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Abstract: In cereals, the primary cell wall is built of a skeleton of cellulosic microfibrils
embedded in a matrix of hemicelluloses and smaller amounts of pectins, glycoproteins and
hydroxycinnamates. Later, during secondary wall development, p-coumaryl, coniferyl and
sinapyl alcohols are copolymerized to form mixed lignins. Several of these cell wall
components show a determinative role in maize resistance to pest and diseases. However,
defense mechanisms are very complex and vary among the same plant species, different
tissues or even the same tissue at different developmental stages. Thus, it is important to
highlight that the role of the cell wall components needs to be tested in diverse genotypes
and specific tissues where the feeding or attacking by the pathogen takes place.
Understanding the role of cell wall constituents as defense mechanisms may allow
modifications of crops to withstand pests and diseases.
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Abbreviations: FA, Ferulate; pCA, p-Coumarate; DFA, Diferulates; NDF, neutral detergent fiber;
ADF, acid detergent fiber; ADL, acid detergent lignin; HRGPs, hydroxyproline-rich glycoprotein;
ECB, European corn borer; SWCB, Southwestern corn borer; SCB, Sugarcane borer; MCB,
Mediterranean corn borer; MW, Maize weevil; SRC, Southern rust of corn; MLB, Maydis leaf blight.

1. Introduction

Plants rely on their cell walls to provide shape and strength to cells, to glue cells together and to
give rigidity to the whole plant [1]. The composition of plant cell walls varies significantly from one
cell type to another, one species to another, and between accessions within species [2]. There is a
special overview of the structure and synthesis of plant cell walls in Carpita and McCann, 2000 [3].
The growing cell wall consists mainly of cellulose microfibrils embedded in a matrix of
hemicelluloses, pectins, proteins and phenolics [3,4]. For instance, a typical dicot wall contains 30%
cellulose, 30% hemicellulose, 35% pectin and 1%—5% structural protein. By contrast, a typical grass
species contains, 25% cellulose, 55% hemicellulose (arabinoxylans, xyloglucan and, in some tissues,
mixed-linked glucans) and only 10% pectin [5]. The xylans are substituted with arabinose and
glucuronic acid side chains, and are called arabinoxylan (AX) or glucuronoarabinoxylans (GAX) [6].
A proportion of the arabinose side chains are further substituted with phenolic acid residues, notably
ferulic (4-hydroxy-3-methoxycinnamate), p-coumaric (4-hydroxycinnamate) and 4-O-methylglucuronic
acids [7]. The arabinoxylans in grasses serve a major structural role by binding to cellulose microfibrils
and becoming oxidatively cross-linked with each other and with lignin by phenolics [8,9]. Later in
plant development, the lignin polymer becomes a significant constituent of the cell wall (Figure 1).

Figure 1. Representation of the secondary cell wall structure in maize. Adapted from
Barros-Rios et al. [10].

LIGNIN

(a) Ester bonds to hemicellulose for ferulic and p-coumaric acids
(b) Ester and ether bond between p-coumaric acid and lignin

(c) Ester and ether bond between hemicellulose and lignin

(d) Hemicellulose cross-links through diferulic acid
(e) Diferulic acid cross-links (ester to polysaccharides and ether to lignin)

(f) Ferulic acid cross-links (ester to polysaccharides and ether to lignin)
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Table 1. Summary of literature attending to the role of the cell wall composition on maize

resistance to pests and diseases.

Pest or disease Tissue/organ Cell wall component References
Ostrinia nubilalis (ECB) " or tissve and leafisheath. =\ ) e and lignin [11,12]
leaf blade and stalk
crude fiber, cellulose, hemicellulose,
ECB stalks and leaf sheaths NDF, ADF, NDF adjusted by ADL, [13-18]
ADL, lignin and silica
immature and mature leaf
ECB blade and leaf sheath, rind, crude fibre and hydroxycinnamates [19-21]
node, and pith
Diatraea grandiosella
(SWCB) and . whorl leaves and leaves hemicellulose, cellulose, lignin [22-25]
Spodoptera frugiperda
(FAW)
SWCB and
Diatraea saccharalis leaves hydroxycinnamates [26]
(SCB)
Sesamia nonagrioides stalk, pith, and leaf-sheaths hydroxycinnamates [27-31]
(MCB)
MCB and ECB pith and rind cell wall polyssacharides, lignin and (32]
hydroxycinnamates
Sithophilus zeamais (MW)  grain and pericarp protein and hydroxycinnamates [33-37]
Fusarium graminearum pith Hydroxycinnamates lignin [38,39]
F. graminearum grain, pericarp and aleurone hydroxycinnamates [40,41]
F. graminearum silks hemicellulose [42]
Fusarium verticillioides pericarp hydroxycinnamates [43]
Aspergillus flavus grain fiber and carbohydrates [44]
A. flavus cob lignin content and composition [45]
Puccinia polysora leaves NDF and ADF [46]
Helminthosporium maydis ~ leaves hydroxycinnamates [47]

Plants anti-nutritional defenses against insects can occur as both pre-ingestion to limit food supply,

and post-ingestion to reduce nutrient value to the attacking insect. In the pre-ingestion phase, host

plants can limit food supplies to insects via physical barriers such as the cell wall fortification.

Lignin and other phenolics can strengthen cell walls against digestion and therefore can be

anti-nutritional [48,49]. Plant cell wall components are important factors dictating plant resistant to

mechanical injury and the tearing action of mandibles [50,51]. On the other hand, diverse cell wall

components have been implicated in disease resistance by a number of researchers [52—-55]. Lignin and

the presence of phenols in host cell walls act as a physical barrier against fungal penetration [55,56]. In

the current review, we describe the role of key cell wall components as barriers that limit insects

feeding and diseases progression (Table 1). The research is focused on the maize (Zea mays L.)

cultivation as a model of monocotyledon crop.
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2. Cell Wall Polysaccharides

Cellulose is the most abundant polymer in nature. It is the main component of the plant cell wall,
highly stable and insoluble in water, is synthesized by plasma membrane protein complexes, and is
deposited directly on the wall in a directional way [57]. It is a linear homopolymer composed of
B (1—4) linked D-glucose units. Cellobiose [glucose dimer linked by  (1—4)] is the repeating unit of
cellulose. In contrast, the term hemicellulose refers to a diverse class of polysaccharides which differ
from the cellulose because this fraction is amorphous and easily soluble or hydrolysable in alkaline or
acid solutions. Hemicellulose is tangled with cellulose microfibrils by hydrogen bonds giving the latter
a greater inaccessibility [58]. In maize the most abundant polysaccharides are GAX, considered
substitutes of pectins [59], and B-glucans with mixed connections. The basic structure of GAX is a
B (1—4)-D-xylan backbone with substitutions of arabinose, glucuronic acid and acetic acid.

Most of the literature on the role of cell wall polysaccharides in pests and diseases resistance is
based on the study of fibers. Fiber is composed largely of cellulose, hemicellulose and lignin, which
are the primary components of plant cell walls [60]. Neutral detergent fiber (NDF) is the most
common measure of fiber; it covers most of the structural components in the cell walls (i.e., cellulose,
hemicellulose and lignin). On the other hand, acid detergent fiber (ADF) refers solely to the insoluble
fiber within a plant cell (cellulose and lignin). In this section we present research concerning the fibers
as a bulk (including acid detergent lignin (ADL)), while a more specific role of the lignin polymer in
resistance is discussed in section 4.

Fibers can disturb feeding insects from both the nutritional and physical point of view. High levels
of fiber can increase the bulk density of the diet, and thereby, larvae are unable to ingest adequate
amounts of nutrients and water. Besides, tissues with high fiber content are tougher and more resistant
to the cutting or chewing action of the mandibles. In addition, some studies pointed out the role of cell
walls polysaccharides as barriers to the fungal invasion.

European corn borer (ECB), Ostrinia nubilalis, Hiibner, is a tunneling insect that bores into maize
stems causing physical damage, disruption of nutrient and water flow, stalk lodging and grain damage,
leading to extensive yield losses. In temperate regions it has one to three generations per year. Damage
to the plant results from leaf feeding in the whorl (first generation), leaf sheath, tassel and stalk
tunneling (first, second and third generations), and ear damage (second and third generations). Whorl,
sheath and collar tissues of 22 inbred lines and 3 full-sib families were evaluated for first and second
generation ECB damage, and ADF, lignin and silica concentration were quantified [11]. For the first
generation ECB the role of lignin in the resistance was shown, while for the second generation ECB
the silica was the only significant trait related with resistance.

This initial study was focused on the analysis of diverse genotypes, but it is interesting to analyze
the relationships between the cell wall polysaccharides and resistance within the same gene pool.
Buendgen and coauthors [13] studied if five cycles of recurrent selection for first and second
generation ECB resistance in the BS9 maize population resulted in correlated changes in ADF, NDF,
cellulose, hemicellulose, lignin, ash, and N concentration in the whorls, leaf sheaths, and stalks. No
appreciable changes in NDF, ADF, lignin, ash, or N concentrations in the whorls were associated with
the first generation ECB resistance. Traits like the hydroxamic acid 2,4-dihydroxy-7-methoxy-1,4-
benzoxazin-3-one (DIMBOA) were more effective on this relationship [19,61]. However, the authors
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highlight the highly significant linear responses observed in the leaf sheath for NDF, ADF, cellulose,
and lignin over cycles of selection in BS9, suggesting a genetic association of these constituents with
the second generation ECB resistance. Similar results were obtained when stalk tissues were analyzed.
Furthermore, Bergvinson and coworkers [19], within the same recurrent selection material, concluded
that feeding on mature leaf, leaf sheath, and stalk tissues appears to be affected, among other factors,
by fiber.

Two maize populations, WFISIHI and WFISILO, which were developed for high and low
concentrations, respectively, of indigestible leaf-sheath constituents (ADF, lignin, and silica) were
evaluated by Buendgen et al. [13] in relation to ECB resistance. The comparison of tissue composition
between WFISIHI and WFISILO suggests that, contrary to the results in BS9, structural carbohydrate,
lignin, and ash appeared to have little effect on ECB resistance. As the authors remark, the genetic
backgrounds of BS9, WFISIHI, and WFISILO differ greatly. Resistance mechanisms in maize can
differ depending on genotype analyzed [62]. Subsequently, Ostrander and Coors [12] found that after
two cycles of selection WFISILO and WFISIHI have diverged further for all compositional traits
except whorl ADF, and WFISILO C2 was significantly more susceptible to first and second generation
ECB infestations than WFISIHI C2. In the same way, selection for high NDF and lignin
concentrations in BS9 C2 produced materials with greater second generation ECB resistance than
selection for low concentration. New evidence of the relationship between the fibers and the ECB
second generation resistance was shown in a study conducted by Beeghly and coauthors [14]. Significant
phenotypic and genetic correlations were found between ECB tunneling and fiber components. Overall,
we can note an association between the plant cell wall composition and ECB resistance (mainly in the
second generation), although the genetic backgrounds influence this relationship.

In an incidental way, Martin et al. [15] carried out a divergent selection program for stalk strength
by using a rind penetrometer. After twelve cycles of divergent selection stalk strength was decreased
and increased in the high and low directions of selection, respectively. Selection for high rind
penetrometer resistance was effective at providing resistance to second-generation ECB damage as
well as resistance to stalk lodging. Interestingly, crude fiber, cellulose and lignin concentration
increased in the high direction of selection, suggesting that stalk composition was important in
providing rind penetrometer resistance, stalk lodging resistance, and ECB resistance.

More recently, four maize inbred lines were selected for their consistent resistance (EP39 and
AS509) or susceptibility (EP47 and EP42) to corn borers across multiple evaluations [63,64]. The
resistant group showed higher total cell wall material in the pith, particularly those components
abundant in secondary walls (glucose, xylose, and lignin), suggesting that cell wall thickness may be
an important barrier that corn borers must mechanically rupture in order to gain access to the
cytoplasmic nutrients contained within the pith tissues [32].

Multiple regression equations to predict ECB damage were based on the concentration of cell wall
constituents in most of the previous studies. This approach is effective when the independent variables
are not highly correlated. Whenever independent variables are highly collinear, their relative
importance cannot be determined using either ordinary least-squares or biased regression methods
since the data are inadequate for this purpose [65]. Cardinal and coauthors [66] found that the cell wall
components were highly correlated in a recombinant inbred line population (RIL) obtained from the
cross of maize inbred lines B73 and B52. Therefore, the authors used a direct approach: the
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comparisons of quantitative trait loci (QTL) detected for cell wall components and ECB tunneling in
the same maize population. NDF, ADF, and ADL levels were analyzed in stalk and leaf-sheath. The
results showed that most of the QTL for ECB resistance (10/13) were at QTL positions for one or more
cell wall components. Seven of the ten QTL associated with both traits contributed to the negative
correlations observed between these traits, while relatively few QTL effects were positively correlated.
This suggests that although cell wall components contribute to ECB resistance in this population, other
mechanisms and likewise other genes are involved [16].

Genotypic correlations between ECB stalk tunnel and cell wall components were not significant in
RIL population developed from the cross of inbred lines B73 and DE811. Nevertheless, clustering of
QTL for ECB damage and cell wall components was observed and negative genotypic correlations
between both traits were observed at some loci. So, ECB resistance may be associated with a subset of
the QTL observed for cell wall components and ADF in particular [17]. Comparing both studies, only
three of the nine QTL for ECB resistance in the RILs of B73 x B52 were linked (within 25 ¢cM) to
QTL in the RILs of B73 x DES811 [16,18], what showing once again that the relationship found seems
to be depend on the genetic materials assessed.

In Spain and other Mediterranean countries, a major insect pest of maize is the Mediterranean corn
borer (MCB), Sesamia nonagrioides Lefebvre [67,68]. Like other borers the main importance resides
in the second generation larvae that feed on the pith during plant development causing weakening and
lodging of the maize plants. Up to 95% of plants may be damaged and yield losses may reach
30% [69,70]. Three QTLs for MCB stalk tunneling detected in the RIL population EP42 x EP39 by
Ordés and coauthors [71] were close to QTLs for stalk strength or cell wall constituents identified in
various studies, suggesting that genes involved in the synthesis of cell wall compounds could be good
candidates for resistance to corn borers. Two QTLs for MCB resistance were found in the RIL
population B73 x Mol7 [72]. The QTL for stalk tunneling in the region of bin 9.04 overlapped with
the stalk tunneling QTL detected in crosses of B73 with B52, De811 and Mo47, which are three inbred
lines derived from diverse genetic backgrounds [73]. The region was also associated with leaf sheath
and stalk fiber and, moreover, the allele associated with highest fiber was associated with lowest ECB
tunneling [16,17].

Southwestern corn borer (SWCB), Diatraea grandiosella Dyar. and Fall armyworm (FAW),
Spodoptera frugiperda J.E. Smith, are additional pests of maize. These insects attack plants in both
vegetative and reproductive stages. In relation with the cell wall composition, Hedin and coauthors [22]
demonstrated that resistant inbreds to SWCB have higher hemicellulose and crude fiber content than
susceptible inbred lines, and moreover, crude fiber was negatively correlated with larval feeding damage.
Additionally, the relationship between hemicellulose and FAW resistance was also observed [23,24].
Subsequent research showed that leaves of resistant hybrids to FAW presented higher amounts of
hemicellulose than leaves of susceptible genotypes [25]. Hemicellulose and protein levels appear to be
associated with FAW resistance, but not with SWCB resistance. Instead, relative amounts of cellulose
were negatively correlated with leaf feeding by both insects. Amounts of ash, fat, and lignin did not
appear to be associated with resistance to these pests [25].

The role of the cell wall polysaccharides in disease resistance has been scarcely studied. Mideros
and coauthors (2012) [44] investigated the relation between Aspergillus flavus Link colonization and
different kernel traits in a set of 19 inbred lines. 4. flavus is the most common causal agent of aflatoxin
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contamination, aflatoxin B1 being the most potent naturally occurring carcinogen known [74]. They
found significant correlations of aflatoxin content with fiber, ash, carbohydrates, and seed weight.
Fiber and ash content may correlate with the thickness of pericarp and aleurone layers, reflecting
barriers to fungal entrance.

Of the three rust pathogens that occur on corn worldwide, southern rust of corn (SRC), caused by
Puccinia polysora Underw., has been reported as the most destructive [75]. Higher ADF and NDF
contents were found in the leaves of a resistant inbred line to P. polysora than in a susceptible, though
note that only two genotypes were analyzed [46].

Fusarium graminearum Schwabe is one of the most important plant pathogens infecting several
cereal species including maize, wheat, and barley, in cold and temperate regions [76,77]. The major
economic importance comes from the contamination of grains with mycotoxyns, mainly zearalenone
and deoxynivalenol (DON). In maize, both the ear and the stalk can be infected [76,78]. Ester-bound
ferulic acid decreased in the silks tissues after inoculation with Fusarium graninearum, probably due
to degradation of hemicellulose by hydrolytic enzymes produced by the fungus [42]. Differences in the
release of ferulates in resistant and susceptible genotypes suggest the influence of hemicelluloses in

F. graminearum resistance [42].
3. Cell Wall Bound Hydroxycinnamates

The most common hydroxycinnamates found in a wide range of grasses are ferulates (FA) and
p-coumarates (pCA). Cell-wall hydroxycinnamates are derived from the phenylpropanoid pathway,
which originates from phenylalanine and tyrosine. Though structurally related, they seem to have
different functional roles within the cell wall. FA is the major hydroxycinnamate derivative in young
grass cell walls. Maize cell walls can contain up to 5% ferulate monomers plus dimers [79]. Ferulic
acid is primarily esterified to arabinosyl residues of arabinoxylan chains, and feruloylated arabinoxylans
are later cross-linked to G units of lignins via ether bonds. p-Coumaric acid is mainly esterified to the
y-position of the side chains of S lignin units [80,81] and lignified maize cell walls can contain up to
3% p-coumarate [79].

It is suspected that FA is a very important components not only for the biology of the cell wall, but
also for its structure because they can be coupled by peroxidase- or laccase-mediated oxidative
coupling to form a variety of dimers, cross-linking polysaccharide chains [1,82,83]. In addition,
the ability of ferulic acid to participate in ester linkages and phenol coupling reactions confers it
with the ability to covalently attach polysaccharide with lignin. The resultant product is a
ferulate-polysaccharide-lignin complex bonded through ester-ether linkages [8,84]. Thus, FA
deposition in the wall may not only lead to cell wall cross-linking during plant growth and development,
but may also regulate the non-random pattern of lignin formation within the wall [9,85,86]. On the
other hand, the role of pCA in cell wall matrices is not fully understood. It appears the majority of
pCA remains unincorporated other than its attachment to monolignols via an ester linkage. Therefore,
pCA does not function as a cross-linking agent between wall matrix polymers, at least between
different lignin polymers or between lignin and polysaccharides. It has been suggested that pCA may
function as radical transfer agent to aid in the formation of sinapyl alcohol and lignin radicals [87,88].
There are reports of pCA being ester linked to arabinoxylans just as for FA, however this level is much
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lower (1:15) compared to FA [89]. Incorporation of pCA into grass walls appears to be primarily
associated with the lignin fraction. Several studies have shown a positive relationship between pCA
incorporation into cell wall matrices and levels of lignin formation [90-92].

Accumulation of FA follows the elongation pattern, with up to 70% of alkali-labile ferulate
deposition that occurs during secondary wall formation and lignification [93]. Deposition of esterified
and etherified ferulate derivatives continue at a high rate after cell elongation has ceased [94]. FA
content plateaus as the walls mature [90]. The accumulation of pCA is a relevant indicator of lignin
deposition [95,96]. In addition, it indicates a higher proportion of secondary wall in tissue [79].

Although pCA also form cell wall cross-links by the formation of radically or photochemically
formed dimers, ferulate derivatives are the quantitatively most important cross-links in the plant cell
wall. The first FA dimer (DFA) discovered was the 5-5'-dehydrodimer, isolated after alkaline
hydrolysis of the cell wall polysaccharides [97]. Since then, a number of dehydrodimers have been
identified and characterized in different grass species. The major forms are: 5-5'-DFA:
(E,E)-4-4'-dehydroxy-5-5'-dimethoxy-3'-bicinnamic acid; 8-0-4'-DFA: (Z)-B-4-hydroxy-3-methoxy-
cinnamic acid; 8-5-DFA: (E-E)-4-4'-dihydroxy-3,5'-dimethoxy-f,3'-bicinnamic acid; 8-5'-C
(benzofuran form): trans-5-((E)-2-carboxyvinyl))-2-(4-hydroxy-3-methoxyphenyl)-7-methoxy-2,3-
dihydrobenzofuran-3-carboxylic acid, and 8-8-DFA (4,4'-dihydroxy-3,3'-dimethoxy-f,B'-bicinnamic
acid) [98]. FA and DFAs contents have been estimated to be 25 g kg ' in maize
stems [99]. More recently, specific ferulate dehydrotrimers and tetramers have been isolated and
identified in a variety of plant tissues [100—-103]. Formation of intramolecular versus intermolecular
polysaccharide crosslinks is a key question to be answered in the future.

Thus, hydroxycinnamate mediated cross-links are able to connect cell wall polymers, especially
polysaccharides to each other but also to lignin and to proteins [9,104]. Plant cell wall cross-linking
strengthens the cell wall [105] and is involved in the regulation of the cell wall extensibility and
cessation of elongation processes [106—109]. Bonding contributes, as many studies have shown, to the
low digestibility of most grass species even by ruminants and, in part, to the recalcitrance of grass
tissues to direct degradation by simple mixtures of cellulases and xylanases [56,79,110-115].

There is some minor chemical disruption of the plant cell wall attending to the insect attack, for
instance, majority of the plant cell wall is indigestible to lepidopteran [51,116]. Some studies with
insects used cellulose as an indigestible nutrient diluter [117,118], but if the effect of the cell wall is
that of a barrier to the easily digested contents, then the arrangement of the cell wall components may
be more important than the absolute amount of cellulose, hemicellulose, efc. Plant nitrogen is a major
factor contributing to larval growth [119], however, it does not matter how much nitrogen the plant
contains if it is inaccessible. We conclude, once again, that the cell wall matrix appears to be a barrier
that insects must mechanically rupture to assimilate nutrients. In accordance with this idea, the link
between cell wall cross-linking and the insect resistance was first suggested by Fry (1986) [120].
Since then, various studies have pointed out the role of hydroxycinnamates in pests and diseases
resistance [19,27,32,40]. A working theory has proposed that susceptibility of maize to pests and
diseases depends on these hydroxycinnamates contents [121,122].

Concerning to ECB resistance, increased levels of FA monomer have been quantified in epidermal
cell walls of leaves in maize resistant inbred lines [20], while the content of FA dimers in leaves was
negatively correlated across genotypes with the leaf damage [21]. The mechanism of resistance



Int. J. Mol. Sci. 2013, 14 6968

suggests early cell wall fortification through phenolic cross-linking of hemicellulose by DFAs,
increasing the hardness of the leaf tissue. Additional evidence was provided by DFAs increases in
diverse feeding tissues over cycles of selection to ECB resistance in the lowa Stiff Stalk Synthetic
BS9 [19]. In addition, both DFA and pCA were negatively related with damage parameters in the rind,
node and pith [19].

The related insect species SWCB and sugarcane borer (SCB), Diatraea saccharalis (Fabricius),
are among the most important lepidopteran pests affecting maize production in Central and
South America [123]. Later generations damage the plant mainly by stalk boring and tunneling,
resulting in indirect yield losses. Resistance to these borers could be sensitive to early cell wall
fortification by phenolic cross-linking [26]. The study showed that both cell wall bound pCA and FA
were significantly and negatively correlated to leaf feeding damage. Significant negative correlations
were also found between DFA content and leaf feeding damage by both insects.

Multiple studies with maize genotypes that differ in their resistance to the MCB noted the role of
hydroxycinnamates in the resistance to this borer pest [27-30,32]. Monomers, pCA and FA, and
diverse isomers of DFA, were identified in different feeding tissues. The amount of all these
compounds in the pith was correlated with the resistance level in the genotypes, with the resistant
inbreds having the highest concentrations [27]. Negative correlations were observed between the
larvae weight and the DFAs concentration in the leaf-sheath [29]. Subsequent investigations reinforced
the effect of hydroxycinnamates in the borer resistance. Higher concentrations of total DFAs were
associated with shorter tunnel length and lower numbers of larvae per stem over cycles of selection to
MCB resistance in maize synthetic EPS12 [30]. Barros-Rios and coworkers (2011) found that the stem
tunneling by ECB and MCB was negatively correlated with total DFAs, 8-5'-DFA and pCA
esters [32]. Additionally, it was demonstrated that the DFAs in the pith of the basal section of the
maize internode could facilitate MCB larval feeding inside the stem in particular synthetic
varieties [28]. Nowadays, Santiago and coworkers has divided the research topic in two branches:
evaluation of corn borer resistance in a divergent selection program for DFAs concentration, and study
of the variation in the hydroxycinnamates contents after borer attack. Maize populations selected for
the highest total DFAs (third cycle of selection for high DFAs (CH3)) had 31% higher total DFAs
than maize populations selected for the lowest total DFAs (third cycle of selection for low DFAs
(CL3)) [124]. The gain indicates that DFA deposition in maize pith was modified during the selection
program and provides unique plant material to validate the genes potentially involved in the FA
dimerization. Furthermore, the study demonstrates the powerful role of polysaccharide-polysaccharide
cross-linking trough ester-linked DFAs as a natural resistance mechanism of maize against corn borers
(damage by stem tunneling was 29% lower in C3H than in C3L) [124]. On the other hand, Rodriguez
and coauthors [31] reported that the maize plants respond to the attack of MCB activating genes
involved in the cell-wall organization, and moreover, the inbred line PB130 increase twice its DFAs
concentration after MCB attack. Current investigations would confirm these motivating findings.

The maize weevil (MW), Sitophilus zeamais Motsch., is a destructive insect feeding on stored
maize throughout the world [125]. Grain weight losses could range from 10% to 40% during
storage [126]. Grain of MW resistant varieties has been characterized attending to the mechanical
fortification of the pericarp cell wall. The principal phytochemicals involved in the mechanical
fortification are FA, pCA [33], several isomers of DFAs, total phenolic acids, and structural proteins
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like a hydroxyproline-rich glycoprotein (HRGPs) [34-36]. Strong negative correlations with
susceptibility parameters and a positive correlation with grain hardness were found for simple phenolic
acids, DFAs, and HRGPs. In addition, in a more recent study the authors identified nine regions
common between QTLs associated with MW susceptibility and cell wall bound compounds [37].

There is some evidence in the literature that FA and DFAs are also involved in plant protection
against pathogen invasion [40,47]. Much the research attending to the relationship cell wall
components and pathogens focuses in fungi. Maydis leaf blight (MLB), Helminthosporium maydis
Y. Nisik and C. Miyake is the most serious disease in warm and wet temperate and tropical areas,
where yield losses close to 70% have been reported. Lyons et al. (1993) [47] investigated the
distribution of phenylpropanoids during disease development in resistant and susceptible maize
cultivars to MLB and reported greater levels of FA and pCA produced in the resistant cultivar.

Structural hydroxycinnamates have been associated with resistance to Fusarium diseases in kernel
and stalk pith tissues [38,40,41]. Higher contents of pericarp DFAs might act as a preformed structural
barrier restricting fungal infection and mycelial progress from diseased to pericarp-intact neighboring
kernels [40], while could function in the pith tissues as preformed resistance barriers prior to
infection [38]. Low contents of DFAs in the early stages of infection would leave time for the
pathogen to develop abundantly and to produce toxins, breaking a possible resistance response and
leading to typical symptoms of disease [38]. The role of hydroxycinnamates in the infection of maize
silks by F. graminearum was also investigated [42]. Although significant changes in the concentration
of hydroxycinnamates were observed after inoculation, no role of these compounds as mechanism of
resistance was observed in this tissue. As previously noted differential decrease of FA in resistant and
susceptible genotypes suggests a possible role of hemicelluloses in the F. graminearum resistance in
the silks [42].

Likewise, in warmer regions, Fusarium ear rot is prevalent and is the result of kernel infection by
Fusarium verticillioides (Saccardo) Nirenberg. It not only reduces yield but also contaminates the
infected kernels with mycotoxins, mainly fumonisins (FB1, FB2, and FB3). A recent paper reported on
the possible role of DFAs in the genotypic resistance to Fusarium veticillioides [43]. The contents of
the hydroxycinnamates detected in the pericarp of several maize genotypes suggest their contribution
to kernel resistance to F. verticillioides [43]. In these experiments, resistant genotypes contained about
a 3-fold higher level of total DFAs than susceptible ones. A stepwise regression model suggests that
the increase of all individual DFA species contributed to limit fumonisin accumulation and mycelial
progress of F. verticillioides. Crosslinking cell wall polysaccharides results in pericarp hardness [127].
Cell wall DFAs might also have a direct inhibitory effect on mycotoxin production after being released
by fungal esterases and other extracellular enzymes during infection of F. verticillioides. The 8-5'-C
DFA, the major DFA detected in the pericarp of the genotypes, showed in vitro to be as effective as
FA to inhibit the biosynthesis of trichothecenes by F. graminearum [128].

Less work has been carried out quantifying the dimer content of different cell types, or if these
different DFAs have different physiological roles. As better detection methods are developed, the
extensive network of cross-links involving these phenolic compounds will be better conceived.
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4. Lignin

Lignin is the second most abundant polymer found in nature after cellulose. Among the many roles
lignin plays in plant growth and development are those providing structural support for land plants and
as a resistance mechanism to biotic and abiotic stresses. Lignin is an end product of the
phenylpropanoid pathway and a heteropolymer of three hydroxycinnamyl alcohol monomers or
monolignols: p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol [129]. The intermediate
products of the monolignol biosynthetic pathway serve as precursors of hydroxycinnamates and other
phenolic compounds. Both monolignols and their precursors are synthesized in the cytosol
(endoplasmic reticulum) and later transported to the wall where lignin is deposited. Because of
monolignols are relatively toxic to the cell, it has been suggested that the exported and storage forms
are monolignol-glucosides. Once localized in the wall, monolignols are catalyzed by peroxidase and/or
laccase to form three phenylpropanoid units: p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S). The
deposition of each lignin type in plant tissues is spatially and temporally controlled, first being
deposited H units, followed by G units, and finally S units [130]. It has been found that mature maize
stalks contain 4% H, 35% G, and 61% S. In general, the S/G ratio increases as the plant matures and
the lack of S units creates a more condensed lignin (i.e., the prevalence of C—C linkages and low
methoxylation stage). The ratio between S and G units (S/G) are commonly between 1.02 and 1.61 for
maize stalks and 0.20 and 0.55 for leaves. The maize the brown midrib mutation results in a reduction
of lignin content (=35%) and a variation on lignin composition with S/G ratios between 0.34 and
1.95[131,132].

Tissue toughness is one of the key factors that regulate herbivore damage in plants [133,134] and
the tougher the tissue, the greater lignin content. Tissues with high lignin concentration and otherwise
cross-linked, are less palatable than tissues with low lignin content. Most research carried out to
evaluate the effect of lignin on maize resistance to insects based on the analysis of forage fiber
fractions (ADF, NDF, and ADL) has been commented on Section 2.

Increased lignin deposition might have additional negative effects on insect fitness because
phenoloxidase enzymes are involved in lignin polymerization but also in generation of toxic
by-products as reactive oxygen species, quinones and peroxides [135,136]. It is known that several of
the defense-related maize metabolites are biosynthetically related. Maysin, chlorogenic acid and
phenolic acids originate from the phenylpropanoid pathway [137].

Cell wall lignification may be also induced when plants are wounded or become infected by
pathogens or insects, suggesting that lignin may act as a chemical or physical barrier to protect the rest
of the plant cells from further damage [54,138,139]. This lignin induced as a response to pathogen
attack is considered “stress lignin”, and has higher amount of the simpler (H) lignin subunits [140,141].
Ride [142] pointed out that lignification might hinder fungal growth through plant tissue in several
ways. First, increased cell wall lignification and stiffness at the point of fungal attack may make walls
more resistant to mechanical penetration and render it resistant to dissolution by fungal enzymes.
Second, lignification of walls may restrict diffusion of enzymes and toxins from the fungus to the host
and of water and nutrients from the host to the fungus, in essence starving the fungus. Third, phenolic
precursors of lignin and free radicals produced during polymerization may inactivate fungal membranes,
enzymes, toxins, and elicitors. Accordingly, Lyons and coauthors [47] attributed the increased lignin
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deposition to the infection of the leaf corn fungus H. maydis. In addition, Liu et al. [39] suggested that
potassium chloride stimulates the rapid expression of PAL, tyrosine ammonia-lyase (TAL), cinnamyl
alcohol dehydrogenase (CAD), and phenoloxidase activities in both resistant and susceptible maize
genotypes after pathogen inoculation, increasing the induced lignin content, and enhancing the
resistance of maize to Fusarium stalk rot. The lignification process in maize cobs from resistant and
susceptible inbred lines to the pathogenic fungus 4. flavus was studied by Spangler [45]. Lignin
extracted using thioacidolysis revealed that resistant lines contained higher lignin than susceptible
ones. Regarding to lignin composition, resistant inbreds had two times more G subunits than
susceptible ones. However, real-time quantitative PCR showed no significant differences between
genotypes for the transcription levels of the last enzyme of the lignin biosynthetic pathway
caffeoyl-coA-Omethyltransferase 1 (CCoAOMT1).

In brief, increased toughness and concentration of toxic by-products of lignin synthesis
(phenoloxidase activity) seem to be the most likely mechanisms for the lignin associated protection of
plant tissues from pests and diseases.

5. Conclusions

Several cell wall components show a determinative role in maize resistance to pest and diseases.
However, defense mechanisms are very complex and vary among the same plant species, different tissues
or even the same tissue at different developmental stages. Probably we do not get a clear relationship
with an overall determination of cell wall components in the whole plant of a single genotype, thus, it
is important to note that the role of the cell wall components needs to be tested in diverse genotypes
and specific tissues where the feeding or attacking by the pathogen takes place. Diverse studies
attending to this genotype-tissue-specific content have been noted in the current review.

Understanding the role of cell wall constituents as defense mechanisms may allow modifications of
crops to withstand pests and diseases. Nevertheless, we have to take into account that this defense is
interconnected with other biological processes, many genes and pathways that work in the insect attack
are also involved in disease defense or in responses to other stress agents. Modifications on the cell
wall structure and composition should be evaluated on various pest and disease combinations in order
to assess the impact on crop agronomic fitness.

Acknowledgments

The authors acknowledge all workers and collaborators who participated in their own pest and
diseases research studies. Studies by the authors’ group were supported by the Plan Nacional [+D+I
(AGL2003-00961, AGL2006-1314, AGL2009-09611, AGL2012-33415). Nowadays, R. Santiago
acknowledges postdoctoral contract “Isidro Parga Pondal” supported by the Autonomous Government
of Galicia and the European Social Fund.

References

1.  Brett, C.T.; Waldron, K. Cell Wall Formation. In Physiology and Biochemistry of Plant Cell
Walls; Brett, C.T., Waldron, K., Eds.; Chapman & Hall: London, UK, 1996; pp. 75-111.



Int. J. Mol. Sci. 2013, 14 6972

10.

1.

12.

13.

14.

15.

16.

17.

18.

Hazen, S.P.; Hawley, R.M.; Davis, G.L.; Henrissat, B.; Walton, J.D. Quantitative trait loci and
comparative genomics of cereal cell wall composition. Plant Physiol. 2003, 132, 263-271.
Carpita, N.; McCann, M. The Cell Wall. In Biochemistry and Molecular Biology of Plants;
Buchanan, B.B., Gruissem, W., Jones, R.L., Eds.; American Society of Plant Physiologists:
Rockville, MD, USA, 2000; pp. 52—108.

Carpita, N.C.; Gibeaut, D.M. Structural models of primary cell walls in flowering consistency of
molecular structure with the physical properties of the walls during growth. Plant J. 1993, 3, 1-30.
Cosgrove, D.J. Assembly and enlargement of the primary cell wall in plants. Annu. Rev. Cell
Dev. Biol. 1997, 13, 171-201.

Whilstler, R.L.; Richards, E.L. Hemicelluloses. In The Carbohydrates; Pigman, W., Horton, D.,
Eds.; Academic Press: New York, NY, USA, 1970; Volume 2a, pp. 447—469.

Hartley, R.D. p-Coumaric and ferulic components of cell-walls of ryegrass and their
relationships with lignin and digestibility. J. Sci. Food Agric. 1972, 23, 1347-1354.

Scalbert, A.; Monties, B.; Lallemand, J.Y.; Guittet, E.; Rolando, C. Ether linkage between
phenolic-acids and lignin fractions from wheta straw. Phytochemistry 1985, 24, 1359-1362.
Ralph, J.; Grabber, J.H.; Hatfield, R.D. Lignin-ferulate cross-links in grasses. Active
incorporation of ferulate polysaccharide esters into ryegrass lignins. Carbohydr. Res. 1995, 275,
167-178.

Barros-Rios, J.; Malvar, R.A.; Santiago, R. Funcion de la pared celular del maiz (Zea mays L.)
como mecanismos de defensa frente a la plaga del taladro (Ostrinia nubilalis Hiib y Sesamia
nonagrioides Lef.). Rev. Educ. Bioquim. 2011, 30, 132—-142.

Rojanaridpiched, C.; Gracen, V.E.; Everett, H.L.; Coors, J.G.; Pugh, B.F.; Bouthyette, P.
Multiple factor resistance in maize to European corn borer. Maydica 1984, 29, 305-315.
Ostrander, B.M.; Coors, J.G. Relationship between plant composition and European corn borer
resistance in three maize populations. Crop Sci. 1997, 37, 1741-1745.

Buendgen, M.R.; Coors, J.G.; Grombacher, A.W.; Russell, W.A. European corn borer resistance
and cell wall composition of three maize populations. Crop Sci. 1990, 30, 505-510.

Beeghly, H.H.; Coors, J.G.; Lee, M. Plant fiber composition and resistance to European corn
borer in four maize populations. Maydica 1997, 42, 297-303.

Martin, S.A.; Darrah, L.L.; Hibbard, B.E. Divergent selection for rind penetrometer resistance
and its effects on European corn borer damage and stalk traits in corn. Crop Sci. 2004, 44,
711-717.

Cardinal, A.J.; Lee, M. Genetic relationships between resistance to stalk-tunneling by the
European corn borer and cell-wall components in maize population B73 x B52. Theor. Appl. Genet.
2005, 711, 1-7.

Krakowsky, M.D.; Lee, M.; Holland, J.B. Genotypic correlation and multivariate QTL analyses
for cell wall components and resistance to stalk tunneling by the European corn borer in maize.
Crop Sci. 2007, 47, 485—490.

Krakowsky, M.D.; Lee, M.; Woodman-Clikeman, W.L.; Long, M.J.; Sharopova, N. QTL
mapping of resistance to stalk tunneling by the European corn borer in RILs of maize population
B73 x De811. Crop Sci. 2004, 44, 274-282.



Int. J. Mol. Sci. 2013, 14 6973

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Bergvinson, D.J.; Arnason, J.T.; Hamilton, R.I. Phytochemical changes during recurrent
selection for resistance to the European corn borer. Crop Sci. 1997, 37, 1567-1572.

Bergvinson, D.J.; Arnason, J.T.; Pietrzak, L.N. Localization and quantification of cell wall
phenolics in European corn borer resistant and susceptible maize inbreds. Can. J. Bot. Rev. Can. Bot.
1994, 72, 1243-1249.

Bergvinson, D.J.; Arnason, J.T.; Hamilton, R.I.; Mihm, J.A.; Jewell, D.C. Determining leaf
toughness and its role in maize resistance to the European corn borer (Lepidoptera, Pyralidae).
J. Econ. Entomol. 1994, 87, 1743—1748.

Hedin, P.A.; Davis, F.M.; Williams, W.P.; Salin, M.L. Possible factors of leaf feeding resistance
in corn to the Southwestern corn borer. J. Agric. Food Chem. 1984, 32, 262-267.

Hedin, P.A.; Williams, W.P.; Davis, F.M.; Buckley, P.M. Roles of amino acids, protein, and
fiber in leaf feeding resistance of corn to the fall armyworm. J. Chem. Ecol. 1990, 16, 1977-1995.
Hedin, P.A.; Davis, F.M.; Williams, W.P.; Hicks, R.P.; Fisher, T.H. Hemicellulose is an
important leaf-feeding resistance factor in corn to the fall armyworm. J. Chem. Ecol. 1996, 22,
1655-1668.

Williams, W.P.; Davis, F.M.; Buckley, P.M.; Hedin, P.A.; Baker, G.T.; Luthe, D.S. Factors
associated with resistance to fall armyworm (Lepidoptera: Noctuidae) and southwestern corn
borer (Lepidoptera: Crambidae) in corn at different vegetative stages. J. Econ. Entomol. 1998,
91, 1471-1480.

Ramputh, A.I. Soluble and Cell Wall Bound Phenolic Mediated Insect Resistance in Corn and
Sorghum. Ph.D. Dissertation, Ottawa-Carleton Institute of Biology, Ottawa, ON, Canada, 2002.
Santiago, R.; Butron, A.; Arnason, J.T.; Reid, L.M.; Souto, X.C.; Malvar, R.A. Putative role of
pith cell wall phenylpropanoids in Sesamia nonagrioides (Lepidoptera: Noctuidae) resistance.
J. Agric. Food Chem. 2006, 54, 2274-2279.

Santiago, R.; Butron, A.; Revilla, P.; Ana Malvar, R. Is the basal area of maize internodes
involved in borer resistance? BMC Plant Biol. 2011, 11, 137.

Santiago, R.; Butron, A.; Reid, L.M.; Arnason, J.T.; Sandoya, G.; Souto, X.C.; Malvar, R.A.
Diferulate content of maize sheaths is associated with resistance to the Mediterranean corn borer
Sesamia nonagrioides (Lepidoptera: Noctuidae). J. Agric. Food Chem. 2006, 54, 9140-9144.
Santiago, R.; Sandoya, G.; Butron, A.; Barros, J.; Malvar, R.A. Changes in phenolic
concentrations during recurrent selection for resistance to the Mediterranean corn borer
(Sesamia nonagrioides Let.). J. Agric. Food Chem. 2008, 56, 8017-8022.

Rodriguez, V.M.; Santiago, R.; Ana Malvar, R.; Butron, A. Inducible maize defense mechanisms
against the corn borer Sesamia nonagrioides: A transcriptome and biochemical approach.
Mol. Plant Microbe Interact. 2012, 25, 61-68.

Barros-Rios, J.; Malvar, R.A.; Jung, H.J.; Santiago, R. Cell wall composition as a maize defense
mechanism against corn borers. Phytochemistry 2011, 72, 365-371.

Classen, D.; Arnason, J.T.; Serratos, J.A.; Lambert, J.D.H.; Nozzolillo, C.; Philogene, B.J.R.
Correlation of phenolic acid content of maize to resistance to Sitophilus zeamais, the maize
weevil, in CIMMYTs collections. J. Chem. Ecol. 1990, 16, 301-315.



Int. J. Mol. Sci. 2013, 14 6974

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Arnason, J.T.; Baum, B.; Gale, J.; Lambert, J.D.H.; Bergvinson, D.; Philogene, B.J.R,;
Serratos, J.A.; Mihm, J.; Jewell, D.C. Variation in resistance of mexican landraces to maize
weevil Sitophilus zeamais, in relation to taxonomic and biochemical parameters. Euphytica 1994,
74, 227-236.

Garcia-Lara, S.; Bergvinson, D.J.; Burt, A.J.; Ramputh, A.l.; Diaz-Pontones, D.M.; Arnason, J.T.
The role of pericarp cell wall components in maize weevil resistance. Crop Sci. 2004, 44,
1546-1552.

Bergvinson, D.; Garcia-Lara, S. Genetic approaches to reducing losses of stored grain to insects
and diseases. Curr. Opin. Plant Biol. 2004, 7, 480—485.

Garcia-Lara, S.; Burt, A.J.; Arnason, J.T.; Bergvinson, D.J. QTL mapping of tropical maize grain
components associated with maize weevil resistance. Crop Sci. 2010, 50, 815.

Santiago, R.; Reid, L.M.; Arnason, J.T.; Zhu, X.; Martinez, N.; Malvar, R.A. Phenolics in maize
genotypes differing in susceptibility to Gibberella stalk rot (Fusarium graminearum schwabe).
J. Agric. Food Chem. 2007, 55, 5186-5193.

Liu, X.Y.; Jin, J.Y.; He, P.; Gao, W.; Li, W.J. Effect of potassium chloride on lignin metabolism
and its relation to resistance of corn to stalk rot. Sci. Agric. Sin. 2007, 40, 2780-2787.

Bily, A.C.; Reid, L.M.; Taylor, J.H.; Johnston, D.; Malouin, C.; Burt, A.J.; Bakan, B,
Regnault-Roger, C.; Pauls, K.P.; Arnason, J.T.; Philogene, B.J.R. Dehydrodimers of ferulic acid
in maize grain pericarp and aleurone: Resistance factors to Fusarium graminearum.
Phytopathology 2003, 93, 712-719.

Assabgui, R.A.; Reid, L.M.; Hamilton, R.I.; Arnason, J.T. Correlation of kernel E-ferulic acid
content of maize with resitance to Fusarium graminearum. Phytopathology 1993, 83, 949-953.
Cao, A.; Reid, L.M.; Butron, A.; Malvar, R.A.; Souto, X.C.; Santiago, R. Role of
hydroxycinnamic acids in the infection of maize silks by Fusarium graminearum Schwabe.
Mol. Plant Microbe Interact. 2011, 24, 1020-1026.

Sampietro, D.A.; Fauguel, C.M.; Vattuone, M.A.; Presello, D.A.; Catalan, C.A.N.
Phenylpropanoids from maize pericarp: Resistance factors to kernel infection and fumonisin
accumulation by Fusarium verticillioides. Eur. J. Plant Pathol. 2012, 135, 105-113.

Mideros, S.X.; Windham, G.L.; Williams, W.P.; Nelson, R.J. Tissue-specific components of
resistance to aspergillus ear rot of maize. Phytopathology 2012, 102, 787-793.

Spangler, L.M. Impact of Lignin and Caffeoyl Coenzyme a O-methyltransferase 1 on
Aspergillus flavus Growth in Maize Cobs. Master’s Thesis, The Pennsylvania State University, 2008.
Ji, H.C.; Yamakawa, T. Cell wall contents and estimation of genetic parameters for polysora rust
resistance in tropical maize (Zea mays L.). J. Fac. Agric. Kyushu Univ. 2011, 56, 231-236.
Lyons, P.C.; Hipskind, J.; Vincent, J.R.; Nicholson, R.L. Phenylpropanoid dissemination in
maize resistant or susceptible to He/minthosporium maydis. Maydica 1993, 38, 175-181.
Brodeur-Campbell, S.E.; Vucetich, J.A.; Richter, D.L.; Waite, T.A.; Rosemier, J.N.; Tsai, C.-J.
Insect herbivory on low-lignin transgenic aspen. Environ. Entomol. 2006, 35, 1696—-1701.
Schroeder, F.C.; del Campo, M.L.; Grant, J.B.; Weibel, D.B.; Smedley, S.R.; Bolton, K.L.;
Meinwald, J.; Eisner, T. Pinoresinol: A lignol of plant origin serving for defense in a caterpillar.
Proc. Natl. Acad. Sci. USA 2006, 103, 15497-15501.

Read, J.; Stokes, A. Plant biomechanics in an ecological context. 4m. J. Bot. 2006, 93, 1546—1565.



Int. J. Mol. Sci. 2013, 14 6975

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Clissold, F.J. The Biomechanics of Chewing and Plant Fracture: Mechanisms and Implications.
In Advances in Insect Physiology: Insect Mechanics and Control; Casas, J., Simpson, S.J., Eds.;
Elsevier Science Serials: Amsterdam, The Netherlands, 2007; Volume 34, pp. 317-372.

Bell, A.A. Biochemical mechanisms of disease resistance. Annu. Rev. Plant Physiol. Plant Mol. Biol.
1981, 32, 21-81.

Friend, J. Plant phenolics, lignification and plant disease. Prog. Phytochem. 1981, 7, 197-261.
Nicholson, R.L.; Hammerschmidt, R. Phenolic compounds and their role in disease resistance.
Annu. Rev. Phytopathol. 1992, 30, 369-389.

Matern, U.; Grimmig, B.; Kneusel, R.E. Plant cell wall reinforcement in the disease resistance
response. Molecular composition and regulation. Can. J. Bot. Rev. Can. Bot. 1995, 73, S511-S517.
Grabber, J.H.; Hatfield, R.D.; Ralph, J. Diferulate cross-links impede the enzymatic degradation
of non-lignified maize walls. J. Sci. Food Agric. 1998, 77, 193-200.

Taylor, N.G. Cellulose biosynthesis and deposition in higher plants. New Phytol. 2008, 178,
239-252.

Somerville, C.; Bauer, S.; Brininstool, G.; Facette, M.; Hamann, T.; Milne, J.; Osborne, E.;
Parezdez, A.; Persson, S.; Raab, T.; ef al. Towards a systems approach to understanding plant
cell walls. Science 2004, 306, 2206-2211.

Carpita, N.C. Structure and biogenesis of the cell walls of grasses. Annu. Rev. Plant Physiol.
Plant Mol. Biol. 1996, 47, 445-476.

Van Soest, P. Nutritional Ecology of the Ruminant, Cornell University Press: Ithaca, NY,
USA, 1994.

Grombacher, A.W.; Russell, W.A.; Guthrie, W.D. Resistance to first generation European corn
borer (Lepidoptera, Pyralidae) and DIMBOA concentration in midwhorl leaves of the BS9 maize
synthetic. J. Kansas Entomol. Soc. 1989, 62, 103—107.

Santiago, R.; Souto, X.C.; Sotelo, J.; Butron, A.; Malvar, R.A. Relationship between maize stem
structural characteristics and resistance to pink stem borer (Lepidoptera: Noctuidae) attack.
J. Econ. Entomol. 2003, 96, 1563—1570.

Butron, A.; Malvar, R.A.; Cartea, M.E.; Ordas, A.; Velasco, P. Resistance of maize inbreds to
pink stem borer. Crop Sci. 1999, 39, 102—-107.

Ordas, B.; Butron, A.; Soengas, P.; Ordas, A.; Malvar, R.A. Antibiosis of the pith maize to
Sesamia nonagrioides (Lepidoptera: Noctuidae). J. Econ. Entomol. 2002, 95, 1044—1048.
Rawlings, J.O. Applied Regression Analysis: A Research Tool, 2nd ed.; Springer: New York,
NY, USA, 1988.

Cardinal, A.J.; Lee, M.; Moore, K.J. Genetic mapping and analysis of quantitative trait loci
affecting fiber and lignin content in maize. Theor. Appl. Genet. 2003, 106, 866—874.

Cordero, A.; Malvar, R.A.; Butron, A.; Revilla, P.; Velasco, P.; Ordas, A. Population dynamics
and life-cycle of corn borers in south Atlantic European coast. Maydica 1998, 43, 5-12.

Velasco, P.; Revilla, P.; Monetti, L.; Butron, A.; Ordas, A.; Malvar, R.A. Corn borers
(Lepidoptera: Noctuidae; Crambidae) in Northwestern Spain: Population dynamics and
distribution. Maydica 2007, 52, 195-203.



Int. J. Mol. Sci. 2013, 14 6976

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Hilal, A. Etude du développement de Sesamia nonagrioides et établissement de modeles pour la
prévision de ses populations dans la nature. Eur. Mediterranean Plant Prot. Organ. Bull. 1981,
11,107-112.

Larue, P. La Sésamie du mais (Sesamia nonagrioides Lef.). Dégats et actualisation de la lutte.
Def. Veg. 1984, 227, 163—179.

Ordas, B.; Malvar, R.A.; Santiago, R.; Butron, A. QTL mapping for Mediterranean corn borer
resistance in European flint germplasm using recombinant inbred lines. BMC Genomics 2010,
11,174,

Ordas, B.; Malvar, R.A.; Santiago, R.; Sandoya, G.; Romay, M.C.; Butron, A. Mapping of QTL
for resistance to the Mediterranean corn borer attack using the intermated B73 x Mol17 (IBM)
population of maize. Theor. Appl. Genet. 2009, 119, 1451-1459.

Krakowsky, M.D.; Brinkman, M.J.; Woodman-Clikeman, W.L.; Lee, M. Genetic components of
resistance to stalk tunneling by the European corn borer in maize. Crop Sci. 2002, 42, 1309—-1315.
Wild, C.P.; Turner, P.C. The toxicology of aflatoxins as a basis for public health decisions.
Mutagenesis 2002, 17, 471-481.

Melching, J.S. Corn Rusts: Types, Races, and Destructive Potential. In Proceedings of the 30th
Annual Corn and Sorghum Research Conference, Washington, DC, USA, 1975; pp. 90-115.
Logrieco, A.; Bottalico, A.; Mule, G.; Moretti, A.; Perrone, G. Epidemiology of toxigenic fungi
and their associated mycotoxins for some Mediterranean crops. Eur. J. Plant Pathol. 2003, 109,
645-667.

Munkvold, G.P. Epidemiology of Fusarium diseases and their mycotoxins in maize ears. Eur. J.
Plant Pathol. 2003, 109, 705-713.

Sutton, J.C.; Baliko, W.; Funnell, H.S. Evidence for translocation of zearalenone in corn plants
colonized by Fusarium graminearum. Can. J. Plant Sci. 1976, 56, 7-12.

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

Ralph, J.; Hatfield, R.D.; Quideau, S.; Helm, R.F.; Grabber, J.H.; Jung, H.J.G. Pathway of
p-coumaric acid incorporation into maize lignin as revealed by NMR. J. Am. Chem. Soc. 1994,
116, 9448-9456.

Grabber, J.H.; Quideau, S.; Ralph, J. p-coumaroylated syringyl units in maize lignin:
Implications for beta-ether cleavage by thioacidolysis. Phytochemistry 1996, 43, 1189-1194.
Bunzel, M.; Funk, C.; Steinhart, H. Semipreparative isolation of dehydrodiferulic and
dehydrotriferulic acids as standard substances from maize bran. J. Sep. Sci. 2004, 27, 1080—1086.
Bunzel, M.; Heuermann, B.; Kim, H.; Ralph, J. Peroxidase-catalyzed oligomerization of ferulic
acid esters. J. Agric. Food Chem. 2008, 56, 10368—10375.

Jacquet, G.; Pollet, B.; Lapierre, C. New ether-liked ferulic acid coniferyl alcohol dimers
identified in grass straws. J. Agric. Food Chem. 1995, 43, 2746-2751.

liyama, K.; Lam, T.B.T.; Stone, B.A. Covalent cross-links in the cell wall. Plant Physiol. 1994,
104, 315-320.

Bartolome, B.; Faulds, C.B.; Tuohy, M.; Hazlewood, G.P.; Gilbert, H.J.; Williamson, G.
Influence of different xylanases on the activity of ferulic acid esterase on wheat bran. Biotechnol.
Appl. Biochem. 1995, 22, 65-73.



Int. J. Mol. Sci. 2013, 14 6977

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Hatfield, R.; Ralph, J.; Grabber, J.H. A potential role for sinapyl p-coumarate as a radical transfer
mechanism in grass lignin formation. Planta 2008, 228, 919-928.

Takahama, U.; Oniki, T. Enhancement of peroxidase-dependent oxidation of sinapyl alcohol by
an apoplastic component, 4-coumaric acid ester isolated from epicotyls of Vigna angularis L.
Plant Cell Physiol. 1997, 38, 456—462.

Mueller-Harvey, I.; Hartley, R.D.; Harris, P.J.; Curzon, E.H. Linkage of p-coumaryl and feruloyl
groups to cell wall polysaccharides of barley straw. Carbohydr. Res. 1986, 148, 71-85.
Morrison, T.A.; Jung, H.G.; Buxton, D.R.; Hatfield, R.D. Cell-wall composition of maize
internodes of varying maturity. Crop Sci. 1998, 38, 455—-460.

Hatfield, R.D.; Chaptman, A.K. Comparing-corn types for differences in cell wall characteristics
and p-coumaroylation of lignin. J. Agric. Food Chem. 2009, 57, 4243—-4249.

Scobbie, L.; Russell, W.; Provan, G.J.; Chesson, A. The newly extended maize internode.
A model study of secondary cell wall formation and consequences for digestibility. J. Sci.
Food Agric. 1993, 61, 217-225.

MacAdam, J.W.; Grabber, J.H. Relationship of growth cessation with the formation of diferulate
cross-links and p-coumaroylated lignins in tall fescue leaf blades. Planta 2002, 215, 785-93.
Jung, H.-J.G. Maize stem tissues: Ferulate deposition in developing internode cell walls.
Phytochemistry 2003, 63, 543—-549.

Fontaine, A.S.; Briand, M.; Barriere, Y. Genetic variation and QTL mapping of para-coumaric
and ferulic acid contents in maize stover at silage harvest. Maydica 2003, 48, 75-82.

Mechin, V.; Argillier, O.; Menanteau, V.; Barriere, Y.; Mila, 1.; Pollet, B.; Lapierre, C.
Relationship of cell wall composition to in vitro cell wall digestibility of maize inbred line stems.
J. Sci. Food Agric. 2000, 80, 574-580.

Harris, P.J.; Hartley, R.D. Detection of bound ferulic acid in cell walls of the Gramineae by
ultraviolet fluorescence microscopy. Nature 1976, 259, 508-510.

Waldron, K.W.; Parr, A.J.; Ng, A.; Ralph, J. Cell wall esterified phenolic dimers: Identification
and quantification by reverse phase high performance liquid chromatography and diode array
detection. Phytochem. Anal. 1996, 7, 305-312.

Saulnier, L.; Thibault, J.F. Ferulic acid and diferulic acids as components of sugar-beet pectins
and maize bran heteroxylans. J. Sci. Food Agric. 1999, 79, 396-402.

Bunzel, M.; Ralph, J.; Funk, C.; Steinhart, H. Isolation and identification of a ferulic acid
dehydrotrimer from saponified maize bran insoluble fiber. Eur. Food Res. Technol. 2003, 217,
128-133.

Funk, C.; Ralph, J.; Steinhart, H.; Bunzel, M. Isolation and structural characterisation of
8-0-4/8-0-4- and 8-8/8-0O-4-coupled dehydrotriferulic acids from maize bran. Phytochemistry
2005, 66, 363-371.

Bunzel, M.; Ralph, J.; Bruening, P.; Steinhart, H. Structural identification of dehydrotriferulic
and dehydrotetraferulic acids isolated from insoluble maize bran fiber. J. Agric. Food Chem.
2000, 54, 6409-6418.

Rouau, X.; Cheynier, V.; Surget, A.; Gloux, D.; Barron, C.; Meudec, E.; Louis-Montero, J.;
Criton, M. A dehydrotrimer of ferulic acid from maize bran. Phytochemistry 2003, 63, 899—903.



Int. J. Mol. Sci. 2013, 14 6978

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Piber, M.; Koehler, P. Identification of dehydro-ferulic acid-tyrosine in rye and wheat: Evidence
for a covalent cross-link between arabinoxylans and proteins. J. Agric. Food Chem. 2005, 53,
5276-5284.

Zarra, 1.; Sanchez, M.; Queijeiro, E.; Pena, M.J.; Revilla, G. The cell wall stiffening mechanism
in Pinus pinaster Aiton: Regulation by apoplastic levels of ascorbate and hydrogen peroxide.
J. Sci. Food Agric. 1999, 79, 416—-420.

Fry, S.C. Phenolic components of the primary cell wall and their possible role in the hormonal
regulation of growth. Planta 1979, 146, 343-351.

Kamisaka, S.; Takeda, S.; Takahashi, K.; Shibata, K. Diferulic and ferulic acid in the cell wall of
avena coleoptiles. Their relationships to mechanical properties of the cell wall. Physiol. Plant.
1990, 78, 1-7.

Azuma, T.; Okita, N.; Nanmori, T.; Yasuda, T. Relationship between the deposition of phenolic
acids in the cell walls and the cessation of rapid growth in internodes of floating rice.
Plant Prod. Sci. 2005, 8, 447-453.

Hossain, M.T.; Soga, K.; Wakabayashi, K.; Kamisaka, S.; Fujii, S.; Yamamoto, R.; Hoson, T.
Modification of chemical properties of cell walls by silicon and its role in regulation of the cell
wall extensibility in oat leaves. J. Plant Physiol. 2007, 164, 385-393.

Hatfield, R.D.; Ralph, J.; Grabber, J.H. Cell wall structural foundations: Molecular basis for
improving forage digestibilities. Crop Sci. 1999, 39, 27-37.

Jung, H.G.; Lamb, J.F.S. Stem morphological and cell wall traits associated with divergent
in vitro neutral detergent fiber digestibility in alfalfa clones. Crop Sci. 2006, 46, 2054-2061.
Jung, H.G.; Casler, M.D. Maize stem tissues: Impact of development on cell wall degradability.
Crop Sci. 2006, 46, 1801-1809.

Eraso, F.; Hartley, R.D. Monomeric and dimeric phenolic constituents of plant cell walls
possible factors influencing wall biodegradability. J. Sci. Food Agric. 1990, 51, 163—170.
liyama, K.; Lam, T.B.T. Structural characteristics of cell walls of forage grasses—Their
nutritional evaluation for ruminants—Review. Asian Austr. J. Anim. Sci. 2001, 14, 862—879.
Lam, T.B.T.; liyama, K.; Stone, B.A. Hot alkali-labile linkages in the walls of the forage grass
Phalaris aquatica and Lolium perenne and their relation to in vitro wall digestibility.
Phytochemistry 2003, 64, 603—607.

Martin, M.M. The evolution of cellulose digestion in insects. Philos. Trans. R. Soc. Lond. Ser. B
1991, 333, 281-288.

McGinnis, A.J.; Kasting, R. Dietary cellulose effect on food consumption and growth of a
grasshopper. Can. J. Zool. 1967, 45, 165-167.

Raubenheimer, D.; Simpson, S.J. The geometry of compensatory feeding in the locust.
Anim. Behav. 1993, 45, 953-964.

Scriber, J.M.; Slansky, F. The nutritional ecology of immature insects. Annu. Rev. Entomol.
1981, 26, 183-211.

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

Santiago, R.; Malvar, R.A. Role of dehydrodiferulates in maize resistance to pests and diseases.
Int. J. Mol. Sci. 2010, 11, 691-703.



Int. J. Mol. Sci. 2013, 14 6979

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Malvar, R.A.; Butron, A.; Ordés, B.; Santiago, R. Causes of Natural Resistance to Stem Borers
in Maize. In Crop Protection Research Advances; Williams, P.V., Ed.; Nova Science Publishers,
Inc.: New York, NY, USA, 2008; pp. 57-100.

Groh, S.; Gonzalez-de-Leon, D.; Khairallah, M.M.; Jiang, C.; Bergvinson, D.; Bohn, M.;
Hoisington, D.A.; Melchinger, A.E. QTL mapping in tropical maize: III. Genomic regions for
resistance to Diatraea spp and associated traits in two RIL populations. Crop Sci. 1998, 38,
1062-1072.

Barros-Rios, J. Fortificacion de la Pared Celular Como Mecanismo de Defensa Frente a la Plaga
del Taladro en el Maiz. Ph.D. Dissertation, University of Vigo, Pontevedra, Spain, 2012.
Markham, R.H.; Bosque-Pérez, N.A.; Borgemeister, C.; Meikle, W.G. Developing pest
management strategies for the maize weevil, Sitophilus zeamais, and the large grain borer,
Prostephanus truncatus, in the humid and sub-humid tropics. FAO Plant Prot. Bull. 1994, 42,
125-136.

Pingali, P.L.; Pandey, S. Meeting World Maize Needs: Technology Opportunities and Priorities
for the Public Sector. In World Maize Facts and Trends. Meeting World Maize Needs:
Technological Opportunities and Priorities for the Public Sector; Pingali, P.L., Ed.; International
Maize and Wheat Improvement Center: Texcoco, Mexico, 2001.

Burr, S.J.; Fry, S.C. Feruloylated arabinoxylans are oxidatively cross-linked by extracellular
maize peroxidase but not by horseradish peroxidase. Mol. Plant 2009, 2, 883—892.

Boutigny, A.-L.; Barreau, C.; Atanasova-Penichon, V.; Verdal-Bonnin, M.-N.; Pinson-Gadais, L.;
Richard-Forget, F. Ferulic acid, an efficient inhibitor of type B trichothecene biosynthesis and
Tri gene expression in Fusarium liquid cultures. Mycol. Res. 2009, 113, 746—753.

Boerjan, W.; Ralph, J.; Baucher, M. Lignin biosynthesis. Annu. Rev. Plant Biol. 2003, 54,
519-46.

Bonawitz, N.D.; Chapple, C. The genetics of lignin biosynthesis: Connecting genotype to
phenotype. Annu. Rev. Genet. 2010, 44, 337-363.

Baucher, M.; Monties, B.; van Montagu, M.; Boerjan, W. Biosynthesis and genetic engineering
of lignin. Crit. Rev. Plant Sci. 1998, 17, 125-197.

Barriere, Y.; Riboulet, C.; Méchin, V.; Maltese, S.; Pignon, M.; Cardinal, A.; Lapierre, C.;
Liibberstedt, T.; Martinant, J.P. Genetics and Genomics of Lignification in Grass Cell Walls
based on Maize as Model Species. In Genes, Genomes and Genomics; Global Science Books:
Isleworth, UK, 2007; pp. 133-156.

Coley, P.D. Herbivory and defensive characteristics of tree species in a lowland tropical forest.
Ecol. Monogr. 1983, 53, 209-233.

Raupp, M.J. Effects of leaf toughness on mandibular wear of the Ileaf beetle,
Plagiodera versicolora. Ecol. Entomol. 1985, 10, 73-79.

Felton, G.W.; Donato, K.; Delvecchio, R.J.; Duffey, S.S. Activation of plant foliar oxidases by
insect feeding reduces nutritive quality of foliage for noctuid herbibores. J. Chem. Ecol. 1989,
15,2667-2694.

Stevenson, P.C.; Anderson, J.C.; Blaney, W.M.; Simmonds, M.S.J. Developmental inhibition od
Spodoptera litura (Fab) larvae by a novel caffeoylquinic acid form the wild groundnut,
Arachis paraguariensis (Chod et Hassl). J. Chem. Ecol. 1993, 19, 2917-2933.



Int. J. Mol. Sci. 2013, 14 6980

137.

138.

139.

140.

141.

142.

McMullen, M.D.; Frey, M.; Degenhardt, J. Genetics and biochemistry of insect resistance in
maize. Handbook Maize 2009, doi:10.1007/978-0-387-79418-1 14.

Vance, C.P.; Kirk, T.K.; Sherwood, R.T. Lignification as a mechanism of disease resistance.
Annu. Rev. Phytopathol. 1980, 18, 259-288.

Stange, R.R.; Ralph, J.; Peng, J.P.; Sims, J.J.; Midland, S.L.; McDonald, R.E. Acidolysis and hot
water extraction provide new insights into the composition of the induced “lignin-like” material
from squash fruit. Phytochemistry 2001, 57, 1005-1011.

Zhang, S.-H.; Yang, Q.; Ma, R.-C. Erwinia carotovora ssp. Carotovora infection induced
“defense lignin” accumulation and lignin biosynthetic gene expression in chinese cabbage
(Brassica rapa L. ssp pekinensis). J. Integr. Plant Biol. 2007, 49, 993—-1002.

Karkonen, A.; Koutaniemi, S. Lignin biosynthesis studies in plant tissue cultures. J. Integr.
Plant Biol. 2010, 52, 176-185.

Ride, J.P. The effect of induced lignification on the resistance of wheat cell walls to fungal
degradation. Physiol. Plant Pathol. 1980, 16, 187—-192.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



