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Abstract

Grass lignocelluloses are limited in bioconversion by aromatic constituents,
which include both lignins and phenolic acids esters. Histochemistry, ultravi-
olet absorption microspectrophotometry, and response to microorganisms
and specific enzymes have been used to determine the significance of aro-
matics toward recalcitrance. Coniferyl lignin appears to be the most effective
limitation to biodegradation, existing in xylem cells of vascular tissues; cell
walls with syringyl lignin, for example, leaf sclerenchyma, are less recalci-
trant. Esterified phenolic acids, i.e., ferulic and p-coumaric acids, often con-
stitute a major chemical limitation in nonlignified cell walls to biodegradation
in grasses, especially warm-season species. Methods to improve biodegrad-
ability through modification of aromatics include: plant breeding, use of
lignin-degrading white-rot fungi, and addition of esterases. Plant breeding
for new cultivars has been especially effective for nutritionally improved for-
ages, for example, bermudagrasses. In laboratory studies, selective white-rot
fungi that lack cellulases delignified the lignocellulosic materials and
improved fermentation of residual carbohydrates. Phenolic acid esterases
released p-coumaric and ferulic acids for potential coproducts, improved the
available sugars for fermentation, and improved biodegradation. The separa-
tion and removal of the aromatic components for coproducts, while enhancing
the availability of sugars for bioconversion, could improve the economics of
bioconversion.

Index Entries: Lignin; microspectrophotometry; phenolic acid esters; plant
breeding; white-rot fungi.

Introduction

Corn-to-ethanol production and use is rapidly expanding. With the
phase-out of methyl tertiary butyl ether, which has been used as an oxy-
genate for more efficient burning of gasoline, ethanol has been added in
ever increasing quantities. Further, the desire to use even higher ratios of
ethanol as a fuel related to improved national security, trade imbalance,
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and use of agricultural products has driven up the demand, price, and pro-
duction. With greater emphasis on fuel ethanol, lignocellulose as substrate
for fermentation has been given an increased priority (www.ethanolrfa.org)
(1). Recently, the Iogen Corporation reported the first commercial batch
of ethanol from lignocellulose, using wheatstraw as a substrate
(www.iogen.ca).

Cost of lignocellulosic materials is lower than corn grain, but pro-
cessing for fermentation of this substrate is more costly. The sugars in
lignocellulose, i.e., largely polysaccharides such as cellulose and hemi-
cellulose, are not readily available, and pretreatment is necessary to
free polysaccharides from lignin and aromatics (2). Dilute sulfuric acid
has been proposed for pretreatment by the United States Department of
Energy, and this method has been tested in several variations. After pre-
treatment, enzymatic saccharification of polysaccharides to fermentable
sugars is required. Finally, most lignocellulosic materials are rich in
xylans and hemicelluloses, and 5-carbon fermentation is needed to take
advantage of all the potential substrates (3). Just as distillers dry grains
and solubles as a value-added coproduct drives the economics of corn-
to-ethanol, high-value coproducts are needed for lignocellulose-to-ethanol
processes.

Lignin and other aromatics covalently link with, and at times physi-
cally mask, the potential fermentation substrates in lignocelluloses, thus
protecting the carbohydrates from degradation (4-6). Pretreatment, there-
fore, is required for bioconversion of lignocellulosic materials. A consider-
able body of knowledge is available from the animal nutrition discipline,
and indeed many of the same limiting factors are important in bioenergy
concerns (6). Whereas woody plants and dicotyledons have rigid, non-
degradable lignified cell walls, monocotyledons (e.g., grasses) have ligni-
fied cell walls as well as walls rich in low molecular weight phenolic acids,
ester-linked to arabinose (5). Another remarkable feature of grasses is that
ester-linked p-coumaric and ferulic acids occur in nonlignified cell walls
(7). Warm-season grasses, which include potential bioenergy crops such as
corn stover, sugarcane (bagasse), bermudagrass, and switchgrass, are
especially high in the phenolic acid esters (8). Because of the complexities
within cell wall types, delineation of the nature, type, and location of aro-
matics within cell types of specific bioenergy crops can lead to environ-
mentally friendly pretreatments, more efficient bioconversion, and
identification of potential coproducts for high-value applications. The
objectives of this article are to:

1. Review the structural/chemical barriers to bioconversion in grasses,
especially warm-season grasses.

2. Discuss environmentally friendly (nonchemical) strategies to reduce
recalcitrance of grass lignocelluloses.

3. Identify potential coproducts.
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Fig. 1. Scanning electron micrographs showing biodegradation of grass fractions.
Left—young stem showing resistance of epidermis, sclerenchyma ring, and vascular
tissue with other cell types degraded. Center—mature stem showing resistance of epi-
dermis, sclerenchyma ring, vascular tissue, and most of parenchyma cells; parenchyma
nearest the stem center is partially degraded. Right—leaf blade showing resistance of
vascular bundles, sclerenchyma, and portions of PBS; in addition to partial degrada-
tion of parenchyma bundle sheath and epidermis, mesophyll between vascular bun-
dles and phloem cell walls are degraded.

Structural and Chemical Factors Influencing Recalcitrance
in Grass Lignocellulose

Biodegradation of Specitic Tissue Types

Response to the actions of fiber-digesting microorganisms within the
cattle rumen shows differential cell wall recalcitrance within various lig-
nocellulosic substrates and the influence of specific compounds. Figure 1
indicates the response of cell types in leaf blades and young and old stem
internodes of a warm-season grass. The cell walls in the stems of Fig. 1 that
resist biodegradation are many of the typically highly lignified cells. Walls
are thick and cell contents are lacking, indicating a nonliving support tis-
sue. Such cell types are thought to be the most resistant to degradation
owing to the interaction of polymerized phenylpropanoid units with other
consistuents. Histochemical stains identify the location of particular lignin
types. Vascular cell walls, such as the mestome sheath, show a strong reac-
tion with acid phloroglucinol (AP). Sarkanen and Ludwig (9) reported that
AP “had universal application to all lignins, although the reaction may be
weak or absent in lignins containing high amounts of syringyl propane
units.” Clifford (10) reported that various formulations of AP all detected
most aldehydes, with various color responses for different aldehydes and
those of cinnamaldehyde compounds giving a purple color. The deep red
to purple color is taken to indicate a strong contribution to the cell walls by
coniferyl (monomethoxylated) units of lignin. AP positive reactions (AP+)
occur in vascular tissues of leaves and stems of grasses and these tissues, as
indicated in Fig. 1, have been shown to be the most recalcitrant in grasses (11).

Chlorine water followed by sulfite (CS) is reported to indicate lignin
containing large amounts of syringyl (dimethoxylated) units of lignin (9).
CS+ reactions occur in leaf blade sclerenchyma (extensions of the vascular
bundles) and in the parenchyma cell walls of mature (but not immature)
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Table 1
Histochemical Reactions for Lignin and Relative Biodegradation
of Cell Walls in Grass Lignocelluloses

Histochemical
Cell wall type reaction’ Area’ (%) Biodegradation®
Leaf blade
Xylem/mestome
sheath AP 4£2 None
Sclerenchyma Cs 6+3 Slow to partial
Epidermis - 35+ 104 Slow to partial®
- 22 £ 6° Rapid®
Parenchyma
bundle sheath CS 15+ 74 Slow to partial”
6+2¢ Rapid®
Mesophyll - 38 £ 94 Rapid
- 57 +5¢ Rapid
Stemf
Epidermis +
sclerenchyma AP 34+4 None
Ring + vascular
(xylem) - - -
Parenchyma
(mature) CS 55+6 Slow to partial
Parenchyma
(immature) - - Rapid
From ref. 11.
"Most dominant staining reaction. No designation means histochemical reaction not
prominent.

bCalculated from morphometric determinations.
‘Response to fiber-degrading, rumen microorganisms.
4Warm-season.

¢Cool-season.

fWarm-season.

stems (11,12). The mechanism for reaction is unknown, and at times nonlig-
nified cell walls show a positive reaction with chlorine-sulfite, suggesting
that compounds other than syringyl lignin react. At times, CS+ tissues are
partially degraded and are more susceptible to some chemical treatments,
for example, alkali, than AP+ tissues. Table 1 compares many features in cell
types of warm- and cool-season grasses related to biodegradation.

Often, and particularly in warm-season grasses, nonlignified cell
types that do not show a histochemical reaction for lignin resist biodegra-
dation. An example is shown for bermudagrass leaf blade in which the
parenchyma bundle sheath and a portion of the epidermis is not degraded
(Fig. 1). It is well established that grasses, and particularly warm-season
species, have high levels of ester-linked p-coumaric and ferulic within the
cell walls (6,8). Use of diazotized sulfanilic acid to show phenolic compounds
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Table 2
UV Absorption of Phenolic Esters
Moy NI

Compound UV spectroscopy UMSP-80
FAXX 236 238, 242

300 304

324 324
PAXX 230 234, 236

294 286

312 312,314

Unpublished results by R.D. Hartley.

in cell walls (13) has been used to define nonlignified and nonbiodegradable
cell walls. The positive histochemical reactions of parenchyma bundle sheath
and epidermis in leaf and parenchyma in stem with diazotized sulfanilic
acid, suggest a prominent role for these ester-linked phenolic acids as a fac-
tor in the recalcitrance of grass lignocellulose (14).

Further evidence for a prominent role for ester-linked phenolic acids is
shown by ultraviolet (UV) absorption microspectrophotometry and biodegra-
dation studies of specific cell walls (15-17). These studies were made possible
by the use of UV-generated illumination and a scanning monochromator
designed into an optical microscope. Further, the preparation of specific
compounds, namely coniferyl lignin (18) and isolated ferulic acid ester-
linked to arabinose linked to xylose units (FAXX) and similar structures
but with p-coumaric acids (PAXX) (19), allowed for location of these vari-
ous aromatic compounds within cell wall types. Specific absorbances for
the two ester-linked compounds by the microspectrophotometric system
are confirmed by UV spectroscopy (Table 2).

UV absorption studies of cell wall types undertaken with the Carl
Zeiss, Inc. (Thronwell, NY) UMSP-80 microspectrophotometry system are
shown in Fig. 2. The kmax near 280 nm is typical for lignin (Fig. 2A). The
ester-linked phenolic acids show a bathochromic shift from 280 to a shoul-
der near 290 nm with A__ near 320 nm. FAXX and PAXX can be differenti-
ated by A__ ’s near 326 and 314 nm, respectively (Fig. 2B). With absorbances
for these compounds and compositional data on aromatic compounds in
grasses, information can be obtained from individual cell types and related
to biodegradation and recalcitrance. Mestome sheaths of grasses all show
prominent absorbances near 280 nm and near 320 nm (Fig. 2C). This result
suggests the presence of lignin and phenolic acid esters within these highly
lignified (as shown with AP), nondegradable cell walls. Parenchyma bundle
sheaths (PBS), which are a prominent part of the Kranz anatomy of warm-
season grasses (Table 1) (20), show a UV spectral pattern identical to pheno-
lic acid esters, suggesting little or no polymeric lignin but a prevalence of
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Fig. 2. UV absorption microspectrophotometry. (A) Synthesized coniferyl lignin
showing A_ _ at about 280 nm. (B) Phenolic acids esters linked to FAXX and PAXX
showing a shoulder near 290 nm and A__ _at 324 nm for FAXX and 313 for PAXX. (C)
Highly lignified mestome sheath cell walls of the warm-season Coastal bermudagrass
(CBG), cool-season grasses fescue (FES) and orchardgrass (OG), and the legume alfalfa
(ALF). Grasses have high-absorbances indicative of lignin and phenolic acids, whereas
alfalfa has only the absorbance indicative of lignin. (D) PBS of grasses showing strong
absorbance indicative of phenolic acid esters in CBG and weaker ones in FES and OG.
(E) Bermudagrass mestome sheath untreated (UNT) and treated with 0.1 M and 1 M
levels of NaOH. Treatment with NaOH removes absorbance indicative
of ester-linked phenolic acids but leaves absorbance indicative of lignin. (F)
Bermudagrass parenchyma bundle sheath untreated and treated with 0.1 M and 1 M
levels of NaOH showing progressive loss of UV absorbance indicative of ester-linked
phenolic acids, with 1 M NaOH removing all UV absorbance.
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these esters. The slow to partial degradation pattern (Table 1) of warm-sea-
son PBS coincides with the presence of phenolic acid esters. In contrast, PBS
of cool-season grasses have little to no UV absorbance indicative of lignin or
phenolic acids (Fig. 2D), and are rapidly and completely degraded (Table 1).
Further evidence for the presence of ester-linked phenolic acids within these
tissues is shown in studies using 0.1 M and 1 M NaOH treatments to com-
pare untreated mestome (Fig. 2E) and PBS (Fig. 2F) cell walls in bermuda-
grass. The progressive removal of absorbance with increasing NaOH levels
suggests alkali-labile, ester linkages. For mestome cell walls, the absorbance
near 280 nm is indicative for lignin remains but is reduced. In contrast, the
absorbances at 290 and 320 nm for PBS are totally removed.

The use of histochemical stains for lignin, UV absorption microspec-
trophotometry for lignin and ester-linked phenolic acids, and response of
cell types to fiber-degrading, rumen microorganisms provides information
on factors influencing recalcitrance of lignocellulose. Certain cell wall
types are highly lignified and recalcitrant to biodegradation, even to the
potent fiber-degrading, rumen microbial system. However, in warm-sea-
son grasses, living, nonlignified tissues are often slow to degrade owing to
the presence of ester-linked phenolic acids. The nonlignified cell types in
cool-season grasses, in contrast, lack phenolic acid esters and are rapidly
degraded (Fig. 2D, Table 1).

Increasing levels of aromatics in cell types, shown by UV absorption,
and biodegradability was followed in grass stems (21). In young cell walls,
the epidermis, sclerenchyma ring, and vascular tissue gave spectra similar
to FAXX and PAXX and were partially degraded, with only the middle
lamellae resistant. As the grass internode matured, UV spectral patterns were
similar to those for xylem cells with lignin and FAXX/PAXX, with degrada-
tion occurring only in cell walls near the cell lumen. In young parenchyma,
UV absorbance was low and biodegradability high. As parenchyma cells
matured, middle lamellae were the most resistant portions of the cell wall,
and UV absorbance spectral patterns resembled those for FAXX/PAXX.

Grassses, especially warm-season species, are high in the phenolic
acid—polysaccharide complexes such as FAXX and PAXX and other, related
esters (19). The lack of biodegradability is more associated with lignin, but
these complexes likely are the predominant factor influencing recalci-
trance in living, nonlignified tissues like PBS and epidermis of leaves and
mature stem parenchyma. Amounts of these cell wall types are substantial
in warm-season grasses.

Biological Strategies to Overcome Recalcitrance

Plant Breeding

The presence of lignin and aromatics within plants is a protective
mechanism against pathogens. Plant breeding to remove these aromatics
can result in extremely susceptible plants. An extensive breeding program
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Table 3
Comparison of Cell Wall Biodegradability and Chemical Composition
of Coastal/Coastcross I

Area
Leaf dry weight loss of PBS UV absorbance

24h  38h 72h  After24h  Parenchyma  Mestone
bundle sheath  sheath
7\’max A 7\’max A
Coastal 24%°  36%" 42%" 350 pm?* 291 1.27 285 1.8
318 1.3 318 1.8
Coastcross I 34%*  49%°  57%" 196 ym? 291 0.87 288 2.0

322 0.97 321 1.9

From ref. 15.
“Different between cultivars (p < 0.05).

that has existed for over 70 yr in the Agricultural Research Service of the
United States Department of Agriculture (ARS-USDA) in Tifton, Georgia,
has produced several new varieties of sustainable bermudagrasses with
improved biodegradability (22). In many of these varieties, the improved
biodegradability is related to lowered levels of aromatics. One notable
example is Coastcross I bermudagrass (CC I) (23). We studied CC I and one
of the parents in the cross, namely Coastal bermudagrass (CBG), which is
extensively grown as a forage in the southern United States.

In direct comparison of the biodegradation of leaf blades, CC I was sig-
nificantly higher in rate and extent of biodegradation compared with CBG
(Table 3). Transmission electron micrographs of PBS cell walls colonized
and degraded by rumen bacteria further provide evidence that these walls
in CC 1, although similar in structure, are considerably more biodegradable
than those of CBG (Fig. 3). UV absorption data provide an explanation for
the greater biodegradability of CC I in showing a significantly lower
absorbance of FAXX/PAXX type compounds. The mestome sheath cells,
recalcitrant to biodegradation in both cultivars, have similar spectral pat-
terns. In terms of cell wall biodegradability, data support the fact that living,
nonlignified cell walls have lower levels of phenolic acid esters in CC I, indi-
cating that these compounds limit biodegradation and such plant breeding
can be a strategy to improve fermentation.

A substantial part of ARS-USDA’s program for bioenergy crops relies on
research by plant breeders. Collaborative work is needed where information
such as that on CBG and CC I can provide a comprehensive decision on the
most appropriate bioenergy crops. For example, the amount and the suscep-
tibility of phenolic acid esters could be factor chosen for improved fermenta-
tion and production of high-levels of aromatic coproducts, such as ferulic acid.
Indeed, previous work has shown variation in the germplasm of bermuda-
grasses that might be exploited in these aspects of bioenergy crops (24).
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Fig. 3. Comparative biodegradation of parenchyma bundle sheath cells walls (CW)
of CBG and CC I undigested and 48 h incubation with the potent fiber-digesting action
of rumen microorganisms. (A) Cell wall of undigested parenchyma bundle sheath of
CBG. (B) Cell wall of undigested parenchyma bundle sheath of CC I. (C) Attack of
parenchyma bundle sheath of CBG by rumen bacteria, with slight pitting at this time.
(D) The PBS of CC I is more susceptible to bacterial attack, with substantial erosion of
the cell wall material.

Lignin-Degrading Microbes and Enzymes

White-rot fungi are recognized as the most active lignin-degrading
microorganisms (25). Oxidative enzymes produced by the fungi, along
with catalysts, attack aromatics and produce free radicals, which results in
degradation of aromatic compounds. Well-publicized oxidative enzymes
include: laccases, manganese peroxidase, and lignin peroxidase. At least
one of these enzymes, laccase with an activator, is commercially available.

A variety of white-rot fungi occur in nature, and their activities differ.
The common pattern of attack on lignocellulose by these fungi is a simultane-
ous decay of polysaccharides and lignin (25). However, patterns of decay and
degrees of delignification vary among species and even strains, and some
species selectively delignify plant material leaving an unprotected and available
carbohydrate for further use (26). Studies have been undertaken using different
white-rot fungal species to improve forage utilization with mixed results (27,28).
We evaluated several species of white-rot fungi, emphasizing mutants and
species reported to lack cellulase and to selectively attack lignin (29).

Data in Table 4 review results obtained with two white-rot fungi hav-
ing different capablilities. Phanerochaete chrysosporium is a well-studied
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Table 4
Influence of Pretreatment With Species of White-Rot Fungi
on Bioconversion of Plant Lignocellulose

Characteristics of pretreated lignocellulose

Residual aromatics Bioconversion potential
Fungus 1M NaOH 4 M NaOH Volatile Fatty
Acids
(mg/g) (mg/g) Dry weight (1 moles/mL)
loss (%)
Untreated 13.0 229 34.9 47.9
P. chrysosporium
K-37 7.1 18.9 46.9 63.8
C. subvermispora
90031-sp.b 5.3 17.8 63.9 85.9
From ref. 29.

P. chrysosporium is a well-known and studied white-rot fungus that produces cellulases,
hemicellulases, and lignin-degrading enzymes.
bC. subvermispora is a white-rot fungus that does not produce cellulase.

white-rot fungus that nonselectively attacks cell wall components, i.e.,
lignin and carbohydrates (25). Ceriporiopsis subvermispora had been
reported to lack cellulase, produce manganese peroxide and laccase, and
to selectively delignify several wood species (30,31). Before our work,
this fungus had not been evaluated in the improvement of grass lig-
nocellulose. Our data indicated that C. subvermispora was better able
to attack the aromatics in bermudagrass and improved the utilization
of the residue over that by P. chrysosporium. C. subvermispora removed
ester-linked phenolic acids and lignin moieties from bermudagrass and
significantly improved the fermentation of the delignified material
(Table 4) (29).

Release of Phenolic Acids by Esterases

The ester-linked p-coumaric and ferulic acids previously discussed in
grass cell walls, especially warm-seasons grasses such as bermudagrass,
not only limit lignocellulosic bioconversion but offer a potential value-
added coproduct. Earlier work on anaerobic fungi, some of the most
potent fiber-digesting microorganisms in ruminants and herbivorous ani-
mals, showed highly active phenolic acid esterases (Table 5) (32). It is
believed that these enzymes promoted the ability of the fungi to attack and
partially degrade aromatic-containing tissues.

More recent work has shown the value of cell-free ferulic acid esterase
along with hemicellulases, in releasing ferulic acid from a variety of plant
materials (33-35). For example, recent extraction of defatted jojoba meal with
ferulic acid esterase from Clostridium thermocellum released ferulic acid from
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Table 5
Phenolic Acids Released From Plant Cell Walls

Rumen fungus culture  p-CA? (ug/100 mg  FA? (ug/100 mg

filtrates cell wall) cell wall)

Neocallimastix MC-2 130 376

Piromyces MC-1 114 336

Anaeromyces PC-1 83 254

Orpinomyces PC-2 93 287

Orpinomyces PC-3 89 296
From ref. 32.

ap-Coumaric acid.
bFerulic acid.

Table 6
Effect of Pretreatment With a Commercial Ferulic Acid Esterase?

Dry weight =~ Compounds in filtrates after
Fraction Treatment” loss (%) treatment (mg/g)

p-CA® FA“ Xylose Glucose

Corn leaf Cellulase 41 0.14 0.33 8.0 53.0
E+C 62 0.32 0.58 36.7 125.0
Corn stem pith Cellulase 17 0.26 0.22 23.0 68.6
E+C 29 0.94 0.87 34.0 83.8
Bermuda leaf Cellulase 16 0.19 0.38 8.0 17.8
E+C 21 0.61 1.02 30.8 141.3
Corn fiber Cellulase 27 0.04 0.05 2.6 36.7
E+C 48 0.23 2.69 8.2 159.3

Adapted in part from ref. 35.

“Depol 740L.

bCellulase incubation for 72 h; E + C incubation with esterase (Depol 740L) for 24 h, removal
of filtrate, and subsequent incubation with cellulose 72 h. Values for E + C are summed from
the two incubations.

¢p-Coumaric acid.

dFerulic acid.

seven simmondsin ferulates (34). Recently, we evaluated Depol 740 L
(Biocatalysts, Ltd., Pontypridd, Wales, UK), a commerical mixture containing
ferulic acid esterase, as a pretreatment for grasses before saccharification with
cellulases and bioconversion of bermudagrasses (24) and corn stover fractions
(35). Pretreatment with ferulic acid esterase and saccharification with cellulase
is shown for a variety of grass lignocelluloses (Table 6). In all cases, esterase
improved release into the filtrate of p-coumaric acid, ferulic acid, xylose, and
glucose. Particular plants and fractions were more susceptible for release of
these particular compounds (24,35). The use of esterases to release ferulic acid
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into the filtrate offers the possibility of a value-added coproduct while pro-
cessing grass lignocellulose for bioconversion to ethanol. p-Coumaric and, to
a lesser degree ferulic acid can inhibit carbohydrases and biodegradation of
plant materials (36,37). The separation and collection of phenolic acids
released by esterases may be necessary to optimize subsequent saccharifica-
tion of pretreated materials. As an inhibitor of microbial growth and enzyme
activity, these acids (especially p-coumaric acid) may have value for natural
compounds for pest control. Other potential uses for ferulic acid are a sub-
strate for vanillin production, UV protection in cosmetics, and food antioxi-
dants (38). Future work should focus on the optimal enzyme cocktail, for
example, inclusion of appropriate hemicellulases, optimal substrates, and
optimal conditions for the most cost-efficient pretreatment system.
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