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The majority of terrestrial biomass accumulates as plant cell walls, the main structural component of leaves, stems, roots, fruits, and seeds. 
The main constituents of plant cell walls are lignin and polysaccharides, which can be transformed into liquid fuel molecules through chemical 
transformation or microbial fermentation. Because of the large scale of demand for fuel, it is essential that biomass-to-fuel conversion processes 
maximize conservation of energy in the products. Here, we summarize some of the challenges posed to these processes by the chemical complexity 
of plant cell walls.
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The word biofuel currently refers primarily to the   
conversion of sugar or depolymerized starch from food 

or feed crops to ethanol by fermentation or the conver-
sion of vegetable oil or other sources of lipids to biodiesel, a 
mixture of fatty acid methyl esters. In 2010, approximately 
23 billion gallons of ethanol and approximately 6 billion 
gallons of biodiesel were produced worldwide. However, we 
think it likely that the use of food or feed crops to produce 
biofuels will gradually give way to the use of the structural 
polysaccharides that constitute the bodies of plants. This 
transition will increase the amount of relevant biomass that 
can be obtained per hectare, will increase sustainability, and 
will encourage diversification of the agricultural landscape 
in other desirable ways (Somerville et al. 2010, Youngs and 
Somerville 2012).

The development of the suite of technologies required to 
produce lignocellulosic (LC) fuels at costs that allow direct 
competition with petroleum-based fuels has been challeng-
ing for many reasons. Nevertheless, a number of companies 
are building the first generation of LC fuel production 
facilities (box  1). One of the most important obstacles is 
related to the fact that LC biomass is chemically complex. 
Therefore, the catalysts used to depolymerize biomass must 
accelerate many different types of chemical reactions, the 
chemical separation processes are complex, and the organ-
isms that convert the depolymerized biomass components to 
fuels must be capable of many different types of metabolic 
conversion. In addition, the composition of plant biomass 
differs from species to species and even among cell types 

within a species (Knox 2008, Popper et al. 2011). In this brief 
overview, we summarize some of the features of the chemical 
composition of plant biomass that affect LC biofuel produc-
tion and outline some of the implications for the develop-
ment of feedstock crops and the conversion processes used 
with them.

Overview of the process of LC fuel production

There are currently two main routes to the production of 
LC fuels: the thermal route and bioconversion. The ther-
mal route depends on the use of high temperatures, in a 
controlled atmosphere that prevents direct combustion, to 
decompose the biomass. In the extreme case, the carbon 
compounds in the biomass can be rapidly converted to  
syngas, a mixture of carbon monoxide, carbon dioxide, 
hydrogen, and relatively small amounts of other gases. The 
carbon monoxide and hydrogen can be separated from the 
other components and then used to synthesize hydrocarbons 
by the Fischer–Tropsch process, which has been used to make 
liquid hydrocarbons from coal and natural gas. This method 
is relatively insensitive to the exact composition of the bio-
mass, although high amounts of inorganic material, such as 
salts, can be problematic. The process is also capital intensive 
and is therefore generally considered feasible only at very 
large scales that would be difficult to support with biomass 
because of logistical issues such as transportation costs.

Pyrolysis is a thermal decomposition process that takes 
place at a lower temperature than gasification does and 
leads to the production of a large number of small fragments 
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of biomass. Although some gas is generated, the majority 
of the biomass ends up as a liquid called pyrolysis oil or a 
solid called biochar. Depending on the conditions, a typical 
pyrolysis reactor may produce more than 300 compounds, 
of which dehydrated sugars and organic acids are among the 
most abundant. The technical challenge is to develop robust 
methods to convert the major components of pyrolysis oils 
to stable, nonviscous, noncorrosive fuel molecules. Pyrolysis 
reactors can be scaled to match the availability of biomass 
and have moderate capital costs. Several demonstration-
scale facilities are currently operating in the United States.

Bioconversion processes generally have four main com-
ponents: (1)  a pretreatment process in which biomass is 
ground and treated briefly with hot water or steam that may 
also contain a dilute acid or base to partially depolymerize 
the biomass; (2)  an enzymatic process in which glycan- 
depolymerizing enzymes (i.e., cellulases, hemicellulases, 
pectinases, and polysaccharide oxygenases) cleave polysac-
charides to sugars; (3)  a fermentation process in which 
sugars are converted to fuel, usually ethanol; and (4) a sepa-
ration process, usually distillation, in which fuel is separated 
from water and residual solids. Although ethanol is currently 
the main product of fermentation-based approaches, we 
consider it likely that other types of liquid fuels, such as iso-
butanol, will eventually be produced by fermentation, using 
genetically modified microorganisms. There is a very large 
number of possible variants of these component processes. 
Perhaps the most extreme is the use of a strong mineral acid 
to completely depolymerize the polysaccharides to sugars. 
Most of the variations do not convert lignin to liquid fuel; 
it is usually recovered as a solid that is mechanically dehy-
drated and burned to produce the heat and power for the 
bioconversion processes.

The composition of biomass

Cell walls are the major component of plant biomass. The 
composition of cell walls varies widely among species 
(Popper et  al. 2011) and may vary within an individual, 
depending on the cell type or in response to environmental 

conditions (Knox 2008). However, relatively little is known 
about how or why the amount or composition of cell walls 
is regulated. In the context of this discussion, the main 
significance of cell wall variation is that biofuel production 
processes must be robust to such variation.

Some cell types, such as those that make up the vascular 
tissues, have very thick walls that are usually rigidified with 
lignin. These cell types, which can constitute the majority of 
mass in a plant body, typically undergo a period of cell wall 
deposition to form “secondary cell walls” after cell expan-
sion is complete. Other cell types, such as the mesophyll 
cells of leaves have relatively thin cell walls that minimize 
diffusive resistance to gases and the fluxes of the products 
from photosynthesis. Therefore, it appears that the primary 
determinants of the quantity and composition of cell walls 
are developmental controls (Etchells et al. 2012).

From a biofuels perspective, cell walls can be considered 
to be composed of five main components: cellulose, hemi-
cellulose, pectin, lignin, and minerals that are collectively 
referred to as lignocellulose (table 1). The following sections 
describe these components and their relevance in biofuel 
production.

Cellulose. Cellulose is the major load-bearing component of 
plant cell walls and is thought to be the most abundant bio-
polymer on Earth (Somerville 2006). Cellulose microfibrils 
are insoluble, cable-like structures composed of approxi-
mately 24 hydrogen-bonded chains containing β(1,4)-linked 
glucose molecules (Guerriero et  al. 2010, Fernandes et  al. 
2011). The glucan chains are parallel, and successive glucose 
residues are rotated 180 degrees to form a repeating disac-
charide unit called cellobiose. This allows the glucan chains 
to form a flat, relatively inflexible, ribbon-like crystalline 
structure held together by hydrogen bonds and Van der 
Waals forces to form microfibrils. Hydroxyl groups present 
in cellulose macromolecules are involved in a number of 
intra- and intermolecular hydrogen bonds, which result in 
various ordered crystalline arrangements. Because of the 
way the chains are stacked to form the crystalline array, 

Box 1. Commercialization of lignocellulosic biofuels.

As of the writing of this article, there are only two commercial-scale lignocellulosic biofuel facilities in the world. A 20-million-gallon-
per-year biorefinery in Crescentino, Italy, owned by Beta Renewables, uses a steam pretreatment and biological conversion process to 
produce lignocellulosic fuel from a variety of perennial grasses, corn stover, wheat and rice straw, and poplar. A facility owned by Kior 
in Columbus, Missouri, is expected to produce 13 million gallons per year of gasoline and diesel by pyrolysis of forestry residues. In 
addition, at least a dozen companies, including Beta Renewables and Kior, are in the midst of building commercial-scale lignocellulosic 
refineries in the United States that are expected to begin production sometime between the end of 2013 and the fourth quarter of 2015. 
If all of the plants are completed, the combined capacity would be roughly 230 million gallons per year. Feedstocks for the additional 
facilities vary dramatically, from dedicated energy crops to residues and municipal solid waste. Several of the companies have stated 
plans to replicate their technology, either by building more plants themselves or through licensing structures to other companies for 
implementation. Many experts in the industry expect a lag in production scale up as these first commercial facilities go online and 
improvements are developed. The International Energy Agency forecasts that biofuels could supply 5%–15% of transportation energy 
(3.7–8.2 million barrels of oil equivalents per day) by 2035.
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there are several distinct faces to a cellulose microfibril. 
The degree of polymerization can vary from 500 to 15,000 
glucose molecules, depending on the tissue type (Somerville 
2006).

Cellulose can be depolymerized into cellobiose and glu-
cose by the combined action of endo- and exoglucanases, 
glucosidases (Wilson 2009), and polysaccharide mono- 
oxygenases (PMOs). It is thought that these enzymes act on 
only one face of the microfibril. Therefore, depolymerization 
is necessarily a relatively slow process in which the outer-
most glucan chains on one face are nicked by endogluca-
nases or PMOs and then progressively depolymerized by 
reducing-end and non-reducing-end exoglucanases before 
the underlying chains can be acted on. Therefore, signifi-
cantly longer reaction times are needed for cellulose hydro-
lysis than for the depolymerization of comparable quantities 
of starch, an α-linked polymer of glucose that is the basis of 
some food-based biofuels.

It appears that cellulose microfibrils may have amorphous 
regions in which the crystalline structure has not formed 
during synthesis or has been disrupted. The definition of 
amorphous cellulose is ambiguous, but it is generally referred 
to as regions of microfibrils with nonordered β(1,4)-linked 
glucose molecules that can be detected by changes in 
X-ray diffraction (Thygesen et  al. 2005). Acid treatments 
can cause a breakdown of the cellulose fibril into roughly 
150- nanometer fragments. It is assumed that this is because 
of the differential acid lability of the crystalline and amor-
phous regions. Similarly, it is believed that the amorphous 
regions are more readily attacked by cellulases than are the 
crystalline regions. However, nothing is known about how 
amorphous cellulose arises. It is possible that it is an artifact 
of the methods used to prepare cell walls for analysis. If such 
regions exist naturally, it is possible to imagine that dispers-
ing the amorphous regions more evenly across the cellulose 
fibril would enhance cellulose degradation by both acid and 
enzyme-mediated treatments.

Plant genomes harbor many endogenous genes for cel-
lulases (e.g., the Arabidopsis and rice genomes contain 25 
and 21 putative genes for cellulases, respectively), but their 
role is unknown. It seems likely that most plant cellulases 
are involved in some step of plant development; therefore, 
the regulation of the expression will be crucial. Several 

patents describe the production of transgenic plants in 
which cellulases have been placed under inducible expres-
sion. The inventors claim that such constructs may decrease 
the crystallinity properties of cellulose in plants when they 
are induced, without affecting the plant’s morphology (Klose 
et al. 2013).

Cellulose fibrils are generally coated with hemicellu-
lose, which is hydrogen bonded to the microfibril surface 
 (figure  1). Because the hemicellulose is usually branched, 
it may help to prevent the aggregation of cellulose microfi-
brils. Indeed, paper is made by stripping hemicellulose and 
lignin from cellulose, with the result that the cellulose fibrils 
hydrogen bond to each other. In support of this idea, it was 
shown that a mutant of Arabidopsis deficient in xyloglucan 
had highly aggregated cellulose fibrils (Anderson et al. 2010). 
It would be interesting to test whether plants overproducing 
xyloglucan might have thinner cellulose fibrils that can be 
depolymerized more readily.

Recently, it was suggested that a small fraction of xylo-
glucan is commonly entrapped in the cellulose microfibrils 
(Wang et al. 2012). These insertions may be what is perceived 
as amorphous cellulose and may serve as initiation sites for 
cellulose degradation. Common biomass pretreatments, 
such as dilute acid, hydrolyze the majority of the hemicel-
lulose and, therefore, increase the fraction of amorphous 
cellulose close to these tight interactions. This also leads to 
a lower degree of polymerization of the cellulose. A better 
understanding of the xyloglucan–cellulose interaction may 
allow the manipulation of cell wall biosynthesis to enhance 
the occurrence of these insertions.

Except for the possible existence of amorphous regions, 
cellulose fibrils are monotonous structures, so there are not 
many ways to envision that genetic variations or engineered 
modifications of the cellulose synthetic machinery could 
improve the suitability of cellulose for making biofuels. 
However, an analysis of the enzymatic depolymerization of 
cellulose from several mutants of Arabidopsis carrying point 
mutations in cellulose synthase subunits indicated that these 
mutants have a type of cellulose that is more readily depo-
lymerized than that of the wild type (Harris et al. 2012). It 
was hypothesized that the mutations may alter the process 
of glucan crystallization, which may lead to the formation 
of microfibrils with a less-crystalline form of cellulose. The 

Table 1. The composition of selected lignocellulosic feedstocks.
Composition of biomass (percentage)

Source Cellulose Lignin Hemicellulose Ash Key features Reference

Miscanthus giganteus 
(perennial grass)

37–45 17–21 19–25 1–3 Abundant ferulic and coumaric acid 
esters

Haffner et al. 2013

Pine (softwood tree) 25–42 18–26 21–30 0.3–2 Hemicellulose rich in mannans, low  
ash, lignin enriched for guaiacyl units

www.nrel.gov/biomass, 
Sánchez 2009

Poplar (hardwood tree) 4–55 18–25 24–40 1–4 Lignin enriched for syringyl units www.nrel.gov/biomass

Agave tequilana (arid 
climate succulent)

31–55 7–12 8–17 3–7 The juice of fresh tissue is rich in  
soluble sugars and pectin

www.nrel.gov/biomass
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expression of a mutant cellulose synthase gene in transgenic 
tobacco resulted in a large increase in cellulose digestibility 
(Sahoo et al. 2013). Therefore, it might ultimately be possible 
to develop modified plants with more-digestible cellulose.

Hemicellulose. Hemicellulose is a general designation for 
cell wall polysaccharides that are neither cellulose nor 
pectin. Most hemicelluloses have a β(1,4)-linked glucan, 
xylan, galactan, mannan, or glucomannan backbone that 
is branched with single or longer glycosyl residues (Pauly 
et  al. 2013). In addition, some species have mixed-linkage 
 β(1-4):β(1-3) glucans. These are abundant in some grass 
species, including major cereals. Secondary cell wall hemi-
celluloses make up roughly half of the carbohydrates and 
one-third of the total biomass in the woody tissues and 
stems considered for biofuel production. Although hemi-
celluloses represent a potentially large fermentable pool of 
sugar, they also present challenges to biofuel production. 
Hemicelluloses are a diverse class of linear and branched 
polysaccharides that differ widely in composition among 
plant tissues and species and that change markedly dur-
ing plant development. They function as load-bearing, 
cross-linking agents in the wall, binding cellulose bundles, 
lignins, cell wall proteins, pectins, and nonstructural poly-
saccharides through a variety of covalent and noncovalent 
interactions. The monosaccharide constituents of hemicel-
lulose vary widely in their suitability as carbon sources for 
different forms of microbial fermentations, and the link-
ages that constitute the various structures of hemicellulose 
can affect the efficiency of the hydrolysis of the polymers. 

Hemicelluloses can be roughly divided into four major 
classes according to their backbone structures.

Xylans are the most abundant hemicellulose component 
in grasses such as switchgrass (Panicum virgatum) and 
Miscanthus and angiosperm hardwoods, such as eucalyptus, 
willow, and aspen (Populus spp.). Xylans are composed of 
a linear backbone of β(1-4)-linked xylosyl units, which is 
most commonly decorated with arabinosyl, xylosyl, or gluc-
uronic acid substituents (Scheller and Ulvskov 2010). The 
arabinosyl side chains may be further linked to glucuronic 
acid, which is frequently modified by O-methyl and O-acetyl 
groups. Other possible side-chain modifications include 
the phenolic compounds ferulic acid and p-coumaric acid, 
which can form covalent cross-links with each other or 
with the lignin polymer (Scheller and Ulvskov 2010). All of 
these modifications alter the solubility of the hemi cellulose 
polymer in water and other polar solvents and affect its 
hydrogen bonding to cellulose fibrils in the wall. The 
amount of xylan and the pattern of substitution are highly 
variable among different species. The secondary cell walls 
of hardwoods, such as birch and aspen, typically contain 
20%–30% 4-O-methylglucuronoxylans, whereas arabino-
glucuronoxylans are present as the major hemicellulose in 
grasses (40%–50%) and are a minor component (5%–15%) 
in softwoods, such as spruce and pine.

Mannans are the major hemicellulose component in 
some gymnosperm softwood species, although they are 
also present as a minor component in some hardwoods. 
Mannans consist of a β(1-4)-linked backbone of mannosyl 
units, whereas glucomannans contain varying amounts of 

Cellulose

Acetylation

Lignin

Ferulic and
coumaric acid

Hemicellulose

Figure 1. The major structural components of plant cell walls (not to scale).
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randomly interspersed glucosyl units that can constitute up 
to 50% of the linear backbone (Scheller and Ulvskov 2010, 
Pauly et al. 2013). This backbone is often decorated by galac-
tosyl side chains and O-acetyl groups, particularly in some 
softwood species (Verhertbruggen et al. 2011).

Galactans are branched soluble polymers principally com-
posed of β(1-3) or β(1-4) galactosyl units that are normally 
minor components of secondary cell walls (Laine 2005, 
Caffall and Mohnen 2009). The β(1-4) galactans, which are 
most commonly observed, are considered hemicelluloses 
because the planar structure associated with the β(1-4) link-
age facilitates hydrogen bonding to the surface of cellulose 
microfibrils. The heartwood of larch contains 10%–15% 
β(1-3) galactan substituted with arabinose (Laine 2005). 
Because β(1-3) galactans would not be expected to hydro-
gen bond to the surface of cellulose fibrils, they may play 
a role different from that of β(1-4) galactans. When woody 
tissues of gymnosperms are subjected to mechanical forces 
such as bending, the compressed tissue (compression wood) 
contains 7%–12% acidic galactan that consists of a β(1-4) 
galactosyl backbone substituted with galacturonic acid resi-
dues at about every 20 residues (Laine 2005). In contrast, the 
tension wood that develops opposite to the compression site 
in angiosperms contains a complex β(1-4) galactan polymer 
with galactan, glucuronic acid, and rhamnogalactan branch-
ing (Teleman 2009).

Noncellulosic glucans are also a minor component of 
biomass, because they are typically associated with primary 
cell walls and early stages of growth and development. 
Occurring as a homopolymer of β(1-4)-linked glucosyl 
units or as a mixed-linkage polymer of β(1-4) glucan with 
interspersed β(1-3) glucosyl linkages in a variety of patterns, 
they vary among plant species and tissues. The latter poly-
mer, termed mixed-linkage glucan, is prevalent in grasses but 
has also been found in other species (Popper et  al. 2011). 
Xyloglucan, a β(1-4) glucan with a variety of branch patterns  
and substituents (Scheller and Ulvskov 2010), is a hemi-
cellulose that is prevalent in vegetative tissues but may also 
be present in very minor amounts in stems and woody 
tissues. Glucans are water soluble, amenable to acid and 
enzyme degradation, and easily fermentable, which makes 
them desirable components for biofuel production. Mutants 
such as maize candy leaf-1, which accumulate mixed-linkage 
glucans in mature tissue and exhibit increased saccharifica-
tion yields, could be interesting models for modification of 
other biofuel feedstocks (Pauly et al. 2011).

The ratio of hemicellulose polymer types and their struc-
tures not only vary from species to species and tissue to 
tissue, but they are also modified during growth, develop-
ment, and maturation, which causes heterogeneity issues 
for biomass processing. For example, there is an increase in 
glucomannans and a decrease in glucuronoarabinoxylan in 
the transition from early- to latewood in pine (Saka 2001). 
Although the effects of the full complement of hemicellu-
lose structures on their association with cellulose and lignin 
remain poorly understood, there are clear effects on biomass 

properties. For example, glucomannans appear to have better 
adsorption to cellulose than xylans do (Clayton and Phelps 
1965), and the sorption is reduced by both acetylation and 
the presence of galactosyl side chains (Hannuksela et  al. 
2002). These effects have clear ramifications for pretreat-
ment strategies and for thoughtful engineering of biomass 
with altered wall components.

Hemicelluloses respond differently to biomass pretreat-
ments. The glycosidic linkages in hemicelluloses are rela-
tively labile to acid hydrolysis, which allows complete 
depolymerization by relatively mild acid pretreatment. 
However, the liberated pentose sugars, such as xylose and 
arabinose, are particularly susceptible to dehydration under 
dilute acidic conditions at high temperatures and form toxic 
furaldehydes. In addition, not all organisms used in com-
mercial fermentation can use pentose sugars, especially in 
the presence of glucose. Ferulic, coumaric, uronic, and acetic 
acids are also released during acid hydrolysis. The release of 
these acids from the biomass by hot-water treatments can 
allow them to act as a sort of endogenous catalyst, perform-
ing autohydrolysis. In contrast, dilute alkaline conditions 
solubilize hemicellulose oligomers and hydrolyze ester link-
ages with a minor effect on glycosidic linkages. Because basic 
pretreatments do not completely saccharify hemicelluloses, 
additional enzymes may be required in downstream pro-
cessing. The combination of complex linkage types in hemi-
celluloses is particularly challenging for enzymatic digestion. 
For example, a typical grass xylan could require up to seven 
enzymes for efficient depolymerization: endoxylanase, exox-
ylanase, β-xylosidase, arabinosidase, glucuronidase, acetyl 
xylan esterase, and feruloyl esterase. Although engineering 
plants with simplified hemicellulose may be attractive, the 
impact on wall integrity and compensatory changes in wall 
structure are not well understood.

Although several hemicellulose-deficient mutants and 
several genes involved in hemicellulose synthesis have been 
identified (Scheller and Ulvskov 2010), few have been suf-
ficiently tested with the biochemical resolution needed to 
implement rational biomass engineering. For example, it 
was recently shown that in xax1, a rice mutant deficient in 
the xylosyl modification of arabinose residues on arabinox-
ylan, the mutant plants exhibit an increased extractability of 
xylan and increased saccharification, presumably because of 
decreased cross-linking to lignin (Chiniquy et al. 2012).

Some mutations affecting cell wall polysaccharide com-
position have negative effects on plant growth, development, 
and resiliency, especially in terms of vascular tissue integrity. 
For example, glucuronyl transferase genes (GUX) in the 
GT8 family have been identified in Arabidopsis (Mortimer 
et al. 2010). In gux mutants, which lack both glucuronic acid 
and 4-O-methyl-glucuronic acid modifications of xylan, 
the unbranched xylan was easier to extract under alkaline 
conditions, most likely because of decreased covalent link-
ages to lignin. Although the plants did not show decreases in 
growth under controlled conditions, they did have weakened 
stems; therefore, they could be prone to lodging under field 
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conditions or could be susceptible to xylem collapse under 
water stress.

Pectin. Pectins are heterogeneous, water-soluble polymers 
that fill in the cellulose–hemicellulose matrix in primary 
cell walls and accumulate in the middle lamella between 
cells, providing adhesion. With a high content of methylated 
and acidic sugars—usually galacturonic acid—some pectins 
are highly branched and structurally very complex (Caffall 
and Mohnen 2009). These polymers can chelate calcium 
and form gels. In secondary cell walls, the pectin fraction 
is negligible and is therefore not considered an important 
source of sugar in advanced biofuel production. However, 
pectins are abundant in waste residues, such as sugar beet 
pulp, citrus waste, apple pomace, and potato pulp, which 
could be used as feedstocks for biofuel production. One of 
the major candidates for feedstock production in arid lands 
is Agave species, which are also rich in pectins. The use of 
pectins for biofuel production was recently reviewed by Xiao 
and Anderson (2013).

Lignin. Lignin is an amorphous, irregular polymer of phenyl-
propanoid monomers in the cell walls of higher plants that 
might be considered a natural plastic. During plant growth, 
monomer units are secreted into the forming cell wall, where 
they infiltrate the polysaccharide matrix and are polymer-
ized by a free-radical process that leads to a randomized 
structure. The result is a rigid protective barrier around the 
polysaccharides that allows the formation of specialized 
tissues for water transport, supports vertical growth, and 
prevents pathogen invasion.

Lignin interferes with biomass saccharification in nature 
and in biofuel production by occluding and protecting cel-
lulose fibers from depolymerization. Lignin also binds and 
inactivates cellulolytic enzymes and can produce degrada-
tion products that inhibit fermentation. As a result, most 
biofuel conversion pathways have a pretreatment step to 
modify, reduce, or remove lignin and increase saccharifica-
tion, which adds cost and increases energy requirements. In 
general, the use of pretreatment and saccharification effi-
ciency are influenced by four factors: (1) total lignin content, 
(2) lignin composition, (3) lignin degree of polymerization, 
and (4)  the extent and nature of lignin–polysaccharide 
cross-linking. The latter features are affected both by the 
lignin and carbohydrate composition and by the conditions 
in the cell wall during polymerization.

Plant species differ both in the total amount of lignin 
and in the structure of lignin they contain, which affects 
the efficiency of different pretreatments. In general, soft-
woods from gymnosperms such as pine contain more lignin 
(25%–35% of the cell wall) than do hardwoods such as pop-
lar (18%–25%) or grasses (10%–30%) (Sánchez 2009). The 
pattern of methoxyl substitutions in the lignin precursors 
of these plants and that within plant tissues also differ. For 
example, softwood lignins generally contain more guaiacyl 
units, whereas hardwood lignins have more syringyl units, 

and grass lignins contain both, along with higher amounts of 
hydroxybenzyl units (Ziebell et al. 2010). Some lignins may 
contain other modifications formed through the preferential 
enzymatic acylation of syringyl units. For example, lignin 
in grasses can contain up to 40% p-coumarate, whereas 
80% of lignins in agave can be acetylated, and lignins in 
palm, poplar, and willow contain relatively high amounts of 
p-hydroxybenzoate (Withers et al. 2012).

The composition of lignin monomers affects polymeriza-
tion and cross-linking patterns in the wall. For example, 
syringyl units, which have methoxy substituents on C3 and 
C5 positions of the phenyl ring, are described as being less 
condensed (Cesarino et al. 2012). They form fewer recalci-
trant carbon–carbon bonds and tend to form more linear 
chains but have more β–β resin structures. In contrast, guaia-
cyl units, which contain a single methoxy substituent on C3 
of the phenyl ring and therefore have an additional site for 
cross-linking, are more branched and have been implicated 
in restricting fiber swelling under some pretreatment con-
ditions (Ramos et  al. 1992). Finally, hydroxyphenyl units 
contain no methoxy substituents. These units are usually a 
minor component—less than 5% of lignin—and appear to 
be important in the early stages of lignification. The lack of 
methoxy substituents allows more carbon–carbon bonds but 
also shifts the stability of the radicals formed during oxida-
tion such that fewer β-O-4’ aryl ethers are formed, which 
results in polymers with a lower molecular weight (Ziebell 
et al. 2010).

The bonds in lignin are very difficult to break under nor-
mal conditions. This is why woody tissues can persist in the 
environment for years. Lignin can be removed from plant 
cell walls to varying degrees by extreme treatments includ-
ing heat, acids, bases, oxidization agents, and solvents. Most 
pretreatments cleave ester and ether linkages to varying 
degrees. During lignification, several types of covalent bonds 
are formed between the lignin monomers, including β aryl 
ethers, esters, and carbon–carbon bonds. The most common 
intramolecular linkages in lignin are β-O-aryl ethers formed 
by coupling the 4-hydroxyl group of the phenyl ring with the 
propanoid side chain of another subunit. β-O-4’ aryl ethers 
represent 30%–50% of linkages in wood and up to 90% 
of linkages in grasses, and many pretreatments, including 
dilute acid, preferentially cleave these linkages (Villaverde 
et al. 2009). In contrast, ester linkages, which can be high in 
some grasses, are broken under alkaline conditions. Carbon– 
carbon linkages in lignin are the most recalcitrant, but they 
can be cleaved by oxidative catalysts.

The fact that the ratio of syringyl to guaiacyl units (the 
S:G ratio) clearly affects saccharification efficiency in some 
cases highlights the complexity of lignification and cell wall 
chemophysical structure. Syringyl units are the preferred 
target for acylation (Withers et  al. 2012), and they clearly 
also play a confounding role in the patterns of cross-linking 
within lignin polymers and in forming lignin–polysaccharide  
linkages. For example, lignin monomers acetylated at the 
end of the propanoid side chain cannot form resinols, form  
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fewer β–β carbon bonds, and appear to favor β aryl ether 
formation, which results in shorter, more linear lignins, 
which, in turn, enhances pretreatment efficiency (del Río 
et al. 2008). However, coumarylation may favor more exten-
sive cross-linking to carbohydrates. The relevance of the 
S:G ratio to saccharification may depend on the total lignin 
content (Studer et al. 2011).

Cross-linking between lignins and the side chains of 
branched polysaccharides such as pectins and hemicel-
luloses may have the most influence on saccharification. 
These are of two types: ethers and esters. p-coumarylated 
polymers may form more carbohydrate-benzyl ethers than 
other monomers. Coumarylated and ferulolyated polymers 
can both form esters. Unlike carbohydrate-benzyl ethers, 
lignin–lignin and lignin–polysaccharide esters are easily 
cleaved during alkaline pretreatments but not with dilute 
acid. Alkaline-cleavable esters can also form between oxi-
dized rings and sugars containing uronic acid substituents 
(Takahashi and Koshijima 1988).

The genetic manipulation of lignin content and com-
position to improve saccharification has been reviewed in 
several recent papers (e.g., Vanholme et  al. 2012a). Most 
research has been focused on enzymes of the phenylpro-
panoid biosynthetic pathways. Although the results have 
been mixed, trends are emerging. Although many of the 
genes can be downregulated to reduce lignin content and 
improve saccharification, this often has unwanted effects 
on growth and pathogen resistance. The manipulation of 
transcriptional control of lignification and the engineering 
of novel lignin subunits and linkages have recently emerged 
as more-precise ways to improve biomass feedstocks for 
specific conversion routes.

Engineering lignins to contain more labile linkages, 
such as esters, has been proposed to enhance saccharifica-
tion with alkaline pretreatment and to reduce processing 
temperatures. For example, increasing feruloylated lignin 
(Grabber et  al. 2008) and introducing O-diphenolic pre-
cursors, such as 4-hydroxyconiferyl alcohol, rosmarinic 
acid (Tobimatsu et al. 2012), dicaffeoyl quinate, and epigal-
locatechin gallate (Elumalai et  al. 2012) have been shown 
to enhance the removal of lignin after pretreatment. These 
units participate in normal β-O-4’ aryl ether formation but 
may suppress lignin-carbohydrate cross-linking. Methods 
of reducing the degree of polymerization of lignin include 
overexpressing a modified methyl transferase to produce 
4-O-methyl lignin precursors that do not form β-O-4’ 
aryl ethers (Zhang et  al. 2012) and expressing a bacterial 
lyase gene that cleaves the phenyl group of phenylpro-
panoids (Eudes et  al. 2012). Both strategies successfully 
enhance saccharification without affecting plant growth. 
The emerging knowledge of transcription factors that 
govern cell wall composition and lignification in specific 
tissues, coupled with new knowledge of feedback effects 
of changes in lignins will allow more creative and directed 
alterations in cell wall or biomass properties (Vanholme 
et al. 2012b).

Ash and silica. In some plant species, a significant fraction 
of the total biomass is not combustible and is recovered 
as ash from bioenergy processes. The amounts range from 
about 2% of dry weight in Miscanthus to about 8% in canary 
grass (Baker and Elbersen 2005). The amount of ash and its 
composition can affect LC bioprocessing. For example, in 
conversion systems that depend on combustion of residual 
solids following polysaccharide depolymerization, the ash 
ends up in the boilers that are used for producing heat and 
power and can amount to as much as 20% of solids (Baker 
and Elbersen 2005). Some types of ash, such as those high in 
potassium, are highly corrosive to the boilers. In addition, at 
combustion temperatures, silica may react with potassium or 
calcium to form alkali silicates of low melting point that can 
foul the equipment with slag (Monti et al. 2008). Whatever 
the case, ash must be removed from the boiler and disposed 
of, which increases operating costs. Woody species generally 
have much lower ash content than do herbaceous species, 
which leads to wood being the preferred feedstock for bio-
mass conversion processes that are particularly sensitive to 
ash (e.g., pyrolysis, gasification, dissolution in strong acid; 
Baxter 1993).

The five most abundant elements in ash are silicon, potas-
sium, calcium, sulfur, and chlorine (Baker and Elbersen 
2005). Silica is frequently the most abundant component 
of ash and seems most amenable to reduction by breeding 
or genetic modification of the feedstock, because it does 
not seem to have an indispensible role. This would be par-
ticularly useful in the case of rice, which has so much silica 
in the straw that the material is generally not considered 
suitable for use as a biofuel feedstock. The recent discovery 
that silica and arsenic are transported by the same trans-
porters (Ma et  al. 2008) and the desire to reduce arsenic 
content in rice grain may lead to rapid progress in the 
development of low-silica varieties of rice. Opportunities 
to modify the other major components of ash are less 
obvious. The fact that the mineral content of plants varies 
significantly, depending on the growth conditions, suggests 
that there may be significant scope to optimize mineral 
content through agronomic practices or through breeding 
and selection. The mineral content of leaves may also vary 
widely from that of stems (Monti et  al. 2008), which sug-
gests that harvest practices may be used to manage the ash 
content in the biorefinery.

Acetylation of cell wall polysaccharides. Aside from cellulose, 
most cell wall polysaccharides are O-acetylated to some 
extent. The presence of O-acetylation can inhibit enzymatic 
saccharification (Selig et  al. 2009), and acetate present 
in crude hydrolysates can inhibit growth and fermenta-
tion by yeast and other microorganisms (Palmqvist and 
Hahn-Hägerdal 2000). This suggests that reducing cell wall 
acetylation may be a promising approach for improving LC 
feedstocks.

The molecular mechanism of polysaccharide O-acetylation 
in plants has only recently begun to be understood. In  
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Arabidopsis, a family of four REDUCED WALL 
ACETYLATION (RWA) genes was identified on the basis 
of their similarity to the Cas1p protein that is required for 
polysaccharide O-acetylation in yeast (Cryptococcus neofor-
mans). A loss-of-function mutation (rwa2) was associated 
with an approximately 15% reduction in the amount of cell 
wall acetylation in seedling leaves. These reductions were 
attributed to a reduction in the acetylation of both pectin 
and xyloglucan (Manabe et  al. 2011). Mutation of all four 
RWA genes indicated that they are also involved in xylan 
acetylation in the secondary cell wall of the stem. However, 
the loss of function in all four RWA genes resulted in an only 
40% reduction of nonpectin acetylation, which indicates that 
there are additional pathways for cell wall acetylation (Lee 
et al. 2011).

Although it appears that rwa mutants are reduced in acet-
ylation across structural classes of polysaccharides, the acet-
ylation of specific classes of polysaccharides may depend on 
proteins belonging to the TRICHOME BIREFRINGENCE-
LIKE (TBL) family. The TBL27 gene Altered Xyloglucan 
4 (AXY4) is required for the O-acetylation of xyloglucan 
(Gille et al. 2011), whereas mutation of TBL29/ESK1 appears 
to primarily affect the O-acetylation of xylan (Xiong et  al. 
2013). Fourier transform infrared spectroscopy analysis of 
other tbl mutants has indicated decreased cell wall ester 
functionality that has not been resolved to specific polymers, 
although the composition and quantity of pectin is altered in 
both pmr5 (Vogel et al. 2004) and tbr (Bischoff et al. 2010) 
mutants, which suggests that these genes may affect the 
acetylation of pectin.

The function of cell wall acetylation is not known, 
although the pleiotropic effects of lesions in this pathway 
indicate that some types of acetylation of cell walls are 
not dispensable to normal plant growth. Although axy4 
shows no visible phenotype, pmr5 is dwarf and resistant 
to powdery mildew (Vogel et al. 2004), tbl29/esk1 exhibits 
collapsed xylem and enhanced cold tolerance (Xiong et al. 
2013), and the quadruple rwa1/2/3/4 mutant exhibited 
decreased stem mechanical strength (Lee et al. 2011). This 
suggests that modifications of acetylation must be care-
fully targeted in order to avoid undesired side effects. One 
possibility is that acetylation could be replaced with an 
alternative O-linked derivative that could impart similar 
hydrophobicity or steric bulk as the acetyl group. Some cell 
wall polysaccharides are modified with O-methyl ethers, 
and understanding the mechanism of O-methylation might 
provide a means of reengineering cell wall polysaccharides 
that are otherwise acetylated. To this end, a glucuronoxylan 
methyltransferase (GXMT1) required for the methylation 
of glucuronic acid side chains of 4-O-methyl glucuronox-
ylan was recently identified in Arabidopsis (Urbanowicz 
et  al. 2012). If the substrate specificity of such enzymes 
could be modified to mirror that of essential polysac-
charide acetyltransferases, it may be possible to engineer 
biomass that does not release acetate during pretreatment 
or hydrolysis.

Nonstructural polysaccharides. All higher plants produce starch 
as an energy storage polymer. Leaf starch normally accu-
mulates during the day and is degraded at night, such that 
it is almost depleted at dawn. The CORNGRASS1 gene of 
maize is a microRNA gene that promotes juvenile cell wall 
identity and leads to leaf starch accumulation by control-
ling several transcription factors. Ectopic expression of the 
CORNGRASS1 gene in Arabidopsis, Brachypodium, maize, 
and switchgrass resulted in plants with higher starch levels 
in their vegetative tissues (Chuck et  al. 2011). Because of 
the ease of starch depolymerization, these plants exhibited 
increased sugar yields in digestibility assays. This is an 
interesting proof of concept for the idea that it might be pos-
sible to engineer plants with improved utility for liquid fuel 
production because of the accumulation of large amounts 
of nonstructural polysaccharides during senescence. Some 
plants store fructans, which might have similar utility for 
biofuel applications.

The physiological reason that plants expend energy to 
accumulate starch rather than storing carbon in soluble 
sugars is that starch is less osmotic than a corresponding 
quantity of free glucose molecules. However, starch granules 
occupy space and may drive up the concentration of other 
molecules by volume exclusion. Therefore, when tobacco 
plants were modified to overproduce starch granules, the 
turgor pressure increased by 41%, and the osmotic pressure 
was increased by 126% (Hoffmann-Benning et  al. 1997), 
and a similar effect was also shown in potatoes. Plants use 
turgor pressure as the driving force for cell expansion, and 
cell growth and polarity are based on the plastic response of 
the wall to the mechanical force exerted by the turgor pres-
sure. Since changes in turgor can have negative effects on 
growth and development, it is important to understand the 
mechanistic basis for altered turgor in the starch-modified 
plants.

Several species store energy in the form of cell wall poly-
saccharides. Nasturtium (Tropaeolum majus); the tropical 
tree Copaifera langsdorffii; Hymenaea courbaril; and the 
most common example, tamarind (Tamarindus indica) use 
xyloglucan for energy in cotyledons (dos Santos et al. 2004). 
The proportion and arrangement of the oligosaccharide side 
chains in xyloglucans can give rise to chains with conforma-
tional differences, which could display different properties 
(Hayashi 1989). On this basis, it is worth considering the 
modification of bioenergy crops to store energy as cell wall 
polysaccharides instead of as starch.

Cotyledon cell walls of Nasturtium seeds are thickened 
with xyloglucan, a single seed weighing about 120  milli-
grams that contains about 30 milligrams of xyloglucan. After 
germination, the xyloglucan disappears and the cotyledon 
cell walls thin markedly. Except for the absence of terminal 
fucosyl units linked to the branching galactosyl residues, the 
seed reserve xyloglucan and the structural xyloglucan from 
primary cell walls of dicotyledonous tissues are very similar 
(Fry 1989). The four main enzymes responsible for xyloglu-
can degradation in Nasturtium have been isolated and show 
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specificity for the storage xyloglucan structure so that other 
components of the tissue are not affected (Tiné et al. 2000).

Conclusions

The chemical complexity of plant cell walls poses many chal-
lenges in the effort to produce LC fuels. As has been sum-
marized here, there are potential opportunities to genetically 
modify the composition of cell walls of biofuel feedstocks to 
facilitate the production of LC fuels and bioproducts. Some 
of the factors that facilitate the enzymatic depolymeriza-
tion of cell walls for biofuel production are also likely to 
improve the digestibility of plant biomass by ruminants. 
However, there are major deficiencies in our knowledge of 
how the polymers that constitute cell walls are synthesized 
and deposited. Very little is known about the fine structure 
of cell walls or why the composition varies from one cell 
type to another, one species to another, or within species 
in response to environmental conditions. Although the 
progress in understanding plant cell walls has accelerated 
in recent years with the advent of improved analytical tech-
niques and the proliferation of genome sequences, there are 
major unresolved fundamental questions about the logic of 
cell wall composition. Therefore, in some respects, under-
standing plant cell wall structure and function is one of the 
last poorly explored frontiers in basic biology. The fact that 
the favorite model organisms of the biomedical sciences 
(e.g., yeast, fungi, bacteria, animals) do not have structurally 
related cell walls means that, unlike for many other aspects 
of plant biology, comparative studies with nonplants are 
generally of limited utility in this respect.

Because cell walls have important functional roles in 
growth and development and in biotic interactions, it seems 
likely that a lot of tuning may be required to find the optimal 
balance between biological function and the optimal compo-
sition for the production of biofuels or forage. In this respect, 
it may be useful to bear in mind that, although the end of the 
petroleum era is many decades away, the eventual transition 
to renewable fuels and chemical feedstocks will ultimately be 
necessary. Therefore, even if it takes many years of research to 
understand how to optimize biomass composition for the pro-
duction of fuels and chemicals, it is a topic worth exploring.
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