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The stem borer Sesamia nonagrioides (Lefebvre) is the most important insect pest that attacks maize,
Zea mays L., in northwestern Spain. Host plant resistance to this borer was investigated in relation
to the cell wall phenylpropanoids content in the pith. Eight inbred lines that differ in resistance were
analyzed. Three major simple phenolic acids, p-coumaric, trans-ferulic, and cis-ferulic acids, and
three isomers of diferulic acid, 8-5', 8-O-4', and 8-5'b (benzofuran form), were identified. The amount
of all these compounds was correlated with the resistance level in the genotypes, with the resistant
inbreds having the highest concentrations. The role of these compounds in cell wall fortification and
lignification is well-documented, suggesting their possible intervention in S. nonagrioides resistance.
Future studies that focus on these compounds could be useful to enhance S. nonagroides resistance.
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INTRODUCTION Diatraea grandiosella(Dyar), Spodoptera frugiperdgqJ. E.
Smith), andS. nonagrioideg5—8). However, the DIMBOA
concentration decreases as the plant grows, so it fails to protect

years in the Mediterranean regioris{3). In Spain, it has two the plants from attack of second generation borers, as well as

generations per year. First generation larvae affect plant grovvthsome other Iepldopter.an.pests .Of coﬁ).(. i

by leaf feeding during the whorl stage, causing direct yield There has been a significant increase in the research interest

losses, although the main importance is on the second generatioffirécted toward the hydroxycinnamic acids in maize. Hydroxy-

larvae that feed on the pith stem during plant development, Cinnamic acids and their derivatives are ubiquitous in the plant

reducing plant growth, grain size, and causing indirect yield kingdom in both soluple and bound forms and have. roles in

losses as a consequence of lodgidy ( cell wall structure and insect defense (10). Fpeoumaric (1)
Host-plant resistance has become the center of attention in2"d ferulic (2) acids have been reported to be phagostimulants

integrated pest management programs. Understanding the mecHO" the spotted stem boreChilo partellus(Swinhoe) (11), but
anism of host-plant resistance will aid in the identification of Mhibit feeding of other insects such &itophilus zeamais
genes that confer resistance and in the development of resistangMotschulsky) (12) Figure 1). Compoundl was toxic to the
varieties through classical breeding or biotechnology. Plant WO-spotted spider mit&etranychus urtica&och (13), and2

resistance studies have often focused on the identification of WaS toXic in some situations to the sap bee@aypophilus

biologically active compounds as possible defense mechanismsemipterugL.) (14). Recent studies have suggested that higher

In maize, there is considerable scientific documentation on the duantities of freel in the pith of resistant maize inbreds could
antibiotic effect of 3,4-dihydro-2,4-dihydroxy-7-methoxy-2H- contnbytg in the resistance & nonagr0|de$l_5). In the same
1,4-benzoxazin-3-one (DIMBOA) and its degradation products, Study. it is suggested thatand 2 may comprise a pool from

3,4-dihydro-2-hydroxy-7-methoxy-2H-1,4-benzoxazin-3-one and which other various hydroxycinnamic acids and their esters
6-methoxybenzoxazolinone, o@strinia nubilalis (Hiibner), could be formed, providing mechanical resistance through cell
wall fortification.

Cell wall bound forms of phenolic acids are the major

Sesamia nonagrioidgd efébvre) (Lepidoptera: Noctuidae)
has become a serious pest of cafea mayd.., during recent

* To whom correspondence should be addressed. Tel: 613-759-1618.

Fax: 613-952-9295. E-mail: rsc@uvigo.es. phenylpropanoid components in cereals and consist largely of
IXS;vcefﬁligdaﬂg Xlgr(?-Food Canada 1 and 2 hydroxycinnamic acids 16). Several reports have
ICUltu I- . . . .
s Spanish Council for Scientific Research (CSIC). established that these phenolics are ester-linked to cell wall
'University of Ottawa. polysaccharides (arabinoxylan) and may be dimerized under the
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Figure 1. Chemical structures of cell wall phenylpropanoids identified in the pith tissue of eight maize inbred lines.

activity of cell wall or intracellular peroxidased ). Such with cell wall fortification in the pith of maize stalks. Our goal
dimmers [mainly diferulic acids (DFAs)] (Figure 1) can serve was to determine the relationship between the concentration of
as cross-linking agents within the cell wall to increase mechan- cell wall phenylpropanoids and the level of resistance for the
ical strength and render tissue less accessible to herbivoresstem and the pith.
Phenylpropanoids have been studied as a line of defense against
maize insect pests feeding on different tissues. _In the whole MATERIALS AND METHODS
kernel, the role of cell wall bound phenolics in resistanc&to
zeamaishas been demonstrateti8( 19), and recently, several Experimental Design.Eight maize inbred lines previously evaluated
isomers of DFAs have been identified and characterized within for stem and pith resistance were used in this stithble 1). Stem
the maize pericarp and aleurone and proposed as structuratesistance was based mainly on reduced gallery length after artificial
components of cell wall20) and resistance factors to maize infestation withS. nonagrioidesn the field 26), while pith resistance
weevil (S. zeamajs (21) and Fusarium ear rotFsarium was based on laboratory bioassays, in which larval growth was
graminearum(Schwabe)] (22). In addition, some phenylpro- Imeasured after feetdF')”g tthe 'j“"ae |W|tht_ma|_ze p'tt?] t'SQtYQ-('gbre?d @2
H ; H H H R ihi_ lINes were grown at Pontevedra, a location In northwestern ain

t)anmd q§r|vat|v¢s present in maize kern_els have shown inhibi- 25/ N. &° 398' W and 20 m above sea level) in 2002 and 2083. The
ory activity against aflatoxin biosynthesig3). In the leaves, ! . ; . i

. . . : experimental design was a randomized complete block design with three
higher levels of cell wall phenolics have been found in resistant

b o bilal d replicates. Each plot had two rows spaced 0.80 m apart, and each row
genotypes to European corn borer (Ostrinia nubilal&)(an consisted of 25 two-kernel hills spaced 0.21 m apart. After plants were

the tropical borershiatraea grandiosellgDyan) andDiatraea thinned to one per hill, the plant density was approximately 60000 plants
saccharalig(Fabricius) g5). The current study extends previous ha -1, The soil type was acid sandy loam. Trials were irrigated once,
research on phenolic compounds in the grain and leaves of maizeand cultural operations, fertilization, and weed control were carried
by determining if resistance t8. nonagrioidecan be related  out according to local practices.
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Table 1. Pedigree, Stem Resistance, and Pith Resistance for the Table 2. Mean Concentration for Cell Wall Phenylpropanoids Identified
Eight Maize Inbred Lines Used in This Study in the Pith of Eight Maize Inbred Lines Grown in Pontevedra in 2002
and 20032
inbred stem pith
line pedigree resistance? resistance? uglgb
A509 A78 x A109 resistant resistant simple hydroxycinnamates® diferulates®
CM151 Mtd2 x WF9? resistant resistant inbred line 1 2 3 4 5 6
C0125 Pfister 44 resistant resistant
EP39 Fino resistant resistant A509 6437b 1795b 86.8b  77.6b 1009ab 78.0b
EP42 Tomifio susceptible susceptible CM151 4950c 1784b  71.6c  71.7b 81.6bc 689b
EP47 (EP4 x A239) EP42 susceptible susceptible C0125 8486a 2144a 1187a 96.7a 1246a 988a
F473 Doré de Gomer resistant susceptible EP39 3953d 1859b  77.1bc 721b 952bc 732b
PB130 Rojo vinoso de Aragon resistant susceptible EP42 4874c¢ 1769b  722c  622bc  73.7cd 60.4b
EP47 4280cd 1885b  59.7d  68.3b 75.7bc  625b
a : ot g F473 4280cd 1284c  49.2de 448¢c 449e 388¢
Stem resistance classification based on reduced gallery length after artificial PB130 3060d  1038c 422e  463c A94de 414c

infestation in the field (26).  Pith resistance classification based on the growth of

LSD (P =< 0.05 788 250 111 17.6 16.8 17.9
the larvae reared on the pith of each inbred line (27). ( )

] ) o @ Means within a column followed by the same letter are not significantly different
To accurately define the inbred’s silking date, plots were checked (p < 0,05). b ugig dry weight concentration. ¢ Simple hydroxycinnamates: 1,

until 50% of plants had exposed silks. At silking time and 15 and 30 . coumaric acid; 2, trans-ferulic acid; and 3, cis-ferulic acid. Diferulates: 4, 8-5'-
days after silking, the fourth above-ground internode was hand- pra: 5 8-0-4'-DFA: and 6, 8-5'-DFA benzofuran form.

harvested. Five to eight plants were collected depending on the amount

of tissue. The pith tissue was obtained by manually removing the rind
and immediately frozen (—28C).

Cell Wall Phenylpropanoids Extraction. Extraction of cell wall
phenolics was based on a procedure previously descrig@dwith
some minor modifications. The dry pith material was ground in a Wiley RESULTS AND DISCUSSION
mill (Arthur H. Thomas, Philadelphia, PA) with a 0.75 mm screen, The maize inbreds used in this study were selected to
and then, 1 g of sample was extracted in 30 mL of 80% methanol and represent a wide spectrum of susceptibilitySononagrioides
mixed with a Polytron mixer (Brinkman Instruments, Westbury, NY). Tapje 1), and as expected, we observed a significant variation
Samples were extracted for 1 h and next centrifuged for 10 min at in the ceil wall phenylprop’anoid contents of their pith tissue

1000g. The supernatant was discarded, and the remaining pellet . . . .
containing the cell wall bound material was then shaken in 20 mL of (Table 2). Data for three major simple phenolic acigs,

2 N NaOH under nitrogen flow for 4 h. Digested samples were coumaric (1),trans-ferulic (2), andcis-ferulic (3) acids, and
neutralized with 6 N HCI, and the pH was lowered to 2.0. After three isomers of DFA, 8:8DFA (4), 8-O-4-DFA (5), and 8-5*
centrifugation, the supernatant was collected and the pellet was washed-DFA (benzofuran form) (6), identified and quantified by
twice with distilled water (10 mL each). Supernatants were pooled and HPLC are shown (Figure land Table 2). The identified
then extracted twice with ethyl acetate (40 mL each). Collected organic compounds were grouped into simple hydroxycinnamates
fractions were combined and reduced to dryness using a Speed Vaq(1—3) and diferulates (4—6).
(Savant Instruments, Holbrook, NY)rf@ h atmedium settings without Significant differencesR < 0.05) among inbreds were found
a radiant cover. The final extract was dissolved in 3 mL of high- ¢, the content of monomers a3 in the combined ANOVA
performance liquid chromatography (HPLC) grade methanol and stored (Table 2). Compoundl was found to be the predominant
at —20 °C prior to HPLC analysis. s . C o .
phytochemical species of the cell wall phenolics in the pith of

HPLC Analysis of Cell Wall Phenylpropanoids. Each sample was .
filtered through a 0.2:m pore poly(tetrafiuoroethylene) filter (Chro- &/l génotypes studied. Compougds 70% less concentrated.

matographic Specialties, Brockville, ON) before analysis. All analyses COmpoundsl and2 are the most prevalent phenylpropanoids
were performed using a Hewlett-Packard ChemStation series 11000f maize stems32, 33). The cis stereoisome¥ was only a
chromatograph with a YMC ODS-AM (Waters, Milford, MA) narrow ~ minor constituent (less than 5% of the total ferulic acid) and
bore column (100 mnx 2 mm i.d.; 3uM particle size). The solvent ~ may be partly the result of a stereoisomerization during the
system consisted of acetonitrile (A) and trifluoroacetic acid (0.05%) extraction process. This study is different from previous studies
in water (pH 3.4) (B) at a flow rate of 0.3 mL/min. The elution  with grain and leaves, which reported a greater amour of
condition_s were as follows: initial _conditio_ns 10:90 (A:B), c_hangir)g than1 (21, 25), but our results are in accordance with previous
ihen rsocrati luion with 100:0 for 45 min. finally returning to e Studies focused on the pith, where thwas the most abundant

: ) ! phenolic compound3d). The inbred line CO125 had the highest

initial conditions in 3 min. The sample injection volume wag(¥4, . .
and the elution profiles were monitored by UV absorbance at 325 and concentrations for both compounds, while the EP39 and PB130

280 nm. Retention times were compared with freshly prepared standardh@d the lowest concentrations farand 2, respectively. The

solutions ofp-coumaric and ferulic acids (Sigma, St. Louis, MO) and individual inbreds EP42 (susceptible) and CM151 (resistant)

of 5-5'-DFA synthesized by the group of N. Towers (University of possessed similar concentrations for both mononiablé 2).

British Columbia, Vancouver, Canada). The absorption UV spectra of However, in contrast analyses (between all resistant and all

other diferulates were compared with published spe2® [To confirm susceptible inbreds), there were significantly larger concentra-

the presence and identities of different DFAs, a liquid chromatography  tions of1 in all resistant groups and higher amountLar the

mass spectrometry procedure with atmospheric pressure chemicalyith resjstant groupTable 3). In individual inbreds, different

ionization (APCI) in positive mode was used on selected sampBs (o chanisms may operate, such as the presence of an antixenotic
Statistical Analysis. Combined analyses of variance (ANOVA) for 056110 that could act as an insect repellent or higher hardness

the cell wall phenylpropanoids identified were computed with the PROC . . o, . -
GLM procedure of SAS30). Year and replication were considered of tissues that decrease the feeding facilities, altering this way

random. Comparisons of means among inbreds were made by FishetN€ actual relation of these compounds with $1@onagrioides
protected least significant difference (LSD) meth@&l); We also resistance (1527).

carried out contrast among groups of resistant and susceptible inbreds Other studies reported thatand 2 act as factors in host-
based on stem and pith resistance. We grouped the inbreds in resistanplant interactions (2122, 34, 35). Populations of maize with

(R), susceptible (S), and variable (V). Inbred lines stem resistant and
pith susceptible, or vice versa, were classified as variable (V).
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Table 3. Contrast for Cell Wall Phenylpropanoids Identified in the Pith
of Eight Maize Inbred Lines Grown in Pontevedra in 2002 and 20032
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Table 4. Mean Concentration of Cell Wall Phenylpropanoids Identified
in the Pith of Eight Maize Inbred Lines Grown in Pontevedra in 2002

and 2003 during Three Sampling Dates?

nglg®
b
simple hydroxycinnamates® diferulatese 19l
resistance group 1 2 3 4 5 6 simple hydroxycinnamates diferulates
stem resistance sampling 1 2 3 4 > 6

resistant 535la 1634a 739a 675a 8l9a 658a at silking 4307a 1395b 556a 558a 59.6a 50.3a
susceptible 4537h  1834a 660a 655a 753a 6l8a 15 days after 4683a 1520b  644a 579a 73la 575a
LSD (P < 0.05) 782 silking

pith resistance 30 days after 6495a 2180a 96.3a 88la 108.7a 87.3a
resistant 5987a 1899a 89.6a 80.0a 101.7a 804a silking
susceptible 4349h  1494b  558b 554b 60.9a 50.8b LSD (P = 0.05) 153

LSD (P < 0.05) 595 162 84 6.4 7.0
stem and pith resistance

@Means within a column and resistance group followed by the same letter are

resistant 5888a 1931a 91.1a 81.0a 1021a 8l4a not significantly different (P < 0.05).  uglg dry weight concentration. ¢ Simple
susceptible 4537b  1834a 66.0b 655b  753b 61.8b hydroxycinnamates: 1, p-coumaric acid; 2, trans-ferulic acid; and 3, cis-ferulic acid.
variable 4864b  1364b  589b 558¢  644b 523D Diferulates: 4, 8-5'-DFA; 5, 8-0-4'-DFA; and 6, 8-5'-DFA benzofuran form.

LSD (P =< 0.05) 822 199 12.0 9.3 144 10.2

PB130, classified as susceptible in pith resistance, showed the
lowest (Table 3). This reinforces the possible role of phenyl-
propanoids inS. nonagroidesresistance. Cross-linking of
polysaccharides by DFAs is considered particularly important
in the fortification of the cell walls40), and these dimers have
been correlated with tissue toughness and pest resistance in
high phenolic acid content in the grain were more resistant to previous studies(l, 25). Additional evidence for the possible
attack byS. zeamaishan those with low phenolic acid content  (gle of DFAs was provided by the observation that DFAs
(36). Both cell wall boundl and 2 showed higher levels in increased in cycles of selection for borer resistance in the maize
leaves of resistant lines 0. grandiosellaandD. saccharalis,  synthetic BS934). On the basis of this report and on the results
with 19% morel and 23% more2 (25). In addition, the  gptained in this study, three cycles of recurrent selection to
concentrations of these compounds were significantly and improve stalk resistance t&. nonagrioidesin the maize
negatively correlated to leaf feeding damage by different borer synthetic EPS12 are currently in evaluation for the phenyl-
species (2535), and further investigations showed a negative ropanoids content in the pith.
relationship between damage parameters for the pith tissue and In relation with the changes in the concentration during
1 content (34). Concerning the possible way that these com- maturation, an increase @falong the three harvest times was
pounds could contribute to the resistandemonomers are  gpserved (Table 4). This agrees with recent observations that
primarily esterified to syringil units in lignins (37—39), S0 its  showed a continued accumulation 2fin the secondary cell
and jointly with its dimers (DFAS) could cross-link arabinoxy- compounds, although the whole period checked was not long
lans chains to each other and to lignin enhancing the cell wall enough to confirm significant differences (Table 4).
strengthening and stiffeninglQ—42). In this way, both com- In summary, the cell wall phenylpropanoids in the pith tissue
pounds.could be relatec_i with insect resistance due to an increasgf maize stalks appear to be important in conferring resistance
of the tissues mechanical strength that could decrease larvaqg s, nonagrioidesittack. Their role in the cell wall fortification
penetration and feeding, a mechanism already proposed for someyas heen noted in the literature, and this structural resistance
other authors (2125, 34, 43). could be more difficult to overcome than a toxic defense. In
In addition, recent studies have noted diferulates as anthe future, quantitative traits locus mapping for these cell wall

example of secondary metabolites with functions in conferring components could be a useful tool for enhancing resistance to
structural reinforcement and hence resistar¥ 25). Up to S. nonagrioides.

eight forms of dehydrodimers of ferulic acid (DFAs) have been
discovered (44) since the first isomer, the 'Sé¥m, was first
reported in the cell wall o riticum aestium(44). Four isomers

were pre_V'OUSIV identified in grain and leaves of mai24,( P.; Ordas, A. Population dynamics and life-cycle of corn borers

25). In this study, we clearly observed the presence of three of in South Atlantic European coadilaydica1998,43, 5-12.

them in the pith tissue4—6 (Table 2). The signal in the UV (2) Albajes, R.; Konstantopoulou, M.; Etchepare, O. Mating disrup-

detector was not clear for definitive identification of 5-5'-DFA tion of the corn borerSesamia nonagrioide$lepidoptera:

due to its trace amounts and the coelution with some other Noctuidae) using sprayable formulations of pheromddep

compounds. Therefore, it was not included in the study. The Prot. 2002,21, 217—225.

5-5'-DFA represents only a small and variable portion of the ~ (3) Gianessi, L.; Sankula, S.; Reigner, Rlant Biotechnology:

total diferulates in cell grass wallg¥g). ZOt?”tl'?' 'm&acst for 'mpm'][“-f’”':e“ '\C"a”agsetmdeg;'”,\'f“tf"pel"’m
Significant differencesR < 0.05) among inbreds were found gricutiure. A summary ot fnree f.ase Stupiese vationa

for the main diferulates, with the resistant inbred CO125 having Center for Food and Agricultural Policy: Washington, DC,

- . : 2003; Internet: http://www.ncfap.org/reports/Europe/
the highest values and the variable inbreds F473 and PB130 ExecutiveSummaryJune.def). p-orgirep P

the lowest (Table 2). Furthermore, in the stem and pith  (4) Larue, P. La Sésamie du isaSesamia nonagrioidekef.).
classification, the resistant genotypes showed the highest Dégés et actualisation de la luttea D&fense des \(taux1984
amounts of diferulates, and the variable genotypes F473 and 227, 163—179.

@ Means within a column and resistance group followed by the same letter are
not significantly different (P < 0.05). b ug/g dry weight concentration. ¢ Simple
hydroxycinnamates: 1, p-coumaric acid; 2, trans-ferulic acid; and 3, cis-ferulic acid.
Diferulates: 4, 8-5'-DFA; 5, 8-0-4'-DFA; and 6, 8-5'-DFA benzofuran form.

LITERATURE CITED
(1) Cordero, A.; Malvar, R. A.; Butron, A.; Revilla, P.; Velasco,



2278 J. Agric. Food Chem., Vol. 54, No. 6, 2006

(5) Barry, D.; Alfaro, D.; Darrah, L. L. Relation of European corn
borer Lepidoptera, Pyralidae) leaf-feeding resistance and DIM-
BOA content in maizeEnviron. Entomol1994,23, 177—182.

(6) Kumar, P.; Moreland, D. E.; Chilton, W. S. H-1, 4-benzoxazin-

3(4H)-one, an intermediate in the biosynthesis of cyclic hydrox-

amic acids in maizePhytochemistryi994,36, 893—898.

Nicollier, G. F.; Hedin, P. A;; Davis, F. M. 5-, 6-, and

7-Methoxybenzoxazolinone: Carbon-13 nuclear magnetic reso-

nance spectra and biological activify.Agric. Food Chenl 982,

30, 1133—1135.

Gutiérrez, C.; Castafiera, P.; Torres, V. Wound-induced changes

in DIMBOA (2,4-dihydroxy-7-methoxy-2H-1,4-benzoxazin-

3(4H)-one) concentration in maize plants causedSegamia
nonagrioides(Lepidoptera: Noctuidaenn. Appl. Biol.1988,

113, 447—454.

(9) Mihm, J. A. Breeding for host plant resistance to maize stem
borers.Insect Sci. Appl1985,6, 369—377.

(10) Bergvinson, D. J.; Garcia-Lara, S. Genetic approaches to reducing
losses of stored grain to insects and diseaSas.. Opin. Plant
Biol. 2004,7, 480—485.

(11) Torto, B.; Hassanalli, A.; Saxena, K. N.; Nokoe, S. Feeding
responses dthilo partellus(Swinhoe) (Lepidoptera: Pyralidae)
larvae to sorghum plant phenolics and their analogligShem.
Ecol. 1991,17, 67-68.

(12) Serratos, A.; Arnason, J. T.; Nozzolillo, C.; Lambert, J. D. H.;
Philogéne, B. J. R.; Fulcher, G.; Davidson, K.; Peacock, L.;
Atkinson, J.; Morand, P. Factors contributing to resistance of
exotic maize populations to maize weewdlitophilus zeamais.

J. Chem. Ecol1987,13, 751—762.

(13) Leszczynski, B.; Wright, L. C.; Cone, W. W.; Kenny, S. T. Hop
leaf phenolics and resistance to the spotted spider tifegric.
Entomol.1988,5, 257—266.

(14) Dowd, P. F. Responses Garpophilus hemipterutarvae and
adults to selected secondary metabolites of m&né&émol. Exp.
Appl. 1990,54, 29-36.

(15) Santiago, R.; Malvar, R. A.; Baamonde, M. D.; Revilla, P.; Souto,
X. C. Free phenols in maize pith and their relationship with
resistance tdSesamia nonagrioided_epidoptera: Noctuidae)
attack.J. Econ. Entomol2005,98, 1349—1356.

(16) Hartley, R. D.; Jones, E. C. Phenolic components and degrad-
ability of the cell walls of the brown midrib mutant, bm3, of
Zea maysJ. Sci. Food Agric1978,29, 777—789.

(17) Fry, S. C.; Willis, S. C.; Paterson, A. E. J. Intraprotoplasmic

and wall-localized formation of arabinoxylan-bound diferulates

and large ferulate coupling-products in maize cell-suspension

cultures.Planta 2000,211, 679—692.

Arnason, J. T.; Baum, B.; Gale, J.; Lambert, J. D. H.; Bergvinson,

D.; Philogéene, B. J. R.; Serratos, J. A.; Mihm, J. A.; Jewell, D.

C. Variation in resistance of Mexican landraces of maize to maize

weevil Sitophilus zeamais, in relation to taxonomic and bio-

chemical parameter&uphytical994,74, 227—236.

Arnason, J. T.; Conilh de Beyssac, B.; Philogéne, B. J. R,;

Bergvinson, D.; Serratos, J. A.; Mihm, J. A. Mechanism of

resistance in maize grain to the maize weevil and the larger grain

borer. In Insect Resistance Maize: Recentvédces and

Utilization; Proceeding of an international symposium held at

CIMMYT; Mihm, J. A., Ed.; CIMMYT: México D. F., México,

1997; pp 91—95.

Saulnier, L.; Thibault, F.-J. Feluric acid and diferulic acids as

components of sugar-beet pectins and maize bran heteroxylans.

J. Sci. Food Agric1999,79, 396—402.

(21) Garcia-Lara, S.; Bergvinson, D.; Burt, A. J.; Ramputh, A. |.;
Diaz-Pontones, D. M.; Arnason, J. T. The role of pericarp cell
wall components in maize weevil resistan€rop Sci.2004,

44, 1546—1552.

(22) 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.; Philogéne, B. J. R. Dehydrodimers of ferulic acid

@)

®)

(18)

19)

(20)

Santiago et al.

in maize grain pericarp and aleurone: Resistance factors to
Fusarium graminearumPhytopathology2003 93, 712—719.

(23) Mellon, J. E.; Moreau, R. A. Inhibition of aflatoxin biosynthesis
in Aspergillus flavusby diferuloylputrescine and-couma-
royleruloylputrescineJ. Agric. Food Chem2004,52, 6660—
6663.

(24) Bergvinson, D.; Hamilton, R. I.; Arnason, J. T. Leaf profile of
maize resistance factors to European corn bo€strinia
nubilalis. J. Chem. Ecol1995,21, 343—354.

(25) Ramputh, A. I. Soluble and cell wall bound phenolic-mediated
insect resistance in corn and sorghum. Ph.D. dissertation, Ottawa-
Carleton Institute of Biology, Ontario, Canada, 2002.

(26) Butron, A.; Malvar, R. A.; Cartea, M. E.; Ordas, A.; Velasco,
P. Resistance of maize inbreds to pink stem bo@rop Sci.
1999,39, 102—107.

(27) Ordas, B.; Butron, A.; Soengas, P.; Ordas, A.; Malvar, R. A.
Antibiosis of the pith maize t&Sesamia nonagrioidef_epi-
doptera: Noctuidae)l. Econ. Entomol2002,95, 1044—1048.

(28) Bily, A. C.; Burt, A. J.; Ramputh, A.; Livesey, J.; Regnault-
Roger, C.; Philogene, B. J. R.; Arnason, J. T. HPLC-PAD-APCI/
MS assay of phenylpropanoids in ceredhytochem. Anal.
2004,15, 9-15.

(29) Waldron, K. W.; Parr, A. J.; Ng, A.; Ralph, J.; Williamson, G.
Cell wall esterified phenolic dimers: Identification and quanti-
fication by reversed phase high performance liquid chromatog-
raphy and diode array detectid?hytochem. Anall996,7, 305—

312.

(30) SAS.The SAS SysterBAS Online Doc. HTML format, version
8; SAS Institute: Cary, North Carolina, 2000.

(31) Steel, R. D. G.; Torrie, J. H.; Dickey, D. Arinciples and
Procedures in Statistics: A Biometrical ApproacBrd ed.;
McGraw-Hill Ed.; New York, 1997.

(32) Eraso, F.; Hartley, R. D. Monomeric and dimeric phenolic
constituents of plant cell walls-possible factors influencing wall
biodegradabilityJ. Sci. Food Agric1990,51, 163—170.

(33) Jung, H. J. Maize stem tissues: Ferulate deposition in developing
internode cell wallsPhytochemistry2003,63, 543—549.

(34) 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 inbredan. J. Bot.1994,72,

1243-1249.

Classen, D.; Arnason, J. T.; Serratos, J. A.; Lambert, J. D. H,;

Nozzolillo, C.; Philogéne, B. J. R. Correlation of phenolic acid

content of maize to resistance to Sitophilus zeamais, the maize

weevil in CIMMYT's collections.J. Chem. Ecol1990,16, 301—

315.

Ralph, J.; Hatfield, R. D.; Quideau, S.; Helm, R. F.; Grabber, J.

H.; Jung, H. G. Pathway gf-coumaric acid incorporation into

maize lignin as revealed by NMR. Am. Chem. S04994,116,

9448—-9456.

(38) Grabber, J. H.; Quideau, S.; Ralphpoumaroylated syringyl
units in maize lignin; implications fop-ether cleavage by
thioacidolysis.Phytochemistry1 996,43, 1189—1194.

(39) Lu, F.; Ralph, J. Detection and determinatiop-coumaroylated
units in lignins.J. Agric. Food Chem1999,47, 1988—1992.

(40) Grabber, J. H. How do lignin composition, structure, and cross-
linking affect degradability? A review of cell wall model studies.
Crop Sci.2005,45, 820—831.

(41) Jung, H. G. Forage lignins and their effects on fiber digestibility.
Agron. J.1989,81, 33-38.

(42) Ralph, J.; Hatfield, R. D.; Grabber, J. H.; Jung, H. G.; Quideau,
S.; Helm, R. F. Cell wall cross-linking in grasses by ferulates
and diferulates. IrLignin and Lignan Biosynthesisewis, N.

G., Sarkanen, S., Eds.; American Chemical Society: Washington,
DC, 1998; pp 209-236.

(35)

(36)

(37



Phenylpropanoids and Resistance to S. nonagrioides J. Agric. Food Chem., Vol. 54, No. 6, 2006 2279

(43) Bergvinson, D. J.; Arnason, J. T.; Hamilton, R. I.; Mihm, J. A,; grass cell wallsJ. Chem. Soc., Perkins Trarnk994,1, 3485—
Jewell, D. C. Determining leaf toughness and its role in maize 3498.
resistance to the European corn borer (Lepidoptera: Pyralidae).
J. Econ. Entomol1994,87, 1743—-1748. Received for review September 30, 2005. Revised manuscript received

(44) Grabber, J. H.; I_-|at_f|e|d_, R.D; Ralph, J.; Zon, J.; Amhreln, N. January 20, 2006. Accepted January 22, 2006. R.S. acknowledges a
Ferulate. cross-linking in cell-wall isolated from maize cell fellowship from Fundacion Alfonso Martin Escudero (Madrid, Spain).
SuspensmnsPhytochem|strﬂ995,403 107.7_1(.)82' . This research was supported by the National Plan for Research and

(45) Markwalder, H. U.; Neukom, H. Diferulic acid as a possible ey elopment of Spain (Projects Cod. AGL2001-3737 and AGL2003-
cross-link in hemicelluloses from wheat gerfytochemistry 0961) and the Natural Sciences and Engineering Research Council

1976,15, 835—837. :
1 MFA and discovery programs).
(46) Ralph, J.; Quideau, S.; Grabber, J. H.; Hatfield, R. D. Identifica- ( Iscovery programs)

tion and synthesis of new ferulic acid dehydrodimers present in JF0524271



