showed
more enhanced xylan extraction from the cell walls than the xylan
with branches in the wildtype. All xylan in the gux7gux2 double
mutant could be hydrolysed to monosaccharide sugars by
mixtures of xylanases and xylosidases, while only ~40% of the
xylan was hydrolysed in the wildtype and in the irx9 and irx14
mutants (Mortimer et al., 2010).

Arabinoxylan is a major hemicellulose in the primary and SCWs
of grasses. It has B-1,4-b-xylopyranosyl backbones and 1,3-or
1,4-a-1-arabinofuranosyl residues (Figure 4). Arabinofuranosidase
was overexpressed in rice to reduce arabinose, which forms
a cross-link between arabinoxylan and lignin. The transgenic
rice had more than a 28% increase of cellulose content and a
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46% increase of saccharification efficiency (Sumiyoshi et al.,
2013). Overexpression of OsAt10, a p-coumaroyl coenzyme A
transferase involved in glucuronoarabinoxylan modification,
increased matrix polysaccharide-associated ester-linked p-CA
and decreased matrix polysaccharide-associated ferulic acid. A
20%-40% increase of saccharification yield was observed in the
OsAt10 overexpression plants, providing an attractive target for
improving grass cell wall quality for biofuel (Bartley et al., 2013).

Engineering of pectin

Pectin is a major component of primary cell walls in dicots and
nongraminaceous monocots, accounting for 30%-35% of dry
weight. It is also present in SCWs (in the middle lamella) and in
grasses (Mohnen, 2008). Pectin is a galacturonic acid (GalA)-rich
linear polymer. Homogalacturonan (HG) accounts for ~65% of
pectin and has more than 100 (1—4)-linked GalA residues
(Figure 4) (Mohnen, 2008; Thibault et al, 1993). HG can be
modified by linkage of methyl esters to some C6 positions. Other
major pectins are rhamnogalacturonan | (RG-l) and RG-Il, com-
prising 20%-35% and 10% of pectin respectively (Mohnen,
2008).

Overexpression of a fungal gene encoding polygalacturonase
(PG) or an Arabidopsis gene encoding an inhibitor of pectin
methylesterase (PMEI) reduced the content of de-esterified HG
(Capodicasa et al., 2004; Lionetti et al, 2007). Transgenic
Arabidopsis, tobacco and wheat leaves overexpressing PG or
PMEI had up to three times the saccharification efficiency, due to
modification of pectin composition or architecture (Lionetti et al.,
2010). In addition, transgenic stems also gave a higher efficiency
of enzymatic saccharification (Lionetti et al., 2010). In poplar,
degradation of pectin by overexpression of pectate lyase (that
degrades HG) improved saccharification of wood, due to a
greater release of pentoses and hexoses (Biswal et al., 2014).

Engineering of mannan

Glucomannan is a minor hemicellulose (3%-5% in weight) in
SCWs of angiosperms. It is a linear polymer of (1—4)-linked
B-p-glucose and B-b-mannose, with glucose: mannose ratios of
1:1 to 1:3 (Figure 4) (Aspinall, 1973). The Arabidopsis cellulose
synthase-like (Cs/) gene AtCsIA9 and the P. trichocarpa PtrCsIA3
encode glucomannan synthases (Dhugga et al., 2004; Goubet
et al., 2009; Liepman et al., 2005; Suzuki et al., 2006). Populus
trichocarpa endo-1,4-B-mannanase PtrMAN6 not only has a
hydrolysis function on mannan but also suppresses the thickening
of the SCW in xylem tissue (Zhao et al., 2013a). PtrMAN6 may be
a new target for modification of the SCW to weaken cross-linking
between lignin and hemicelluloses.

Disruption of linkages in the lignin-carbohydrate
complex

Lignin-carbohydrate complexes (LCCs) may be formed by the
same coupling mechanisms as lignin polymerization. Benzyl ether,
benzyl ester and phenyl glycosides (Figure 3c) are the three major
linkages of cellulose and xylan to lignin. In P. trichocarpa wood,
approximately 15% of the monomers in lignin are attached to
polysaccharides through benzyl ether (Figure 3¢, blue contours),
v-ester (orange contours) or phenyl glycosidic linkages (red
contours) (Balakshin et al., 2007; Capanema et al., 2004). LCCs
link the cellulose and xylan polymers to lignin in the SCW of
angiosperms to form a rigid matrix of the three polymers. The
resulting SCW structure is a multilayered composite of adjacent
cell walls (Schniewind and Berndt, 1991) and has very high tensile

and compressive strength, acting as a major barrier to enzymatic
hydrolysis of cellulose in production of fermentable sugars for
biofuel.

Esters are unique linkages between lignin and xylan through
the primary hydroxyl group at the C vy of the lignin side chain and
the uronic acid of the MeGIcA in xylan (Watanabe and Koshijima,
1988). The lack of MeGIcA caused by GUXT and GUX2 mutations
reduces cross-linking between xylan and lignin (Bromley et al.,
2013; Mortimer et al., 2010). Overexpression of the Phanero-
chaete carnosa protein family 15 carbohydrate esterase (PcGCE),
which targets ester linkages between xylan and lignin, disrupts
the cross-links between xylan and lignin in SCWs of Arabidopsis.
The PcGCE-overexpressing Arabidopsis had an increase of xylose
extractability up to 15% (Tsai et al., 2012).

Ferulate is esterified to arabinoxylan and is also incorporated
into lignin, forming lignin—ferulate-arabinoxylan complexes. Dis-
ruption of the ester bond of the lignin—ferulate—arabinoxylan
complex showed enhanced cell wall deconstruction. Overexpres-
sion of an Aspergillus niger ferulic acid esterase in the apoplast,
ER or golgi of tall fescue (Festuca arundinacea) enhanced sugar
release, to more than twice that of the wildtype (Buanafina
Marcia et al., 2010).

Modifications of the genetic regulatory network
controlling SCW formation

Plant SCW formation is controlled by a genetic regulatory
network of transcription factors (TFs) (Zhao and Dixon, 2011;
Zhong et al, 2010). Many NAC (NAM, ATAF1/2 and CUC2)
and MYB genes directly or indirectly regulate the biosynthesis
of lignin, cellulose and xylan (Figure 5). In Arabidopsis,
SECONDARY WALL-ASSOCIATED NAC DOMAIN (SND) and
VASCULAR-RELATED NAC DOMAIN (VND) TFs are activators of
SCW synthesis in fibre and vessel cells respectively. SND1, VND6
and VND7 activate a cascade of TFs, including the direct targets
MYB46 and MYB83 (Kubo et al., 2005; Mitsuda et al., 2007;
Ohashi-Ito et al., 2010; Yamaguchi et al., 2008, 2010, 2011;
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Figure 5 A model of a genetic regulatory network controlling secondary
cell wall (SCW) formation in Arabidopsis. It shows part of genome-wide

regulatory nodes and their directed (activation 1, positive or inhibition L,
negative) hierarchical regulatory interaction (genotype) that determine the
characteristics of the bioenergy traits (phenotype). Pink circles represent

the genes involved in lignin, cellulose and hemicellulose biosynthesis. New
TFs represent unidentified transcription factors in the network controlling
SCW formation.
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Zhong et al., 2006, 2008). When overexpressed, MYB46 and
MYB83 can induce ectopic SCW formation (Ko et al., 2009;
McCarthy et al, 2009; Zhong et al., 2007). MYB103, a direct
target of SND1, is required for F5H expression and S lignin
biosynthesis in Arabidopsis (Ohman et al., 2013).

Overexpression of SND7 and VND genes did not enhance
cellulose deposition as expected, but inhibited plant growth
(Kubo et al., 2005; Zhong et al., 2006). In the c4h mutant, lignin
biosynthesis was reduced and vessel collapsed. Overexpression of
a VND6 promoter-driven C4H in the c4h mutant (i.e.
c4h+pVND6::C4H) rescued lignin biosynthesis in vessels, but not
in fibre cells. In addition, NST7, a TF that is functionally redundant
to SND1, was overexpressed in the c4h+pVND6::C4H background
under the /RX8 promoter. Because the IRX8 promoter is self-
induced by NST1, it creates positive feedback for NST1 overex-
pression to enhance cell wall deposition in fibre cells. The
c4H+pVNDG6::C4H+pIRX8::NSTT Arabidopsis grew normally, due
to the normal vessel integrity. The lignin reduction and enhanced
cell wall deposition in fibre cells may be the reason resulting in
improved sugar release of two times higher than the wildtype
(Yang et al, 2013). These results provide an example of
modification of the regulatory network to enhance SCW depo-
sition for reducing recalcitrance.

Engineering of cell wall-degrading enzymes in
plants

Plant cell wall biopolymer hydrolysis requires polysaccharide
hydrolases [cell wall-degrading (CWD) enzymes] to break down
the glucosidic bonds or xylosidic bonds in cellulose and hemicel-
luloses. Polysaccharide hydrolyases are mainly produced by
bacteria and fungi (Tomme et al., 1995). The individual fungal
hydrolases are different from the multiple hydrolases in bacteria,
which include the cellulases and hemicellulases that form a
complex called the cellulosome (Bayer et al., 2004). Ding et al.
(2012) found that bacterial and fungal enzymes use different
mechanisms to deconstruct plant cell walls. Bacterial cellulosomes
first digested the compound middle lamella (CML), while the
fungal cellulases digested the cell wall, leaving the CML intact.

A complete hydrolysis of polysaccharides needs exo- and endo-
hydrolyases together. Hydrolysis of cellulose into glucose mono-
mers requires three types of enzymes: exo-1,4-B-glucanases,
endo-1,4-B-glucanases and B-p-glucosidases. Exo- and endo-
glucanases can hydrolyse cellulose to cellobiose (a B(1,4)-linked
disaccharide of glucose), which can be converted to glucose by
B-p-glucosidases (Singhania et al., 2013). Two enzymes involved in
xylan backbone hydrolysis are endo-1,4-B-p-xylanase (xynA) and p-
xylosidase (xyD). a-glucuronidase (aguA) cleaves the glycosidic
linkage between MeGlIcA and backbone xylose units. Cellulase
and xylanase enzymes act synergistically to improve cellulose
hydrolysis and produce a secondary stream of fermentable
pentose sugars (Gottschalk et al., 2010; Murashima et al., 2003).

Polysaccharide hydrolases from bacteria are now commercially
available. For example, CellicCTec2 (Novozymes) is a blended
mixture of cellulases, B-glucosidases and hemicellulases. Several
crop plants (Table 1) have been used to express bacterial and
fungal CWD enzymes as exogenous reagents for lignocellulosic
ethanol production. Recently, researchers have been begun to
take advantage of thermostable CWD xylanases to produce self-
digesting materials, which can be processed for cellulose hydro-
lysis by exogenous cellulases alone or with less hemicellulases
added (Shen et al., 2012).
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Overexpression of CWD hydrolases as exogenous
enzymes

Production of heterologous recombinant proteins in plants is well
established for research and industrial applications (Ma et al.,
2003). Great effort has been made to increase transgenic protein
yield and stability, two major factors that determine the feasibility
and efficiency of the production system (Ma et al., 2003). Table 1
lists the major studies of recombinant polysaccharide hydrolases
in transgenic plants.

The yield of transgene products is affected by the genetic
characteristics of the transgenes, in particular (i) codon usage in
host plants, (i) the promoter used for expression and (iii) the
encoded signal peptides for subcellular localization (Hood, 2004;
Hood et al.,, 2003, 2007; Streatfield, 2007). Cellulases from
bacteria, such as Acidothermus cellulolyticus and Trichoderma
reesei, have been expressed in many plant species, including
Arabidopsis, tobacco and alfalfa (Table 1). Because codon usage
differs between prokaryotes and eukaryotes, the coding
sequences of prokaryotic genes may require modification to
enhance translational efficiency in plants (Grantham et al., 1981,
Hood et al., 2007; Murray et al., 1989; Perlak et al., 1991). Hood
et al. (2007) optimized the first 40 codons of a A. cellulolyticus
endo-1,4-B-glucanase (E1, AcE1) gene and a T. reesei cellobio-
hydrolase 1 (TrCBH 1) gene for expression in maize seeds and
recovered both transgenic proteins with yields up to 18% of the
total soluble protein (TSP). This production level of transgenic
TrCBH 1 protein was nearly 1000-fold higher than the level of this
protein in all other studies (Hood et al., 2007) (Table 1).

Hood et al. (2007) also ascribed the high accumulation of AcE1
and TrCBH1 to a maize embryo-preferred promoter and signal
peptides, allowing cytoplasmically translated products to target
specific subcellular locations. In general, tissue-specific promoters
result in higher protein production (Table 1), but in many cases
the resulting protein yields were considerably lower than the 18%
level reported for AcE1 and TrCBH1 (Hood et al., 2007). In Hood
et al. (2007), the tissue-specific promoter-driven expression was
carried out in a homologous system (i.e. a maize promoter in
transgenic maize), where the promoter specificity as well as the
strength had been established (Clough et al.,, 2006). In another
case, driving grain-specific expression of Clostridium stercorarium
XynB under the rice glutelin 4 promoter (GluB-4) resulted in a
higher accumulation, reaching 16% of maize-grain TSP (Gray
et al., 2011). Many studies (Table 1) have used the constitutive
cauliflower mosaic virus promoter (CaMV 35S) to drive protein
accumulation in plant leaves.

Signal peptides may also improve yield of specific expressed
proteins. Although general yields of CWD enzymes are 0.1%-5%
TSP in plant tissues, Ziegler et al. (2000) reported high AcE1
expression in transgenic Arabidopsis leaf cell walls, up to 26% of
the TSP. A signal sequence that targeted the protein to the
apoplast (cell walls and the intercellular spaces) was incorporated
into the transgene. In many other cases, transgenes with an
encoded signal peptide for targeting gene products through the
ER pathway also led to high levels of products in specific
subcellular locations, such as cell wall, ER and chloroplast (Dai
et al.,, 2000a,b; Dai et al., 2005; Harrison et al., 2011; Hood
et al., 2007; Ziegelhoffer et al., 2001; Ziegler et al., 2000)
(Table 1). Subcellular targeting signals in ER, vacuole and chlo-
roplast also had substantial impact on the accumulation of fungal
cellobiohydrolase | (CBH1), CBH2, and bacterial endoglucanase
(EG) in sugarcane (Harrison et al., 2011). Targeting products into
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protein bodies could also result in high-level accumulation: for
example, up to 9% of total protein for Thermobifida fusca
xylanase cel6A (Llop-Tous et al., 2011). Many bacterial and
fungal CWD enzymes were highly expressed when targeted to
chloroplasts (Verma et al., 2010). AcE1 and Cel6A accumulated
to very high levels in the transplastomic plants when they were
fused with other protein domains that increase translation of
cellulolytic enzymes. The expressed enzymes can account for up
to 12% of TSP, a 200-fold increase compared to the unfused
form (Gray et al., 2009; Ziegelhoffer et al., 2009).

High-level accumulation of CWD enzymes has been achieved in
many plants, which is important for industrial hydrolysis of
lignocellulose (Table 1). Using crude extracts directly for enzyme
reactions and omitting enzyme purification can lower costs. All the
plant systems in Table 1 produced the target proteins with the
expected enzymatic function. Plant crude extracts, containing
chloroplast-derived bacterial and fungal CWD enzymes, displayed
higher activities compared with Escherichia coli crude extracts. For
example, the activity of T. reeseiexoglucanase (TrCelO) from plants
was 24-fold higher than that from E. coli (Verma et al., 2010).
Cellulose in chemically pretreated tobacco, maize and rice leaves
could be converted into glucose by a total protein extract
containing AcE1 from transgenic tobacco, maize or rice leaves
(Biswas et al., 2006; Oraby et al., 2007; Verma et al., 2010). Plant
crude extracts from transgenic leaves overexpressing bacterial and
fungal xylanases completely hydrolysed xylan (Kim et al., 2011).

Currently, commercial enzyme production by bacteria and fungi
is still costly and has low capacity. Comparisons of plant systems for
producing cellulolytic enzymes with the bacterial systems indicate
that plants provide a less expensive platform for enzyme produc-
tion. In the production of cellulolytic enzymes in chloroplasts, such
as C. thermocellum endoglucanase (CelD) and exoglucanase
(CelO), the cost of this enzyme from plants is 100- to 3000-fold
lower than from E. coli (Verma et al., 2010). Enzyme cocktails
prepared from these chloroplast-derived enzymes exhibited signif-
icantly higher ability to digest filter paper, pinewood or citrus peel.
The glucose produced by the digestion of filter paper using
chloroplast-derived enzyme cocktails was 3625% and 396% more
than the Novozyme 188 cocktail or the Celluclast 1.5L cocktail
respectively (Verma et al., 2010).

In planta expression of CWD enzymes for autohydrolysis

Conversion of lignocellulose to fermentable sugars normally
requires chemical pretreatment to help overcome barriers to
enzymatic saccharification of polysaccharides, particularly lignin
and lignin carbohydrate complexes (LCCs). The main effect of
mild pretreatment is removal of xylan (Mosier et al., 2005).
Xylanases, which hydrolyse hemicelluloses and make cellulose
more accessible to enzymatic hydrolysis, are required for com-
plete hydrolysis of plant cell walls into fermentable sugars, such as
glucose and xylose.

Among the CWD enzymes (Table 1) engineered in plants, most
are from extremophile bacteria, including Thermotoga maritima,
A. cellulolyticus, T. fusca, Clostridium thermocellum and Strep-
tomyces olivaceoviridis that thrive at temperatures over 70 °C.
Most enzymes characterized from hyperthermophiles are opti-
mally active at temperatures close to the host organism’s optimal
growth temperature, usually 70-125 °C, but are not active at
plant growth temperature. Transgenic plants tolerate a high
accumulation of these enzymes in the cell wall with no delete-
rious effects on phenotype (Kawazu et al, 1999; Leelavathi
et al., 2003; Ziegler et al., 2000). Normal growth of transgenic
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alfalfa and maize has also been observed in field tests, a key
step towards commercial production (Hood etal., 2007,
Ziegelhoffer et al., 1999). Thermopohilic enzymes retain ther-
mostability and are stable in plants (Table 1). Engineered
xylanases remain stable in corn stover dried for 2 weeks (Shen
etal., 2012), demonstrating an essential feature for the
application of ‘built-in’ systems to reduce the quantity of
enzyme required for feedstock hydrolysis.

There are only a few studies on the autohydrolysis of cell walls
by engineered CWD enzymes (Borkhardt et al., 2010; Brunecky
et al.,, 2011; Chou et al., 2011; Kawazu et al., 1999; Shen et al.,
2012). Two endo-xylanases DtXynA and DtXynB from Dictyoglo-
mus thermophilum were codon-modified and expressed in
Arabidopsis under the CaMV 35S promoter and targeted to the
apoplast (Borkhardt et al., 2010). DtXynA and DtXynB retained
high activities in dry stems and were able to hydrolyse plant xylan
(Borkhardt et al., 2010). After pretreatment, transgenic plants
overexpressing A. cellulolyticus endocellulase Cel5A or endoglu-
canse AcE1 were more digestible than the wildtype, reducing cell
wall recalcitrance (Brunecky et al.,, 2011; Chou et al., 2011).
Consolidated pretreatment and hydrolysis of transgenic maize
overexpressing two or more CWD enzymes showed a higher
efficiency of cell wall autohydrolysis compared with the control,
with a 141% higher glucose yield and a 172% higher xylose yield
(Zhang et al.,, 2011). Transgenic maize overexpressing native
DtXynB had shrivelled seeds and low fertility (Shen et al., 2012).
Shen et al. modified DtXynB by adding a self-splicing peptide, an
intein (Perler et al., 1994), combined with mutation screening
and generated iXynB, whose enzymatic activity was induced at
high temperature. The iXynB maize had normal seeds and fertility.
Under mild heat pretreatment, >90% of the theoretical glucose
and 63% of the theoretical xylose yields were produced in the
iXynB stover, with a 20% increase over the wildtype (Shen et al.,
2012).

Future perspective

Recent investigations in plant biotechnology have demonstrated
successful engineering to reduce the recalcitrance of plant cell
walls for lignocellulosic biofuel production. The most efficient
manipulations targeting the monolignol pathway or reducing
the cross-linking between lignin and carbohydrates are based on
the current understanding of lignin biosynthesis. However, the
progress of enhanced ethanol production by technology studies
has come mainly from laboratories under highly controlled
conditions. New procedures need to be tested as industrial
processes; other impacts, such as environmental impacts, gene
stability, etc. should be considered. Our understanding of
cellulose, hemicelluloses, and lignin biosynthesis during plant cell
wall formation is still limited. Plant cell wall formation is a more
complex process than we anticipated. Reducing the capital cost of
lignocellulosic  biofuel production depends on the further
elucidation and modification of plant cell wall formation and
structure.

TF-mediated genetic regulatory networks control SCW forma-
tion. Our understanding of the SCW regulatory network in biofuel
species is rudimentary. Various strategies, including large-scale
co-expression and computational analysis, are being used to
identify network regulatory genes (Ruprecht and Persson, 2012;
Wang et al., 2012). A genome-wide high-throughput system for
discovery and validation of specific TF-directed hierarchical gene
regulatory networks has been developed for studying wood
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formation (Lin et al., 2013). This system includes a high-through-
put protoplast system, high-throughput deep RNA sequencing,
computation by top-down Graphical Gaussian Modelling (GGM)-
based algorithms, and validation by chromatin immunoprecipita-
tion (ChlIP)-sequencing (Lin et al, 2013). A bottom-up GGM
algorithm was used to build a three-layer network controlling
wood formation (Lu et al., 2013). This approach, combining RNA-
seq data and computational prediction, can be used to reveal the
hierarchy of transcriptional regulatory networks controlling SCW
formation in other species.

Systems biology, which is the integration of genomics and
related sciences with computational strategies for analysis and
mathematical modelling, has been applied to study the biosynthesis
of cell wall components (Yuan et al., 2008). Our systems biology
study of the regulation of lignin biosynthesis in wood formation
includes advanced quantitative methods of genomics, proteomics,
metabolomics, biochemistry, organic synthesis and structural
chemistry. Protein—protein interactions affect the direction and
rate of metabolic flux for monolignol biosynthesis (Chen et al.,
2011, 2014). Lignin biosynthesis is more complex than expected.
Using a systems biology approach, we have obtained complete
kinetic parameters for enzymes in the basic monolignol biosyn-
thetic pathway. Using this biochemical information combined with
absolute quantitation of each enzyme, and the lignin phenotypes of
transgenic plants, we have constructed a predictive metabolic-flux
model of this pathway. Such models provide a comprehensive
mathematical description of monolignol biosynthesis, to guide
future experiments leading to more desirable lignin quantity and
structure (Chen et al., 2014; Wang et al., 2014). The results on
modification of lignin content and composition show a high level of
plasticity where dramatic modification is possible. The recent
introduction of ferulate coniferyl esters into lignin, which permits
more efficient mild alkaline hydrolysis (Wilkerson et al., 2014),
demonstrates the potential for designing novel plants for improved
biofuel feedstocks.

Normal growth of transgenic poplars, alfalfa and maize in field
tests is a key step towards commercial production of new biofuel
feedstocks. Complete understanding of plant cell wall formation
and elucidation of the genetic regulatory network controlling cell
wall formation will lead to more sustainable and affordable
feedstocks for biofuel.

Acknowledgements

This work is supported by National Natural Science Foundation of
China (Grant 31370593 to Q.L.), the Southeastern Sun Grant
Initiative Competitive Grants Programs and the National Science
Foundation of USA, Plant Genome Research Program (Grant
DBI-0922391 to V.L.C.).

Conflict of interest

There are no conflicts of interest to be declared.

References

Alvira, P., Tomés-Pejo, E., Ballesteros, M. and Negro, M. (2010) Pretreatment
technologies for an efficient bioethanol production process based on
enzymatic hydrolysis: a review. Bioresour. Technol. 101, 4851-4861.

Andersson, S., Samuelson, O., Ishihara, M. and Shimizu, K. (1983) Structure
of the reducing end-groups in spruce xylan. Carbohydr. Res. 111, 283
288.

Aspinall, G.0. (1973) Carbohydrate polymers of plant cell walls. In Biogenesis of
Plant Cell Wall Polysaccharides (Loewus, F., ed.), pp. 95-116. New York:
Academic Press.

Atanassov, L.I., Pittman, J.K. and Turner, S.R. (2009) Elucidating the mechanisms
of assembly and subunit interaction of the cellulose synthase complex of
Arabidopsis secondary cell walls. J. Biol. Chem. 284, 3833-3841.

Balakshin, M.Y., Capanema, E.A. and Chang, H.-m. (2007) MWL fraction with a
high concentration of lignin-carbohydrate linkages: Isolation and 2D NMR
spectroscopic analysis. Holzforschung, 61, 1-7.

Balakshin, M.Y., Capanema, E.A. and Chang, H. (2008) Recent advances in the
isolation and analysis of lignins and lignin—carbohydrate complexes. In
Characterization of Lignocellulosics (Hu, T., ed.), pp. 148-166. Oxford:
Balckwell.

Bartley, L.E., Peck, M.L., Kim, S.R., Ebert, B., Manisseri, C., Chiniquy, D.M.,
Sykes, R., Gao, L., Rautengarten, C., Vega-Sanchez, M.E., Benke, P.I., Canlas,
P.E., Cao, P., Brewer, S., Lin, F., Smith, W.L., Zhang, X., Keasling, J.D.,
Jentoff, R.E., Foster, S.B., Zhou, J., Ziebell, A., An, G., Scheller, H.V. and
Ronald, R.C. (2013) Overexpression of a BAHD acyltransferase, OsAt10, alters
rice cell wall hydroxycinnamic acid content and saccharification. Plant Physiol.
161, 1615-1633.

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

Baxter, H.L., Mazarei, M., Labbe, N., Kline, LM., Cheng, Q., Windham, M.T.,
Mann, D.G.J., Fu, C., Ziebell, A., Sykes, R.W., Rodriguez, M., Davis, M.F.,
Mielenz, J.R., Dixon, R.A., Wang, Z.-Y. and Stewart, C.N. (2014) Two-year
field analysis of reduced recalcitrance transgenic switchgrass. Plant
Biotechnol. J. 12, 914-924.

Bayer, E.A., Belaich, J.-P., Shoham, Y. and Lamed, R. (2004) The cellulosomes:
multienzyme machines for degradation of plant cell wall polysaccharides.
Annu. Rev. Microbiol. 58, 521-554.

Berthet, S., Demont-Caulet, N., Pollet, B., Bidzinski, P., Cézard, L., Le Bris, P.,
Borrega, N., Hervé, J., Blondet, E., Balzergue, S., Lapierre, C. and Jouanin, L.
(2011) Disruption of LACCASE4 and 17 results in tissue-specific alterations to
lignification of Arabidopsis thaliana stems. Plant Cell, 23, 1124-1137.

Besseau, S., Hoffmann, L., Geoffroy, P., Lapierre, C., Pollet, B. and Legrand, M.
(2007) Flavonoid accumulation in Arabidopsis repressed in lignin synthesis
affects auxin transport and plant growth. Plant Cell, 19, 148-162.

Bhattarai, K., Brummer, E.C. and Monteros, M.J. (2013) Alfalfa as a bioenergy
crop. In Bioenergy Feedstocks: Breeding and Genetics (Saha, M.C.,
Bahandari, H.S. and Bouton, J.H., eds), pp. 207-231. Oxford, UK: John
Wiley & Sons. doi: 10.1002/9781118609477.ch10.

Biswal, A.K., Soeno, K., Gandla, M.L., Immerzeel, P., Pattathil, S., Lucenius, J.,
Serimaa, R., Hahn, M.G., Moritz, T., Jonsson, L.J., Israelsson-Nordstrom, M.
and Mellerowicz, E.J. (2014) Aspen pectate lyase PtxtPL1-27 mobilizes matrix
polysaccharides from woody tissues and improves saccharification yield.
Biotechnol. Biofuels, 7, 11.

Biswas, G.C.G., Ransom, C. and Sticklen, M. (2006) Expression of biologically
active Acidothermus cellulolyticus endoglucanase in transgenic maize plants.
Plant Sci. 171, 617-623.

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

Bonawitz, N.D., Soltau, W.L., Blatchley, M.R., Powers, B.L., Hurlock, A.K., Seals,
L.A., Weng, J.K., Stout, J. and Chapple, C. (2012) REF4 and RFR1, subunits of
the transcriptional coregulatory complex mediator, are required for
phenylpropanoid homeostasis in Arabidopsis. J. Biol. Chem. 287, 5434-5445.

Bonawitz, N.D., Im Kim, J., Tobimatsu, Y., Ciesielski, P.N., Anderson, N.A.,
Ximenes, E., Maeda, J., Ralph, J., Donohoe, B.S. and Ladisch, M. (2014)
Disruption of mediator rescues the stunted growth of a lignin-deficient
Arabidopsis mutant. Nature, 509, 376-380.

Borkhardt, B., Harholt, J., Ulvskov, P., Ahring, B.K., Jgrgensen, B. and
Brinch-Pedersen, H. (2010) Autohydrolysis of plant xylans by apoplastic
expression of thermophilic bacterial endo-xylanases. Plant Biotechnol. J. 8,
363-374.

Bromley, J.R., Busse-Wicher, M., Tryfona, T., Mortimer, J.C., Zhang, Z., Brown,
D.M. and Dupree, P. (2013) GUX1 and GUX2 glucuronyltransferases

© 2014 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 12, 1174-1192



decorate distinct domains of glucuronoxylan with different substitution
patterns. Plant J. 74, 423-434.

Brown Jr, R-M. (1996) The biosynthesis of cellulose. J. Macromol. Sci. Pure Appl.
Chem. 33, 1345-1373.

Brown, D.M., Goubet, F., Vicky, W.W.A., Goodacre, R., Stephens, E., Dupree,
P. and Turner, S.R. (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., Stephens, E., Dupree, P. and Turner, S.R. (2009)
Characterization of IRX10 and IRX10-like reveals an essential role in
glucuronoxylan biosynthesis in Arabidopsis. Plant J. 57, 732-746.

Brunecky, R., Selig, M.J., Vinzant, T.B., Himmel, M.E., Lee, D., Blaylock, M.J.
and Decker, S.R. (2011) In planta expression of A. cellulolyticus CelSA
endocellulase reduces cell wall recalcitrance in tobacco and maize.
Biotechnol. Biofuels, 4, 1.

Buanafina Marcia, M.de.O., Llangdon, T. Hauck, B., Dalton, S.,
Timms-Taravella, E. and Morris, P. (2010) Targeting expression of a fungal
ferulic acid esterase to the apoplast, endoplasmic reticulum or golgi can
disrupt feruloylation of the growing cell wall and increase the
biodegradability of tall fescue (Festuca arundinacea). Plant Biotechnol. J. 8,
316-331.

Campbell, M.M. and Sederoff, R.R. (1996) Variation in lignin content and
composition (mechanisms of control of implications for the genetic
improvement of plants). Plant Physiol. 110, 3-13.

Capanema, E.A., Balakshin, M.Y. and Kadla, J.F. (2004) A comprehensive
approach for quantitative lignin characterization by NMR spectroscopy.
J. Agric. Food Chem. 52, 1850-1860.

Capodicasa, C., Vairo, D., Zabotina, O., McCartney, L., Caprari, C., Mattei, B.,
Manfredini, C., Aracri, B., Benen, J., Knox, J.P., De Lorenzo, G. and Cervone,
F. (2004) Targeted modification of homogalacturonan by transgenic
expression of a fungal polygalacturonase alters plant growth. Plant Physiol.
135, 1294-1304.

Carroll, A. and Somerville, C. (2009) Cellulosic biofuels. Annu. Rev. Plant Biol.
60, 165-182.

Chen, F. and Dixon, R.A. (2007) Lignin modification improves fermentable
sugar yields for biofuel production. Nat. Biotechnol. 25, 759-761.

Chen, H.C., Li, Q., Shuford, C.M., Liu, J., Muddiman, D.C., Sederoff, R.R. and
Chiang, V.L. (2011) Membrane protein complexes catalyze both 4- and
3-hydroxylation of cinnamic acid derivatives in monolignol biosynthesis. Proc.
Natl Acad. Sci. U.S.A. 108, 21253-21258.

Chen, H.C., Song, J., Wang, J.P., Lin, Y.C., Ducoste, J., Shuford, C.M., Liu, J., Li,
Q., Shi, R., Nepomuceno, A., Isik, F., Muddiman, D.C., Williams, C., Sederoff,
R.R. and Chiang, V.L. (2014) Systems biology of lignin biosynthesis in Populus
trichocarpa: heteromeric 4-Coumaric Acid:coenzyme A ligase protein
complex formation, regulation, and numerical modeling. Plant Cell, 26,
876-893.

Chiang, V. (2002) From rags to riches. Nat. Biotechnol. 20, 557-558.

Chou, H.L., Dai, Z., Hsieh, C.W. and Ku, M.S.B. (2011) High level expression of
Acidothermus cellulolyticus b-1, 4-endoglucanase in transgenic rice enhances
the hydrolysis of its straw by cultured cow gastric fluid. Biotechnol. Biofuels,
4, 58.

Clough, R.C., Pappu, K., Thompson, K., Beifuss, K., Lane, J., Delaney, D.E.,
Harkey, R., Drees, C., Howard, J.A. and Hood, E.E. (2006) Manganese
peroxidase from the white-rot fungus Phanerochaete chrysosporium is
enzymatically active and accumulates to high levels in transgenic maize
seed. Plant Biotechnol. J. 4, 53-62.

Coleman, H.D., Park, J., Nair, R., Chapple, C. and Mansfield, S.D. (2008)
RNAi-mediated suppression of p-coumaroyl-CoA 3’ -hydroxylase in hybrid
poplar impacts lignin deposition and soluble secondary metabolism. Proc.
Natl Acad. Sci. U.S.A. 105, 4501-4506.

Coleman, H.D., Yan, J. and Mansfield, S.D. (2009) Sucrose synthase affects
carbon partitioning to increase cellulose production and altered cell wall
ultrastructure. Proc. Natl Acad. Sci. U.S.A. 106, 13118-13123.

Cosgrove, D.J. (2005) Growth of the plant cell wall. Nat. Rev. Mol. Cell Biol. 6,
850-861.

Dai, Z., Hooker, B.S., Anderson, D.B. and Thomas, S.R. (2000a) Expression of
Acidothermus  cellulolyticus endoglucanase E1 in transgenic tobacco:
biochemical characteristics and physiological effects. Transgenic Res. 9,
43-54.

Lignocellulosic biofuel 1187

Dai, Z., Hooker, B.S., Anderson, D.B. and Thomas, S.R. (2000b) Improved
plant-based production of E1 endoglucanase using potato: expression
optimization and tissue targeting. Mol. Breed. 6, 277-285.

Dai, Z., Hooker, B.S., Quesenberry, R.D. and Thomas, S.R. (2005) Optimization
of Acidothermus cellulolyticus endoglucanase (E1) production in transgenic
tobacco plants by transcriptional, post-transcription and post-translational
modification. Transgenic Res. 14, 627-643.

Davison, B.H., Drescher, S.R., Tuskan, G.A., Davis, M.F. and Nghiem, N.P.
(2006) Variation of S/G ratio and lignin content in a Populus family influences
the release of xylose by dilute acid hydrolysis. Appl. Biochem. Biotechnol.
130, 427-435.

DeMartini, J.D., Pattathil, S., Miller, J.S., Li, H., Hahn, M.G. and Wyman, C.E.
(2013) Investigating plant cell wall components that affect biomass
recalcitrance in poplar and switchgrass. Energy Environ. Sci. 6, 898-909.

Dhugga, K.S., Barreiro, R., Whitten, B., Stecca, K., Hazebroek, J., Randhawa,
G.S., Dolan, M., Kinney, A.J., Tomes, D., Nichols, S. and Anderson, P. (2004)
Guar seed b-mannan synthase is a member of the cellulose synthase super
gene family. Science, 303, 363-366.

Dien, B.S., Sarath, G., Pedersen, J.F., Sattler, S.E., Chen, H., Funnell-Harris, D.L.,
Nichols, N.N. and Cotta, M.A. (2009) Improved sugar conversion and ethanol
yield for forage sorghum (Sorghum bicolor L. Moench) lines with reduced
lignin contents. Bioenergy Res. 2, 153-164.

Dien, B.S., Miller, D.J., Hector, R.E., Dixon, R.A., Chen, F., McCaslin, M., Reisen,
P., Sarath, G. and Cotta, M.A. (2011) Enhancing alfalfa conversion
efficiencies for sugar recovery and ethanol production by altering lignin
composition. Bioresour. Technol. 102, 6479-6486.

Ding, S., Liu, Y., Zeng, Y., Himmel, M.E., Baker, J.O. and Bayer, E.A. (2012)
How does plant cell wall nanoscale architecture correlate with enzymatic
digestibility? Science, 338, 1055-1060.

Dixon, R., Chen, F., Guo, D. and Parvathi, K. (2001) The biosynthesis of
monolignols: a “metabolic grid”, or independent pathways to guaiacyl and
syringy!l units? Phytochemistry, 57, 1069-1084.

Doblin, M.S., Kurek, I., Jacob-Wilk, D. and Delmer, D.P. (2002) Cellulose
biosynthesis in plants: from genes to rosettes. Plant Cell Physiol. 43,
1407-1420.

Ebringerova, A. and Heinze, T. (2000) Xylan and xylan derivatives—biopolymers
with valuable properties, 1. Naturally occurring xylans structures, isolation
procedures and properties. Macromol. Rapid Commun. 21, 542-556.

Eckardt, N.A. (2003) Cellulose synthesis takes the CesA train. Plant Cell, 15,
1685-1687.

Elumalai, S., Tobimatsu, Y., Grabber, J.H., Pan, X. and Ralph, J. (2012)
Epigallocatechin gallate incorporation into lignin enhances the alkaline
delignification and enzymatic saccharification of cell walls. Biotechnol.
Biofuels, 5, 1-14.

Endler, A. and Persson, S. (2011) Cellulose synthases and synthesis in
Arabidopsis. Mol. Plant, 4, 199-211.

Escamilla-Trevino, L.L., Shen, H., Uppalapati, S.R., Ray, T., Tang, Y., Hernandez,
T., Yin, Y., Xu, Y. and Dixon, R.A. (2010) Switchgrass (Panicum virgatum)
possesses a divergent family of cinnamoyl CoA reductases with distinct
biochemical properties. New Phytol. 185, 143-155.

Eudes, A., George, A., Mukerjee, P., Kim, J.S., Pollet, B., Benke, P.I., Yang, F.,
Mitra, P., Sun, L., Cetinkol, 0.P., Chabout, S., Mouille, G., Soubigou-Taconnat,
L., Balzergue, S., Singh, S., Holmes, B.M., Mukhopadhyay, A., Keasling, J.D.,
Simmons, B.A., Lapierre, C., Ralph, J. and Loqué, D. (2012) Biosynthesis and
incorporation of side-chain-truncated lignin monomers to reduce lignin
polymerization and enhance saccharification. Plant Biotechnol. J. 10,
609-620.

Evert, R.F. (2006) Esau’s Plant Anatomy: Meristems, Cells, and Tissues of the
Plant Body: Their Structure, Function, and Development. pp. 357-405.
Hoboken, NJ: John Wiley & Sons, Inc.

Fengel, D. and Wegener, G. (1983). Wood: Chemistry, Ultrastructure, Reaction.
Berlin: Walter de Gruyter.

Field, C.B., Campbell, J.E. and Lobell, D.B. (2008) Biomass energy: the scale of
the potential resource. Trends Ecol. Evol. 23, 65-72.

Franke, R., McMichael, C.M., Meyer, K., Shirley, A.M., Cusumano, J.C. and
Chapple, C. (2000) Modified lignin in tobacco and poplar plants
over-expressing the Arabidopsis gene encoding ferulate 5-hydroxylase.
Plant J. 22, 223-234.

© 2014 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 12, 1174-1192



1188 Quanzi Li et al.

Franke, R., Hemm, M., Denault, J., Ruegger, M., Humphreys, J. and Chapple, C.
(2002a) Changes in secondary metabolism and deposition of an unusual
lignin in the ref8 mutant of Arabidopsis. Plant J. 30, 47-59.

Franke, R., Humphreys, J.M., Hemm, M.R., Denault, J.W., Ruegger, M.O.,
Cusumano, J.C. and Chapple, C. (2002b) The Arabidopsis REF8 gene encodes
the 3-hydroxylase of phenylpropanoid metabolism. Plant J. 30, 33-45.

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

Fu, C., Mielenz, J.R., Xiao, X., Ge, Y., Hamilton, C.Y., Rodriguez Jr, M., Chen,
F., Foston, M., Ragauskas, A., Bouton, J., Dixon, R.A. and Wang, Z.-Y.
(2011b) Genetic manipulation of lignin reduces recalcitrance and improves
ethanol production from switchgrass. Proc. Nat/ Acad. Sci. U.S.A. 108,
3803-3808.

Fujii, S., Hayashi, T. and Mizuno, K. (2010) Sucrose synthase is an integral
component of the cellulose synthesis machinery. Plant Cell Physiol. 51,
294-301.

Gallego-Giraldo, L., Escamilla-Trevino, L., Jackson, L.A. and Dixon, R.A. (2011)
Salicylic acid mediates the reduced growth of lignin down-regulated plants.
Proc. Natl Acad. Sci. U.S.A. 108, 20814-20819.

Gardiner, J.C., Taylor, N.G. and Turner, S.R. (2003) Control of cellulose synthase
complex localization in developing xylem. Plant Cell, 15, 1740-1748.

Gottschalk, L.M.F., Oliveira, R.A. and Da Silva Bon, E.P. (2010) Cellulases,
xylanases, B-glucosidase and ferulic acid esterase produced by Trichoderma
and Aspergillus act synergistically in the hydrolysis of sugarcane bagasse.
Biochem. Eng. J. 51, 72-78.

Goubet, F., Barton, C.J., Mortimer, J.C., Yu, X., Zhang, Z., Miles, G.P., Richens,
J., Liepman, A.H., Seffen, K. and Dupree, P. (2009) Cell wall glucomannan in
Arabidopsis is synthesised by CSLA glycosyltransferases, and influences the
progression of embryogenesis. Plant J. 60, 527-538.

Grabber, J.H., Hatfield, R.D., Lu, F. and Ralph, J. (2008) Coniferyl ferulate
incorporation into lignin enhances the alkaline delignification and enzymatic
degradation of cell walls. Biomacromolecules, 9, 2510-2516.

Grabber, J.H., Mertens, D.R., Kim, H., Funk, C., Lu, F. and Ralph, J. (2009)
Cell wall fermentation kinetics are impacted more by lignin content and
ferulate cross-linking than by lignin composition. J. Sci. Food Agric. 89,
122-129.

Grantham, R., Gautier, C., Gouy, M., Jacobzone, M. and Mercier, R. (1981)
Codon catalog usage is a genome strategy modulated for gene expressivity.
Nucleic Acids Res. 9, 213.

Gray, B.N., Ahner, B.A. and Hanson, M.R. (2009) High-level bacterial cellulase
accumulation in chloroplast-transformed tobacco mediated by downstream
box fusions. Biotechnol. Bioeng. 102, 1045-1054.

Gray, B.N., Bougri, O., Carlson, A.R., Meissner, J., Pan, S., Parker, M.H., Zhang,
D., Samoylov, V., Ekborg, N.A. and Michael Raab, R. (2011) Global and
grain-specific accumulation of glycoside hydrolase family 10 xylanases in
transgenic maize (Zea mays). Plant Biotechnol. J. 9, 1100-1108.

Guo, D., Chen, F., Inoue, K. Blount, JW. and Dixon, R.A. (2001)
Downregulation of caffeic acid 3-O-methyltransferase and caffeoyl CoA
3-O-methyltransferase in transgenic alfalfa. impacts on lignin structure and
implications for the biosynthesis of G and S lignin. Plant Cell, 13, 73-88.

Harada, T. and Cote, W.A. (1985) Structure of wood. In Biosynthesis and
Biodegradation of Wood Components (Higuchi, T., ed.), pp. 1-42. San Diego:
Academic Press.

Harrison, M.D., Geijskes, J., Coleman, H.D., Shand, K., Kinkema, M., Palupe, A.,
Hassall, R., Sainz, M., Lloyd, R., Miles, S. and Dale, J.L. (2011) Accumulation
of recombinant cellobiohydrolase and endoglucanase in the leaves of mature
transgenic sugar cane. Plant Biotechnol. J. 9, 884-896.

Heaton, E.A., Dohleman, F.G. and Long, S.P. (2008) Meeting US biofuel goals
with less land: the potential of Miscanthus. Glob. Change Biol. 14,
2000-2014.

Herbers, K., Wilke, I. and Sonnewald, U. (1995) A thermostable xylanase from
Clostridium thermocellum expressed at high levels in the apoplast of
transgenic tobacco has no detrimental effects and is easily purified. Nat.
Biotechnol. 13, 63-66.

Higuchi, T. (1997) Biochemistry and Molecular Biology of Wood. New York:
Springer-Verlag.

Higuchi, T. (2003) Pathways for monolignol biosynthesis via metabolic grids:
coniferyl aldehyde 5-hydroxylase, a possible key enzyme in angiosperm
syringyl lignin biosynthesis. Proc. Jon. Acad. Ser. B-Phys. Bio. Sci. 79,
227-236.

Himmel, M.E., Ding, S.Y., Johnson, D.K., Adney, W.S., Nimlos, M.R., Brady,
J.W. and Foust, T.D. (2007) Biomass recalcitrance: engineering plants and
enzymes for biofuels production. Science, 315, 804-807.

Hood, E.E. (2004) Plants as enzyme factories. In Handbook of Plant
Biotechnology (Christou, P. and Klee, H., eds), pp. 791-800. Chichester:
Viley-VCH.

Hood, E.E., Bailey, M.R., Beifuss, K., Magallanes-Lundback, M., Horn, M.E.,
Callaway, E., Drees, C., Delaney, D.E., Clough, R. and Howard, J.A. (2003)
Criteria for high-level expression of a fungal laccase gene in transgenic maize.
Plant Biotechnol. J. 1, 129-140.

Hood, E.E., Love, R., Lane, J., Bray, J., Clough, R., Pappu, K., Drees, C., Hood,
K.R., Yoon, S., Ahmad, A. and Howard, J.A. (2007) Subcellular targeting is a
key condition for high-level accumulation of cellulase protein in transgenic
maize seed. Plant Biotechnol. J. 5, 709-719.

Hu, W.-J., Harding, S.A., Lung, J., Popko, J.L., Ralph, J., Stokke, D.D., Tsai, C.-J.
and Chiang, V.L. (1999) Repression of lignin biosynthesis promotes cellulose
accumulation and growth in transgenic trees. Nat. Biotechnol. 17, 808-812.

Humphreys, J.M., Hemm, M.R. and Chapple, C. (1999) New routes for lignin
biosynthesis defined by biochemical characterization of recombinant ferulate
5-hydroxylase, a multifunctional cytochrome P450-dependent
monooxygenase. Proc. Natl Acad. Sci. U.S.A. 96, 10045-10050.

Hyunjong, B., Lee, D.-S. and Hwang, I. (2006) Dual targeting of xylanase to
chloroplasts and peroxisomes as a means to increase protein accumulation in
plant cells. J. Exp. Bot. 57, 161-169.

Johansson, M. and Samuelson, O. (1977) Reducing end groups in birch xylan
and their alkaline degradation. Wood Sci. Technol. 11, 251-263.

Jung, J.H., Fouad, W.M., Vermerris, W., Gallo, M. and Altpeter, F. (2012) RNAI
suppression of lignin biosynthesis in sugarcane reduces recalcitrance for
biofuel production from lignocellulosic biomass. Plant Biotechnol. J. 10,
1067-1076.

Jung, J.H., Vermerris, W., Gallo, M., Fedenko, J.R., Erickson, J.E. and Altpeter, F.
(2013) RNA interference suppression of lignin biosynthesis increases
fermentable sugar vyields for biofuel production from field-grown
sugarcane. Plant Biotechnol. J. 11, 709-716.

Kabel, M.A., van den Borne, H., Vincken, J., Voragen, A.G. and Schols, H.A.
(2007) Structural differences of xylans affect their interaction with cellulose.
Carbohydr. Polym. 69, 94-105.

Kawazu, T., Sun, J., Shibata, M., Kimura, T., Sakka, K. and Ohmiya, K. (1999)
Expression of a bacterial endoglucanase gene in tobacco increases
digestibility of its cell wall fibers. J. Biosci. Bioeng. 88, 421-425.

Kim, J.Y., Kavas, M., Fouad, W.M., Nong, G., Preston, J.F. and Altpeter, F.
(2011) Production of hyperthermostable GH10 xylanase Xyl10B from
Thermotoga maritima in transplastomic plants enables complete hydrolysis
of methylglucuronoxylan to fermentable sugars for biofuel production. Plant
Mol. Biol. 76, 357-369.

Ko, J.-H., Kim, W.-C. and Han, K.-H. (2009) Ectopic expression of MYB46
identifies transcriptional regulatory genes involved in secondary wall
biosynthesis in Arabidopsis. Plant J. 60, 649-665.

Kong, Y., Zhou, G., Avci, U., Gu, X., Jones, C., Yin, Y., Xu, Y. and Hahn, M.G.
(2009) Two poplar glycosyltransferase genes, PAGATL1.1 and PAGATL1.2, are
functional orthologs to PARVUS/AtGATLT in Arabidopsis. Mol. Plant, 2,
1040-1050.

Kubo, M., Udagawa, M., Nishikubo, N., Horiguchi, G., Yamaguchi, M., Ito, J.,
Mimura, T., Fukuda, H. and Demura, T. (2005) Transcription switches for
protoxylem and metaxylem vessel formation. Genes Dev. 19, 1855-1860.

Kumar, P., Barrett, D.M., Delwiche, M.J. and Stroeve, P. (2009) Methods for
pretreatment of lignocellulosic biomass for efficient hydrolysis and biofuel
production. Ind. Eng. Chem. Res. 48, 3713-3729.

Lapierre, C., Pollet, B., Petit-Conil, M., Toval, G., Romero, J., Pilate, G., Leple,
J.C., Boerjan, W., Ferret, V.V., De Nadai, V. and Jouanin, L. (1999) Structural
alterations of lignins in transgenic poplars with depressed cinnamy! alcohol
dehydrogenase or caffeic acid O-methyltransferase activity have an opposite
impact on the efficiency of industrial kraft pulping. Plant Physiol. 119,
153-164.

© 2014 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 12, 1174-1192



Lee, C., Zhong, R., Richardson, E.A., Himmelsbach, D.S., McPhail, B.T. and Ye,
Z.-H. (2007) The PARVUS gene is expressed in cells undergoing secondary
wall thickening and is essential for glucuronoxylan biosynthesis. Plant Cell
Physiol. 48, 1659-1672.

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

Lee, C., Teng, Q., Huang, W., Zhong, R. and Ye, Z.-H. (2009b) Downregulation of
PoGT47C expression in poplar results in a reduced glucuronoxylan content and
an increased wood digestibility by cellulase. Plant Cell Physiol. 50, 1075-1089.

Lee, C., Teng, Q., Huang, W., Zhong, R. and 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., Teng, Q., Zhong, R. and Ye, Z.-H. (2011) Molecular dissection of xylan
biosynthesis during wood formation in poplar. Mol. Plant, 4, 730-747.

Lee, C., Zhong, R. and Ye, Z.-H. (2012) Arabidopsis family GT43 members are
xylan xylosyltransferases required for the elongation of the xylan backbone.
Plant Cell Physiol. 53, 135-143.

Leelavathi, S., Gupta, N., Maiti, S., Ghosh, A. and Reddy, V.S. (2003)
Overproduction of an alkali-and thermo-stable xylanase in tobacco
chloroplasts and efficient recovery of the enzyme. Mol. Breed. 11, 59-67.

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

Li, L., Zhou, Y., Cheng, X., Sun, J., Marita, J., Ralph, J. and Chiang, V. (2003)
Combinatorial modification of multiple lignin traits in trees through
multigene cotransformation. Proc. Nat/ Acad. Sci. U.S.A. 100, 4939-4944.

Li, L., Lu, S. and Chiang, V. (2006) A genomic and molecular view of wood
formation. Crit. Rev. Plant Sci. 25, 215-233.

Li, Q., Min, D., Wang, J.P., Peszlen, I., Horvath, L., Horvath, B., Nishimura, Y.,
Jameel, H., Chang, H. and Chiang, V.L. (2011) Down-regulation of
glycosyltransferase 8D genes in Populus trichocarpa caused reduced
mechanical strength and xylan content in wood. Tree Physiol. 31, 226-236.

Liepman, A.H., Wilkerson, C.G. and Keegstra, K. (2005) Expression of cellulose
synthase-like (Csl) genes in insect cells reveals that CslA family members
encode mannan synthases. Proc. Natl Acad. Sci. U.S.A. 102, 2221-2226.

Lin, Y.C., Li, W., Sun, Y.H., Kumari, S., Wei, H., Li, Q., Tunlaya-Anukit, S.,
Sederoff, R.R. and Chiang, V.L. (2013) SND1 transcription factor-directed
quantitative functional hierarchical genetic regulatory network in wood
formation in Populus trichocarpa. Plant Cell, 25, 4324-4341.

Lionetti, V., Raiola, A., Camardella, L., Giovane, A., Obel, N., Pauly, M.,
Favaron, F., Cervone, F. and Bellincampi, D. (2007) Overexpression 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.,
D’Ovidio, R., De Lorenzo, G. and Cervone, F. (2010) Engineering the cell wall
by reducing de-methyl-esterified homogalacturonan improves
saccharification of plant tissues for bioconversion. Proc. Natl Acad. Sci.
U.S.A. 107, 616-621.

Liu, C.J. (2012) Deciphering the enigma of lignification: precursor transport,
oxidation, and the topochemistry of lignin assembly. Mol. Plant, 5, 304-317.

Llop-Tous, I., Ortiz, M., Torrent, M. and Ludevid, M.D. (2011) The expression of
a xylanase targeted to ER-protein bodies provides a simple strategy to
produce active insoluble enzyme polymers in tobacco plants. PLoS ONE, 6,
e19474.

Lu, S., Li, L. and Zhou, G. (2010) Genetic modification of wood quality for
second-generation biofuel production. GM Crops, 1, 230-236.

Lu, S., Li, Q., Wei, H., Chang, M.J., Tunlaya-Anukit, S., Kim, H., Liu, J., Song, J.,
Sun, Y.H., Yuan, L., Yeh, T.F., Peszlen, I., Ralph, J., Sederoff, R.R. and Chiang,
V.L. (2013) Ptr-miR397a is a negative regulator of laccase genes affecting
lignin content in Populus trichocarpa. Proc. Natl Acad. Sci. U.S.A. 110,
10848-10853.

Lignocellulosic biofuel 1189

Ma, J.K., Drake, P.M. and Christou, P. (2003) The production of recombinant
pharmaceutical proteins in plants. Nat. Rev. Genet. 4, 794-805.

Marita, J.M., Hatfield, R.D., Rancour, D.M. and Frost, K.E. (2014) Identification
and suppression of the p-coumaroyl CoA: hydroxycinnamyl alcohol
transferase in Zea mays L. Plant J. 78, 850-864.

Mayer, M.J., Narbad, A., Parr, A.J., Parker, M.L., Walton, N.J., Mellon, F.A. and
Michael, A.J. (2001) Rerouting the plant phenylpropanoid pathway by
expression of a novel bacterial enoyl-CoA hydratase/lyase enzyme function.
Plant Cell, 13, 1669-1682.

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

Miao, Y.-C. and Liu, C.-J. (2010) ATP-binding cassette-like transporters are
involved in the transport of lignin precursors across plasma and vacuolar
membranes. Proc. Natl Acad. Sci. U.S.A. 107, 22728-22733.

Min, D., Li, Q., Jameel, H., Chiang, V.L. and Chang, H.-m. (2012) The
cellulase-mediated saccharification on wood derived from transgenic
low-lignin lines of black cottonwood (Populus trichocarpa). Appl. Biochem.
Biotechnol. 168, 947-955.

Mitsuda, N., lwase, A., Yamamoto, H., Yoshida, M., Seki, M., Shinozaki, K. and
Ohme-Takagi, M. (2007) NAC transcription factors, NST1 and NST3, are key
regulators of the formation of secondary walls in woody tissues of
Arabidopsis. Plant Cell, 19, 270-280.

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., Segura, M.P., Weimar, T.,
Yu, X., Seffen, K.A., Stephens, E., Turner, S.R. and Dupree, P. (2010) Absence
of branches from xylan in Arabidopsis gux mutants reveals potential for
simplification of lignocellulosic biomass. Proc. Nat/ Acad. Sci. U.S.A. 107,
17409-17414.

Mosier, N., Wyman, C., Dale, B., Elander, R., Lee, Y., Holtzapple, M. and
Ladisch, M. (2005) Features of promising technologies for pretreatment of
lignocellulosic biomass. Bioresour. Technol. 96, 673-686.

Murashima, K., Kosugi, A. and Doi, R.H. (2003) Synergistic effects of
cellulosomal xylanase and cellulases from Clostridium cellulovorans on plant
cell wall degradation. J. Bacteriol. 185, 1518-1524.

Murray, E.E., Lotzer, J. and Eberle, M. (1989) Codon usage in plant genes.
Nucleic Acids Res. 17, 477-498.

Novaes, E., Kirst, M., Chiang, V., Winter-Sederoff, H. and Sederoff, R. (2010)
Lignin and biomass: a negative correlation for wood formation and lignin
content in trees. Plant Physiol. 154, 555-561.

Ohashi-Ito, K., Oda, Y. and Fukuda, H. (2010) Arabidopsis VASCULAR-RELATED
NAC-DOMAING6 directly regulates the genes that govern programmed cell
death and secondary wall formation during xylem differentiation. Plant Cell,
22, 3461-3473.

Ohman, D., Demedts, B., Kumar, M., Gerber, L., Gorzsés, A., Goeminne, G.,
Hedenstrom, M., Ellis, B., Boerjan, W. and Sundberg, B. (2013) MYB103 is
required for FERULATE-5-HYDROXYLASE expression and syringyl lignin
biosynthesis in Arabidopsis stems. Plant J. 73, 63-76.

Oraby, H., Venkatesh, B., Dale, B., Ahmad, R., Ransom, C., Oehmke, J. and
Sticklen, M. (2007) Enhanced conversion of plant biomass into glucose using
transgenic rice-produced endoglucanase for cellulosic ethanol. Transgenic
Res. 16, 739-749.

Osakabe, K., Tsao, C.C., Li, L., Popko, J.L., Umezawa, T., Carraway, D.T.,
Smeltzer, R.H., Joshi, C.P. and Chiang, V.L. (1999) Coniferyl aldehyde
5-hydroxylation and methylation direct syringyl lignin biosynthesis in
angiosperms. Proc. Nat/ Acad. Sci. U.S.A. 96, 8955-8960.

Parrish, D.J. and Fike, J.H. (2005) The biology and agronomy of switchgrass for
biofuels. Crit. Rev. Plant Sci. 24, 423-459.

Pena, M.J., Zhong, R., Zhou, G., Richardson, E.A., O'Neill, M.A., Darvill, A.G.,
York, W.S. and Ye, Z.-H. (2007) Arabidopsis irreqular xylem8 and irreqular
xylem9: Implications for the complexity of glucuronoxylan biosynthesis. Plant
Cell, 19, 549-563.

Perlak, F.J., Fuchs, R.L., Dean, D.A., McPherson, S.L. and Fischhoff, D.A. (1991)
Modification of the coding sequence enhances plant expression of insect
control protein genes. Proc. Natl Acad. Sci. U.S.A. 88, 3324-3328.

Perler, F.B., Davis, E.O., Dean, G.E., Gimble, F.S., Jack, W.E., Neff, N., Noren,
C.J., Thorner, J. and Belfort, M. (1994) Protein splicing elements: inteins and

© 2014 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 12, 1174-1192



1190 Quanzi Li et al.

exteins—a definition of terms and recommended nomenclature. Nucleic Acids
Res. 22, 1125-1127.

Petrik, D.L., Karlen, S.D., Cass, C.L., Padmakshan, D., Lu, F., Liu, S., Le Bris, P.,
Antelme, S., Santoro, N., Wilkerson, C.G., Sibout, R., Lapierre, C., Ralph, J.
and Sedbrook, J.C. (2014) p-Coumaroyl-CoA: monolignol transferase (PMT)
acts specifically in the lignin biosynthetic pathway in Brachypodium
distachyon. Plant J. 77, 713-726.

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

Ralph, J. (2010) Hydroxycinnamates in lignification. Phytochem. Rev. 9, 65-83.

Ralph, J., Lundquist, K., Brunow, G., Lu, F., Kim, H., Schatz, P.F., Marita, J.M.,
Hatfield, R.D., Ralph, S.A., Christensen, J.H. and Boerjan, W. (2004) Lignins:
natural polymers from oxidative coupling of 4-hydroxyphenyl-propanoids.
Phytochem. Rev. 3, 29-60.

Ralph, J., Akiyama, T., Kim, H., Lu, F., Schatz, P.F., Marita, J.M., Ralph, S.A.,
Reddy, M.S.S., Chen, F. and Dixon, R.A. (2006) Effects of coumarate
3-hydroxylase down-regulation on lignin structure. J. Biol. Chem. 281,
8843-8853.

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

Richmond, T.A. and Somerville, C.R. (2000) The cellulose synthase superfamily.
Plant Physiol. 124, 495-498.

Ruprecht, C. and Persson, S. (2012) Co-expression of cell-wall related genes:
new tools and insights. Front. Plant Sci. 3, 1-7.

Saathoff, A.J., Sarath, G., Chow, E.K., Dien, B.S. and Tobias, C.M. (2011)
Downregulation of cinnamyl-alcohol dehydrogenase in switchgrass by RNA
silencing results in enhanced glucose release after cellulase treatment. PLoS
ONE, 6, e16416. doi:10.1371/journal/pone.0016416.

Saballos, A., Vermerris, W., Rivera, L. and Ejeta, G. (2008) Allelic association,
chemical characterization and saccharification properties of brown midrib
mutants of sorghum (Sorghum bicolor (L.) Moench). Bioenergy Res. 1,
193-204.

Sarkanen, K.V. and Ludwig, C.H. (1971) Precursors and their polymerization. In
Lignins, Occurrence, Formation, Structure and Reactions (Sarkanen, K.V. and
Ludwig, C.H., eds), pp. 95-163. New York, NY: Wiley-Interscience.

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

Scheller, H.V. and Ulvskov, P. (2010) Hemicelluloses. Annu. Rev. Plant Biol. 61,
263-289.

Schmer, M.R., Vogel, K.P., Mitchell, R.B. and Perrin, R.K. (2008) Net energy of
cellulosic ethanol from switchgrass. Proc. Natl Acad. Sci. U.S.A. 105,
464-469.

Schniewind, A. and Berndt, H. (1991) The composite nature of wood. In Wood
Structure and Composition (Lewin, M. and Goldstein, I.S., eds), pp. 435-476.
New York, NY: Marcel Dekker.

Shadle, G., Chen, F., Reddy, M.S.S., Jackson, L., Nakashima, J. and Dixon, R.A.
(2007)  Down-regulation  of  hydroxycinnamoyl ~ CoA:  shikimate
hydroxycinnamoyl transferase in transgenic alfalfa affects lignification,
development and forage quality. Phytochemistry, 68, 1521-1529.

Shen, B., Sun, X., Zuo, X., Shilling, T., Apgar, J., Ross, M., Bougri, O., Samoylov,
V., Parker, M., Hancock, E., Lucero, H., Gray, B., Ekborg, N.A., Zhang, D.,
Johnson, J.C.S., Lazar, G. and Raab, RM. (2012) Engineering a
thermoregulated intein-modified xylanase into maize for consolidated
lignocellulosic biomass processing. Nat. Biotechnol. 30, 1131-1136.

Shen, H., Mazarei, M., Hisano, H., Escamilla-Trevino, L., Fu, C., Pu, Y., Rudis, M.R.,
Tang, Y., Xiao, X., Jackson, L., Li, G., Hernandez, T., Chen, F., Ragauskas, A.J.,
Stewart, C.N. Jr, Wang, Z.Y. and Dixon, R.A. (2013) A genomics approach to
deciphering lignin biosynthesis in switchgrass. Plant Cell, 25, 4342-4361.

Shi, R., Sun, Y.-H., Li, Q., Heber, S., Sederoff, R. and Chiang, V.L. (2010)
Towards a systems approach for lignin biosynthesis in Populus trichocarpa:
transcript abundance and specificity of the monolignol biosynthetic genes.
Plant Cell Physiol. 51, 144-163.

Singhania, R.R., Patel, AK., Sukumaran, R.K., Larroche, C. and Pandey, A.
(2013) Role and significance of beta-glucosidases in the hydrolysis of cellulose
for bioethanol production. Bioresour. Technol. 127, 500-507.

Smith, R.A., Schuetz, M., Roach, M., Mansfield, S.D., Ellis, B. and Samuels, L.
(2013) Neighboring 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, D., Shen, J. and Li, L. (2010) Characterization of cellulose synthase
complexes in Populus xylem differentiation. New Phytol. 187, 777-790.

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

Sticklen, M. (2006) Plant genetic engineering to improve biomass characteristics
for biofuels. Curr. Opin. Biotechnol. 17, 315-319.

Streatfield, S.J. (2007) Approaches to achieve high-level heterologous protein
production in plants. Plant Biotechnol. J. 5, 2-15.

Studer, M.H., DeMartini, J.D., Davis, M.F., Sykes, R.W., Davison, B., Keller, M.,
Tuskan, G.A. and Wyman, C.E. (2011) Lignin content in natural Populus
variants affects sugar release. Proc. Natl Acad. Sci. U.S.A. 108, 6300-6305.

Sumiyoshi, M., Nakamura, A., Nakamura, H., Hakata, M., Ichikawa, H.,
Hirochika, H., Ishii, T., Satoh, S. and Iwai, H. (2013) Increase in cellulose
accumulation and improvement of saccharification by overexpression of
arabinofuranosidase in rice. PLoS ONE, 8, e78269.

Suzuki, S., Li, L., Sun, Y. and Chiang, V.L. (2006) The cellulose synthase gene
superfamily and biochemical functions of xylem-specific cellulose
synthase-like genes in Populus trichocarpa. Plant Physiol. 142, 1233-1245.

Takahashi, J., Rudsander, U.J., Hedenstrom, M., Banasiak, A., Harholt, J.,
Amelot, N., Immerzeel, P., Ryden, P., Endo, S., Ibatullin, F.M., Brumer, H., del
Campillo, E., Master, E.R., Scheller, H.V., Sundberg, B., Teeri, T.T. and
Mellerowicz, E.J. (2009) KORRIGANT and its aspen homolog PttCel9A1
decrease cellulose crystallinity in Arabidopsis stems. Plant Cell Physiol. 50,
1099-1115.

Tang, H.M., Liu, S., Hill-Skinner, S., Wu, W., Reed, D., Yeh, C.T., Nettleton, D.
and Schnable, T.S. (2014) The maize brown midrib2 (bm2) gene encodes a
methylenetetrahydrofolate reductase that contributes to lignin accumulation.
Plant J. 77, 380-392.

Taylor, N.G., Laurie, S. and Turner, S.R. (2000) Multiple cellulose synthase
catalytic subunits are required for cellulose synthesis in Arabidopsis. Plant
Cell, 12, 2529-2539.

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

Thibault, J.-F., Renard, C.M.G.C., Axelos, M.A.V., Roger, P. and Crépeau, M.-J.
(1993) Studies of the length of homogalacturonic regions in pectins by acid
hydrolysis. Carbohydr. Res. 238, 271-286.

Timmers, J., Vernhettes, S., Desprez, T., Vincken, J.P., Visser, R.G.F. and
Trindade, L.M. (2009) Interactions between membrane-bound cellulose
synthases involved in the synthesis of the secondary cell wall. FEBS Lett.
583, 978-982.

Tomme, P., Warren, R. and Gilkes, N. (1995) Cellulose hydrolysis by bacteria
and fungi. Adv. Microb. Physiol. 37, 1-81.

Trabucco, G.M., Matos, D.A., Lee, S.J., Saathoff, A.J., Priest, H.D., Mockler,
T.C., Sarath, G. and Hazen, S.P. (2013) Functional characterization of
cinnamy! alcohol dehydrogenase and caffeic acid O-methyltransferase in
Brachypodium distachyon. BMC Biotechnol. 13, 61.

Tsai, A.Y.-L., Canam, T., Gorzsas, A., Mellerowicz, E.J.,, Campbell, M.M. and
Master, E.R. (2012) Constitutive expression of a fungal glucuronoyl esterase
in Arabidopsis reveals altered cell wall composition and structure. Plant
Biotechnol. J. 10, 1077-1087.

Tu, Y., Rochfort, S., Liu, Z., Ran, Y., Griffith, M., Badenhorst, P., Louie, G.V.,
Bowman, M.E., Smith, K.F., Noel, J.P., Mouradov, A. and Spangenberg, G.
(2010) Functional analyses of caffeic acid O-Methyltransferase and
Cinnamoyl-CoA-reductase genes from perennial ryegrass (Lolium perenne).
Plant Cell, 22, 3357-3373.

Van Acker, R., Vanholme, R., Storme, V., Mortimer, J.C., Dupree, P. and
Boerjan, W. (2013) Lignin biosynthesis perturbations affect secondary cell

© 2014 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 12, 1174-1192



wall composition and saccharification yield in Arabidopsis thaliana.
Biotechnol. Biofuels, 6, 46.

Van Acker, R., Leplé, J.-C., Aerts, D., Storme, V., Goeminne, G., lvens, B.,
Légée, F., Lapierre, C., Piens, K., Van Montagu, M.C.E., Santoro, N., Foster,
C.E., Ralph, J., Soetaert, W., Pilate, G. and Boerjan, W. (2014) Improved
saccharification and ethanol yield from field-grown transgenic poplar
deficient in cinnamoyl-CoA reductase. Proc. Nat/ Acad. Sci. U.S.A. 111,
845-850.

Vanholme, R., Morreel, K., Ralph, J. and Boerjan, W. (2008) Lignin engineering.
Curr. Opin. Plant Biol. 11, 278-285.

Vanholme, R., Cesarino, I., Rataj, K., Xiao, Y., Sundin, L., Goeminne, G., Kim,
H., Cross, J., Morreel, K., Araujo, P., Welsh, L., Haustraete, J., McClellan, C.,
Vanholme, B., Ralph, J., Simpson, G.G., Halpin, C. and Boerjan, W. (2013)
Caffeoyl shikimate esterase (CSE) is an enzyme in the lignin biosynthetic
pathway in Arabidopsis. Science, 341, 1103-1106.

Verma, D., Kanagaraj, A., Jin, S., Singh, N.D., Kolattukudy, P.E. and Daniell, H.
(2010) Chloroplast-derived enzyme cocktails hydrolyse lignocellulosic biomass
and release fermentable sugars. Plant Biotechnol. J. 8, 332-350.

Vermerris, W. and McIntyre, L.M. (1999) Time to flowering in brown midrib
mutants of maize: an alternative approach to the analysis of developmental
traits. Heredity, 83, 171-178.

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

Wadenback, J., von Arnold, S., Egertsdotter, U., Walter, M.H.,
Grima-Pettenati, J., Goffner, D., Gellerstedt, G., Gullion, T. and Clapham,
D. (2008) Lignin biosynthesis in transgenic Norway spruce plants harboring
an antisense construct for cinnamoyl CoA reductase (CCR). Transgenic Res.
17, 379-392.

Wagner, A., Donaldson, L., Kim, H., Phillips, L., Flint, H., Steward, D., Torr, K.,
Koch, G., Schmitt, U. and Ralph, J. (2009) Suppression of 4-coumarate-CoA
ligase in the coniferous gymnosperm Pinus radiata. Plant Physiol. 149,
370-383.

Wagner, A., Tobimatsu, Y., Goeminne, G., Phillips, L., Flint, H., Steward, D.,
Torr, K., Donaldson, L., Boerjan, W. and Ralph, J. (2013) Suppression of CCR
impacts metabolite profile and cell wall composition in Pinus radiata tracheary
elements. Plant Mol. Biol. 81, 105-117.

Wang, S., Yin, Y., Ma, Q., Tang, X., Hao, D. and Xu, Y. (2012) Genome-scale
identification of cell-wall related genes in Arabidopsis based on co-expression
network analysis. BMC Plant Biol. 12, 138.

Wang, J.P., Naik, P.P., Chen, H.C., Shi, R., Lin, C.Y., Liu, J., Shuford, C.M., Li,
Q., Sun, Y.H., Tunlaya-Anukit, S., Williams, C.M., Muddiman, D.C., Ducoste,
J.J., Sederoff, R.R. and Chiang, V.L. (2014) Complete proteomic-based
enzyme reaction and inhibition kinetics reveal how monolignol biosynthetic
enzyme families affect metabolic flux and lignin in Populus trichocarpa. Plant
Cell, 26, 894-914.

Watanabe, T. and Koshijima, T. (1988) Evidence for an ester linkage between
lignin and glucuronic acid in lignin-carbohydrate complexes by
DDQ-oxidation. Agric. Biol. Chem. 52, 2953-2955.

Weng, J.K., Akiyama, T., Bonawitz, N.D., Li, X., Ralph, J. and Chapple, C. (2010)
Convergent evolution of syringyl lignin biosynthesis via distinct pathways in
the lycophyte Selaginella and flowering plants. Plant Cell, 22, 1033-1045.

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

Withers, S., Lu, F., Kim, H., Zhu, Y., Ralph, J. and Wilkerson, C.G. (2012)
Identification of grass-specific enzyme that acrylates monolignols with
p-coumarate. J. Biol. Chem. 287, 8247-8255.

Wu, A.-M., Rihouey, C., Seveno, M., Hornblad, E., Singh, S.K., Matsunaga, T.,
Ishii, T., Lerouge, P. and Marchant, A. (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., Hornblad, E., Voxeur, A., Gerber, L., Rihouey, C., Lerouge, P. and
Marchant, A. (2010) Analysis of the Arabidopsis IRX9/IRX9-L and IRX14/

Lignocellulosic biofuel 1191

IRX14-L pairs of glycosyltransferase genes reveals critical contributions to
biosynthesis of the hemicellulose glucuronoxylan. Plant Physiol. 153,
542-554.

Xu, B., Escamilla-Trevino, L.L., Sathitsuksanoh, N., Shen, Z., Shen, H., Percival
Zhang, Y., Dixon, R.A. and Zhao, B. (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.

Yamaguchi, M., Kubo, M., Fukuda, H. and Demura, T. (2008)
VASCULAR-RELATED NAC-DOMAIN7 is involved in the differentiation of
all types of xylem vessels in Arabidopsis roots and shoots. Plant J. 55,
652-664.

Yamaguchi, M., Goué, N., lgarashi, H., Ohtani, M., Nakano, Y., Mortimer, J.C.,
Nishikubo, N., Kubo, M., Katayama, Y., Kakegawa, K., Dupree, P. and
Demura, T. (2010)  VASCULAR-RELATED NAC-DOMAIN6 and
VASCULAR-RELATED NAC-DOMAIN7Y effectively induce transdifferentiation
into xylem vessel elements under control of an induction system. Plant
Physiol. 153, 906-914.

Yamaguchi, M., Mitsuda, N., Ohtani, M., Ohme-Takagi, M., Kato, K. and
Demura, T. (2011) VASCULAR-RELATED NAC-DOMAIN 7 directly regulates
the expression of a broad range of genes for xylem vessel formation. Plant J.
66, 579-590.

Yang, P., Wang, Y., Bai, Y., Meng, K., Luo, H., Yuan, T., Fan, Y. and Yao, B.
(2007) Expression of xylanase with high specific activity from Streptomyces
olivaceoviridis A1 in transgenic potato plants (Solanum tuberosum L.).
Biotechnol. Lett. 29, 659-667.

Yang, F., Mitra, P., Zhang, L., Prak, L., Verhertbruggen, Y., Kim, J.-S., Sun, L.,
Zheng, K., Tang, K., Auer, M., Scheller, H.V. and Loqué, D. (2013)
Engineering secondary cell wall deposition in plants. Plant Biotechnol. J. 11,
325-335.

Yu, L.-X., Gray, B.N., Rutzke, C.J., Walker, L.P., Wilson, D.B. and Hanson, M.R.
(2007) Expression of thermostable microbial cellulases in the chloroplasts of
nicotine-free tobacco. J. Biotechnol. 131, 362-369.

Yuan, J.S., Galbraith, D.W., Dai, S.Y., Griffin, P. and Stewart, C.N. Jr. (2008)
Plant systems biology comes of age. Trends Plant Sci. 13, 165-171.

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

Zhang, D., VanFossen, A.L., Pagano, R.M., Johnson, J.S., Parker, M.H., Pan, S.,
Gray, B.N., Hancock, E., Hagen, D.J., Lucero, H.A., Shen, B., Lessard, P.A.,
Ely, C., Moriarty, M., Ekborg, N.A., Bougri, O., Smaoylov, V., Lazar, G. and
Raab, R.M. (2011) Consolidated pretreatment and hydrolysis of plant biomass
expressing cell wall degrading enzymes. Bioenergy Res. 4, 276-286.

Zhang, K., Bhuiya, M.\W., Pazo, J.R., Miao, Y., Kim, H., Ralph, J. and Liu, C.-J.
(2012) An engineered monolignol 4-o-methyltransferase depresses lignin
biosynthesis and confers novel metabolic capability in Arabidopsis. Plant Cell,
24, 3135-3152.

Zhao, Q. and Dixon, R.A. (2011) Transcriptional networks for lignin
biosynthesis: more complex than we thought? Trends Plant Sci. 16, 227-233.

Zhao, Y., Song, D., Sun, J. and Li, L. (2013a) Populus endo-beta-mannanase
PtrMANG plays a role in coordinating cell wall remodeling with suppression of
secondary wall thickening through generation of oligosaccharide signals.
Plant J. 74, 473-485.

Zhao, Q., Nakashima, J., Chen, F., Yin, Y., Fu, C., Yun, J., Shao, H., Wang, X.,
Wang, Z.Y. and Dixon, R.A. (2013b) LACCASE is necessary and nonredundant
with PEROXIDASE for lignin polymerization during vascular development in
Arabidopsis. Plant Cell, 25, 3976-3987.

Zhao, Q., Tobimatsu, Y., Zhou, R., Pattathil, S., Gallego-Giraldo, L., Fu, C.,
Jackson, L.A., Hahn, M.G., Kim, H., Chen, F., Ralph, J. and Dixon, R.A.
(2013¢) Loss of function of cinnamyl alcohol dehydrogenase 1 leads to
unconventional lignin and a temperature-sensitive growth defect in
Medicago truncatula. Proc. Natl Acad. Sci. U.S.A. 110, 13660—13665.

Zhong, R., Demura, T. and Ye, Z.-H. (2006) SND1, a NAC domain transcription
factor, is a key regulator of secondary wall synthesis in fibers of Arabidopsis.
Plant Cell, 18, 3158-3170.

© 2014 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 12, 1174-1192



1192 Quanzi Li et al.

Zhong, R., Richardson, E.A. and Ye, Z.-H. (2007) The MYB46 transcription
factor is a direct target of SND1 and regulates secondary wall biosynthesis in
Arabidopsis. Plant Cell, 19, 2776-2792.

Zhong, R., Lee, C., Zhou, J., McCarthy, R.L. and Ye, Z.-H. (2008) A battery of
transcription factors involved in the regulation of secondary cell wall
biosynthesis in Arabidopsis. Plant Cell, 20, 2763-2782.

Zhong, R., Lee, C. and Ye, Z.-H. (2010) Evolutionary conservation of the
transcriptional network regulating secondary cell wall biosynthesis. Trends
Plant Sci. 15, 625-632.

Zhou, G., Zhong, R., Richardson, E.A., Morrison, W.H. Ill, Nairn, C.J.,
Wood-Jones, A. and Ye, Z.-H. (2006) The poplar glycosyltransferase GT47C
is functionally conserved with Arabidopsis Fragile fiber8. Plant Cell Physiol.
47, 1229-1240.

Zhou, G., Zhong, R., Himmelsbach, D.S., McPhail, B.T. and Ye, Z.-H. (2007)
Molecular characterization of PoGT8D and PoGT43B, two secondary
wall-associated  glycosyltransferases in poplar. Plant Cell Physiol. 48,
689-699.

Zhou, R., Jackson, L., Shadle, G., Nakashima, J., Temple, S., Chen, F. and Dixon,
R.A. (2010) Distinct cinnamoy! CoA reductases involved in parallel routes to
lignin in Medicago truncatula. Proc. Natl Acad. Sci. US.A. 107,
17803-17808.

Ziegelhoffer, T., Will, J. and Austin-Phillips, S. (1999) Expression of bacterial
cellulase genes in transgenic alfalfa (Medicago sativa L.), potato (Solanum
tuberosum L.) and tobacco (Nicotiana tabacum L.). Mol. Breed. 5,
309-318.

Ziegelhoffer, T., Raasch, J.A. and Austin-Phillips, S. (2001) Dramatic effects of
truncation and sub-cellular targeting on the accumulation of recombinant
microbial cellulase in tobacco. Mol. Breed. 8, 147-158.

Ziegelhoffer, T., Raasch, J.A. and Austin-Phillips, S. (2009) Expression of
Acidothermus cellulolyticus E1 endo-B-1, 4-glucanase catalytic domain in
transplastomic tobacco. Plant Biotechnol. J. 7, 527-536.

Ziegler, M.T., Thomas, S.R. and Danna, K.. (2000) Accumulation of a
thermostable endo-1, 4-B-o-glucanase in the apoplast of Arabidopsis
thaliana leaves. Mol. Breed. 6, 37-46.

© 2014 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 12, 1174-1192



