


arc usually lignified, consisting of a multilayered struc-
ture: from outside to inside are highly lignified compound
middle lamellac (CML) containing middle lamellae and
PW:; a thin S1 layer; a thick, less-lignificd middle S2 laver;
a thin inner S3 laver; and a warty laver formed by lignin
precursors [6]. Dry plants in general comprise 40-50%
cellulose, 15-25% hemicelluloses, 5-10% other com-
ponents (ash, minerals, cre), and 20-25% lignin [7].
These lignified SWs account for the majority of plant
biomass.

Lignin is the second most abundant biopolymer besides
cellulose, consisting primarily of three units: guaiacyl (G),
sinapyl (S), and p-hydroxyphenyl () units linked by aryl
ether or C-C bonds. T'raditonally, lignin is detected by
histochemical staining or using ultraviolet light tw excite
the lignin aromatic structure to generate blue fluor-
escence. Vibrational spectroscopy is also widely used tw
characterize biomass chemistry; in particular, recently
developed coherent Raman microscopy (CRM), which
uses coherent anti-Stokes Raman scattering (CARS) and
stimulated Raman scatrering (SRS), has provided semi-
quantitative mapping of lignin and carbohydrates iw situ
based on their unique vibrational mode at 1600 ¢cm ™' (the
aromatic ring stretch) and 2900 em™" (C=I1 strerch),
respectively (Figure 1) "The coherent Raman signal
venerated by these non-linear processes is so high thar
a 2048 x 2048 pixel resolution image (at spatial resolution

-

<300 nm) can be obtained within a few minutes [8.9].

T'he difference in lignin content in the wall lavers is the
result of the unique pathways of lignin synthesis during
plant development. Lignin is synthesized through oxi-
dative coupling of 4-hydrophenylpropanoids. "This radical
polymerization process can be either developmentally
programmed or initiated by environmental factors, such
as stress conditions, Lignification constitutes the last
stage of cell division, expansion, and clongation before
cell death. Lignin monomers are biosynthesized inside
the cell membrane and then tanslocated to the cell wall
via mechanisms that are stll not fully understood. Never-
theless, lignification starts from the cell corner, accumu-
lates in the CML, and gradually extends into the PW and
the SW layers (i.e. S1, 582, and 83), resulting in the same
trend of lignin content from high to low in these layers.
T'he cell corner, being the junction of the CMLs, always
has the highest lignin content. "T'he adjacent lignitied PW
and S1 layer also have relatively high lignin concen-
trations. The 82 and S3 layers are further away from
the lignification initalization sites and have less lignin
content, ['he warty layer next to S3 is composed of highly
cross-linked lignin precursors that are formed while the
cell is in the final stage of lignification and death. "T'he two
types of SWs undergo different lignification processes.
Taking maize as an example, while there is steady
increase in biomass during the plant’s vegertative growth
phase, the lignin content stays at very low level. Only
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sSWs are lignified. A dramatic jump in lignin content is
obscrved during the transition from the vegerative to the
reproductive growth phase, which is mainly attribured to
lignification of pSWs. During the reproductive growth
phase, lignin steadily increases until plant senescence
while the biomass experiences a slight drop and then
remains constant (Figure 2). At the cell wall level, sig-
nificant changes in lignin content during plant growth
happen to pSW, which has almost no lignin during the
vegetative growth phase but has high lignin content
during the reproductive growth phase. In the mature
plant, the sSWs are always fully lignifiecd on both sides
of the CML and warty layers, the pSWs are partially
lignified, and there is a lack of the S3 layer and the warty
layer.

Lignin and pretreatment

The purpose of pretreatment is to make biomass amen-
able to enzyme hydrolysis of polysaccharides to fermen-
table sugars. Many pretreatment approaches have been
developed empirically with a combined effort of reducing
particle size by physical milling or steam expansion,
clevating temperature, and applying acid, alkaline, or
organic solvents to change the physical and chemical
properties of biomass and improve enzyme digestibility
[11]. However, some pretreatment processes may also
result in reduction of the overall vield of fermentable
sugars and generate compounds that hamper enzymes
hyvdrolysis and fermentation microbes,

There is limited investigation focused on lignin proper-
tics thar affecr biomass susceptibility to pretrearment. It
is well known that a given pretreatment approach can be
more cffective for one type of feedstock than for others.
Studies on grass biomass thar has different lignin pheno-
types have demonstrated that lignin content, but not S/G
ratios, is negatively correlated with the efficiency of
delignification by alkaline hydrogen peroxide, indicating
that the lignin's chemical composition may not be the
main factor that affects precreatment [12]. Although
modification of lignin may not be the initally designated
goal in some pretreatment processes, recent study has
indicated that the key factor of pretrearment is indeed to
maximize lignin removal and minimize polysaccharide
modification, retaining the native-like structure of the
plant cell walls to allow ecasy access by enzymes to

polysaccharides and enable their rapid digestion [5°°

To access the polysaccharides in the lignified walls and to
accomplish complete digestion by enzymes, the con-
densed lignin layers must first be broken down to allow
pretreatment chemicals to penetrate and remove the
mesh lignin nerworks in the SW. "T'he condensed lignin
layers are usually more resistant to pretreatment chem-
istry and require combined mechanical, temperature, and
chemistry efforts, namely high severity. In plants, the
inner face of the pSWs is “opened’ (non-lignified) whereas
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pretreatment processes, such as dilute acid, and are often
overlooked due to larger amounts of common inhibitory
compounds, such as acerate and furfural. The porential
synergistic cffect of these chemicals and their funcrions
on gene regulation may, however, affect the performance
of fermentation microbes in a way we do not understand
vet. For example, plant phenolic acids can inhibit phy-
topathogens, and in return phytopathogens control their
pathogenic gene expression tightly in response to plant
host phenolic compounds [33.34].

Individual wlerance genes have been identified as a by-
product of specific pretreatment methods. However,
combining these tolerance-improving genes with individ-
ual inhibitors unnecessarily results in furcher enhance-
ment of the capability of microbial tolerance [35].
Furthermore, due to the relatively labor-intensive nature
of these investigations, and their low efficiency, they are
currently limited to using certain model strains, such as /.
coli and 8. cerevisiae [36.37]. "o fully understand the
impact of pretreatment and saccharification processing
on microbial performance, the full spectrum of chemicals
present in hydrolysates, especially the lignin byproducts
that may affect microbial biocatalyst gene expression,
should receive more attention through systems biology
and traditional physiology studies [25%*.38]. Neverthe-
less, with the explosive accumulation of systems biology
dara and the rapid evolution of merabolic engineering and
syntheric biology technologies, we can foresee that in the
furure we can construct whole series of microbial bioca-
talvsts with excellent industrial funcrionalities (e.g. high
vield, productivity, robustness) casily through rational
design specialized for different biofuel and biochemical
production processes using various lignocellulosic feed-
stocks, although challenges need to be avercome [39].

Perspectives and future directions

A short-term goal of lignocellulosic biofuel research and
development would be a process that is comparable with
corn ethanol production. To meet the technical challenge,
lignocellulose must be pretreated o be digestble like

starch. Recently, we have demonstrated that removal of

lignin under mild conditions (i.e. diluted acid chlorite at
room temperature) allows complete enzyme digestion
within several hours using a commercial cellulase mixture
[5**], which is comparable to starch saccharification. We
therefore suggest that pretreatment should be developed
to maximize lignin removal while maintaining cellulose
and hemicellulose intact. However, pretreatment methods
aiming at lignin removal are usually expensive and some-
times raise environmental concerns. Alternatively, geneti-
cally modified energy plants that have reduced lignin
content and can grow in marginal land would also meert
these challenges.

Although it has been widely accepred that reducing
the lignin content in plant cell walls by genetically
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downregulating lignin will improve digestibility, it is
not practical to dramartically reduce lignin because plants
nced a minimum amount of lignin to maintain their
normal biophysical functions. Other biochemical facrors
such as the chemical structure of lignin or the S/G ratio
have been explored in alfalfa, Aradidopsis, maize [40°°],
and tobacco. The genetic mutations induce complex
responses in plants, and their benefic to the purpose of
biofuel vield is still under debate. Some resules suggest
lower S/G ratios at the same lignin content would be
beneficial for cell wall degradability while others suggest
the opposite. But no matter how much the S/G ratio fine
tunes digestibility, those results unanimously support
that low total lignin content in plants always favors higher
cell wall degradability.

Lignin synthesis consumes precious energy that could be
otherwise used to produce biomass. Lignin contains more
energy than cellulose, and indeed it takes three times the
energy equivalent of glucose t produce lignin [41].
Evidence from Lacalvpius and Popudus has shown a clear
negative correlation between plant growth and lignin
content [42]. "This is particularly useful for energy crops
such as switch grass. Unlike wood, grasses contain similar
amounts of pSW and sSW. "T'he amount of lignin in grass
increases dramatically when the plant transits to the
reproductive growth phase, while at the same time the
amount of carbohydrate decreases a little, For bioenergy
purposcs, to obrain more usable biomass with less lignin, it
is particularly favorable to collect biomass right before the
plant makes the transition from the vegerative growth
phase to the reproductive growth phase. "This is not as
uscful for wood, however, as wood usually contains mainly
sSW, which are always lignified. Table 1 shows the relative
amaount of cell wall types in wood and grass and their lignin
content. Because biomass cell walls for cellulosic biofuel
arc primarily from vegetative tssues, recent plant bio-
logical studies have discovered regulators that can increase
or prolong vegetative meristem activities or delay the
transition from the vegetative growth phase to reproduc-
tive growth phase [43]. Both of these genetic modifications
will lead to higher vegetative tissue content.
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