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ABSTRACT

Host plant resistance of maize, Zea mays L., to the European corn borer (ECB),
Ostrinia nubilalis Hiibner, has been largely attributed to the hydroxamic acid DIMBOA.
However, DIMBOA does not consistently account for observed resistance in both field and
greenhouse environments. It was hypothesized that phenolic acids, a major secondary
metabolite in plants, make an important contribution to resistance, through cell wall
carbohydrate complexes.

Preliminary studies incorporating ferulic acid into the meridic diet of the ECB did not
show any adverse effects until 10 mg/g, a dosage that is approximately 30 times that found in
maize. Semi-preparative samples of sugar conjugates of ferulic and p-coumaric acids were
tested using leaf-feeding bioassays that showed phagostimulant activity at ecologically
relevant dosages. These observations suggested that soluble phenolics did not make a major
contribution to host plant resistance but may be used for host plant recognition by the ECB.

Phenolic acids, namely E-ferulic and E-p-coumaric acids, occur largely in the cell wall
as complexes bound by ester linkages to an arabinose moiety of the major hemicellulose of
maize cell walls, arabino-xylose. Bound phenolics can form dimers with adjacent phenolic
acids through the absorption of near ultraviolet light to form cyclobutane dimers or by the
action of peroxidase to form dehydrodiphenolic acids. It was hypothesized that these dimers,
cross-linked phenolic acid-carbohydrate complexes, could constitute 2 quantitative defence
against the ECB. To assess quantitative defences an instron technique for leaf toughness was
developed that showed significant correlations of leaf toughness and field resistance for five
diverse germplasm sources. Microspectrophotometry and staining techniques for localizing
and quantifying cell wall phenolics were also developed for maize tissue.

Developmental studies of a resistant maize synthetic using leaf bioassays and standard
phytochemical procedures showed ECB larvae prefer to feed on immature tissue within the
whorl and on plants between the 3- and 7-leaf stages of development. These preferred tissues
had elevated levels of DIMBOA and lower levels of cell wall phenolics and lower levels of
detergent fibre than more mature leaf tissue. Leaf toughness related inversely to leaf’
consumption. Microspectrophotometer readings of abaxial, epidermal cell walls best
predicted insect preference for leaf tissues of different maturity. These studies showed that



leaf toughness, vis a vis phenolic acid-carbohydrate compiexes, is one of the major resistance
factors which can account for larval feeding behavior.

Environmental factors also influence maize resistance, with light quality having a
significant impact. Plastic with UV blocking agents was used to reduce the incidence of near
ultraviolet light. Under reduced UV light conditions, maize resistance in both greenhouse and
field environments was reduced as were the levels of cell wall bound cyclobutane dimers.
Cyclobutane dimers appear to increase the mechanical strength of leaf tissue by cross-linking
hemicelluloses.

Using the synthetic BS9 (cycle C0, C2, C4, C5), the changes in maize phytochenustry
and nutritional quality that accompanied increased resistance were monitored for leaf (mature
and immature), sheath, stalk, node and pith tissues. DIMBOA levels increased with selection
as did fibre content and the cell wall phenolics p-coumaric acid and dehydrodiferulic acid.
Microspectrophotometry results show that epidermal cell wall absorbance by phenolics
provides the best prediction for the observed changes in resistance over cycles of selection.

Cuitivars developed at the International Center for Maize and Wheat Improvement
have resistance to several lepidopteran borer species but the mechanism of this resistance is
unknown. Phytochemical screening of 13 cultivars was conducted for field grown plants
during the mid-whorl stage. Correlations of field resistance were highest for fibre,
dehydrodiferulic acid content and protein content. A nuitional model for host plant
resistance in maize based on these three plant components was proposed that accounts for 78
to 87 percent of the variation in field damage ratings observed over two years.

According to Feeny's hypothesis of plant apparency, maize appears to rely heavily on
quantitative defences. This is logical given the extensive areas planted in maize, with many
areas employing no-till practices and continuous cropping which elevate the apparency of
maize to insect pests. Phenolic acid - carbohydrate complexes have been demonstrated in this
study to be a major component in this defence strategy.



RESUME

La résistance du mais, Zea mays L., 4 la pyrale, Ostrinia nubilalis Hubner, a €€
attribuée 4 Facide hydroxamique DIMBOA. Mais, le DINBOA ne peut pas étre consideré
comme Punique facteur de résistance en plein champ et en serre. II est proposé que peut-étre
les acides phénoliques, produit secondaire de métabolisation des plantes, participeraient
également i la résistance par l'entremise du complexe carbohydrate dans la paroi cellulaire.

Des études préliminaires ou l'acide ferulique a été incorporé a une diéte artificielle pour
la pyrale n'a produit aucun effet secondaire en-dega de 10 mg/g, c'est-a-dire une dose
d'environ 30 fois supérieur a la concentrationobservée dans le mais. Des échantillons préparés
d'un conjugué de sucre comprenant l'acide ferulique et p-coumarique (concentrations égales a
celle trouvées dans le milieu naturel) ont été étudiés, dans des bio-essais foliaires, de
consommation et ont démontré une augmentation de Factivité phagostimulante. De ces
observations on peut conclure que les solutés phénoliques ne participent pas signigicativement
a 1a résistance chez la plante, mais peuvent étre utilisés comme facteur de reconnaissance de la
plante par la pyrale.

Les acides phénoliques E-ferulique et E-p-coumarique sont particuliérement présents,
dans la paroi cellulaire comme complexe éther lié a I'arabinose avec un radical éther,
particuliérement dans la paroi cellulaire, I'hémicellulose, et 'arabino-xylose.

Les liens phénoliques des composés adjacents peut étre modifier par la lumiére
ultraviolette pour former de nouveaux diméres tel le cyclobutane ou par l'action de
péroxydase pour former I'acide dehydro-phénolique. 1l est proposé que ces diméres, un
mélange d'acide phénolique et de carbohydrate, puissent constitutés un moyen de défense
quantitatif contre la pyrale. Pour évaluer quantitativement ce mécanisme de défense, un
instrument pouvant mesurer la force requise pour percer la surface foliaire a été utilisé. Ainsi,
la force requise pour percer la surface foliaire corrélate significativement avec la résistance
chez 5 sources de lignées. Des techniques de micro-spectrophotométrie et de colorant ont
également été développés pour le tissu foliaire afin de localiser et quantifier les phénols
présents dans la paroi cellulaire. :

L'amélioration d'un cultivar utilisant des bio-essais foliaires et des techniques standard
d'étude phytochimique montre que la larve de la pyrale préfére s'alimenter de tissus en

i



croissance a l'intérieur du cornet ou de plants ayant 3 & 7 feuilles. Ces tissus préférés ont un
niveau élevé de DIMBOA et faible en composé phénolique et fibre détergente dans leur paroi
cellulaire comparativement aux tissus foliaires plus agés. Ainsi, la résistance foliaire est
inversement reliée 4 la consommation foliaire. Les résultats micro-spectrophotométriques de
la paroi cellulaire épidermale, non située prés de I'axe, a prédit la préférence de l'insecte &
divers degrés de maturité du tissu foliaire.

Ces résultats montrent que la dureté foliaire, reliée 4 la présence d'acide phénolique et
du complexe carbohydrate, est I'un des principaux facteurs de résistance i I'alimentation
larvaire,

Des facteurs naturels, comme la qualité de la lumiére, agissent également sur les
mécanismes de résistance. Un polythéne possédant un agent réfractant aux rayons ultraviolets
a été utilisé pour réduire l'intensité des rayons. Sous ce régime, la résistance du mais en serre
et dans un milieu naturel a été réduit tout comme le dimére cyclobutane dans la paroi
cellulaire. Le dimére de cyclobutane agirait en augmentant la résistance mécanique du tissu
foliaire par ces liens ave I'hémicellulose.

Des changement phytochimiques et la qualité nutritive du mais reliés a l'augmentation
du niveau de résistance dans la variété synthétique BS9 (cycle 0, 2, 4, et 5) ont €té suivi sur du
feuillage (jeune ou agée), sur 'enveloppe foliaire, la tige, les noeuds, et le tissu moelleux. Des
cultivars ayant de plus en plus de DIMBOA, de fibre détergente, et d'acide phénolique
(p-coumarique et dehydro-ferulique) dans la paroi cellulaire ont ainsi été sélectionnés. Les
résultats micro-spectrophotomeétriques montrent que I'absorbance d'acides phénoliques par la
paroi cellulaire épidermale aide & prédire le degré de résistance suivant les cycies de sélection.

Des variétés résistantes a plusieurs ravageurs développées par le Centre Internationale
d'Amélioration du Mais et du Bié, sont également résistantes a plusieurs espéces de
lépidoptéres ravageurs mais les mécanismes de résistance ne sont pas connus. La sélection
phytochimique a été faite au stade mi-cornet sur 13 génotypes cultivés en plein champ. La
corrélation de la résistance en plein champ était [a plus élevée pour les fibres, l'acide
dehydrodiferulique et ie contenu en protéine. Un modeéle nutritionel de la résistance du mais
aux dommages en plein champ basé sur ces 3 composés explique 78 4 87% de la variation

observée au-cours des 2 années d'etude.



Selon I'hypothése de Feeny sur les plantes apparentes, le mais semble dépendre
grandement de son mode de défense quantitatif. Ceci est logique puisque le mais est cultive
sur de grandes surfaces ct que dans plusieurs régions le mais est cultivé de fagon continue,
avec un travail superficiel de la terre, ce qui le rend apparent aux insectes ravageurs. L'acide
phénolique et les complexes carbohydrates ont démontré au-cours de cette €tude, étre des

composantes majeures de ce mécanisme de défense.
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CHAPTER L
GENERAL INTRODUCTION
1.1 Economic importance of maize pests

Maize, Zea mays L., is the world's third largest cereal crop after rice and wheat, being
grown throughout temperate, subtropical and tropical zones and constituting approximately
8.9 percent of the total world crop production (Ortega et al. 1980). In North America, three
types of maize are grown: sweet, silage and grain (Hudon and Ogilvie 1984), with grain
constituting 90% of the total tonnage (Chiang 1978). Diseases and insects are two of the
major facters limiting further increases in maize yields . Annual losses to insect damage in
both the United States and Canada exceed 50 million dollars (Anon. 1988, Isenhour et al.
1987). Moreover, chemical controls used to combat insect pests of maize cost over 30 milion
dollars a year in the United States and are a source of environmental contamination. To
reduce losses and pesticide loading into the enviroment, host plant resistance in maize has
been actively pursued over the last 60 years.

Maize is subject to attack by a complex of insects from the time it is planted until itis
used as food or feed. Included in the North American complex are root feeders (corn
rootworms, Diabrotica spp.), leaf feeders (armyworms, Spodoptera spp., corn leaf aphid,
Rhopalosiphum maidis), stalk borers (European com borer, Ostrinia nubilalis, southwestern
com borer, Diatraea grandiosella), earworms (corn earworm, Heliothis zea) and stored grain
insects (maize weevil, Sitophilus spp., Angoumois grain moth, Sitotroga cerealella). A more
complete list of 93 species of comn insects is given in Dicke and Guthrie (1988).

From this list, one of the most economically important and extensively studied pests is
the European corn borer (ECB) (Dicke and Guthrie 1988). ECB is distributed in Europe, the
Middle East, North Affica, and North America. After introduction to the United States
(Everett, Mass.) in 1916, the ECB rapidly spread in Eastern North America. The ECB is the
only major stem-boring insect of maize that can survive in temperate regions (Ortega et al.
1980, Mihm 1985). At present, the ECB is found in most states east of the Rocky Mountains
and in several Canadian provinces (Showers 1979). Damage by this pest results not only from
its feeding on all above ground portions of maize, but because it also vectors several
Fusarium stalk-rot fungi which lead to further destruction of plant material. Stalk-rot fungi
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known to be carried by the ECB include Fusarium moniliforme Sheld., F. graminearum
Schwabe and F. poae (Peck). Common corn smut, Ustilago zeae (Beckm.) Unger, is also
carried by ECB and is considered to be the most severe pathogen in young maize plants
(Komedahi and Windles 1981).

ECB control methods vary depending on the maize crop. Insecticides are used in high
value crops such as sweet corn for fresh markets and canning when ECB populations reach an
economic threshold (Hudon and LeRoux 1986a). However, insecticide use is generally
uneconomic for grain and silage crops (Hudon and Leroux 1986a). Since a higher economic
threshold for ECB damage occurs in grain and silage com, producers rely upon maize

resistance as the centrepiece of an integrated pest management program.

1.2 History and host relationships of Ostrinia nubilalis

The European com borer, Ostrinia nubilalis (Hubner), a pyralid moth of the subfamily
Pyraustinae, was considered an economic pest in Europe by 1835, long before its introduction
to North America in 1917 (Parks 1926). The pest was introduced in shipments of broomcorn
(Sorghum vulgare var. technica (Koern.) Fiori) from Austria, Hungary and Italy. Broom
factories facilitated ECB distribution in both Canada and the U.S.A. (Caffrey and Worthley
1927). Less than a decade was required for this pest to cause extensive crop loss in Ontario
and Québec (Parks 1926).

Hiibner was the first taxonomist to describe the ECB in 1796, calling the male Pyralis
nubilalis but assigning the female to a different species P. silacealis (Hudon and LeRoux
1986a). In the late 1890's the genus changed from Pyralis to Botys Latreille and then to
Pyrausta Schrank. Pierce and Metcalfe (1938) provided adequate characteristics to separate
P. nubilalis from other species of the genus Pyrausta, but placed it incorrectly into Anania
Hidbner. This misclassification started a series of reclassifications which ended in 1956 with
Capps verifying that Ostrinia palustralis larvae shared diagnostic and morphological
characters with those of nubilalis in both Europe and America (Hudon and Leroux 1986a).

Wild hop (Humulus lupulus L.) and wild hemp (Cannabis sativa L.) growing in
Hungary were two of the original native host plants of the ECB and continue to be infested
(Nagy 1976). The ECB is polyphagous and can attack nearly every robust herbaceous wild
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and cultivated plant that has a stem large enough for larval tunnelling and overwintering
(Hudon and LeRoux 1986a). Artificial infestation studies of eight cultivated crops and eight
weed species, showed a greater plant infestation and borer density on corn, hemp and hop,
with corn being identified as the preferred host (Manojlovic 1984).

1.3 Life cycle of the European Corn Borer
The bionomic data for the ECB have been reviewed (Hudon and LeRoux 1986b, c).

ECB populations in Canada have historically had one generation per season (the univoltine
strain). Increasingly, corn regions of central Ontario are reporting two generations (bivoltine
strain) each year. Differences in voltinism have generally been accounted for by the different
genetic strains of ECB that exist across the Americas (Hudon and LeRoux 1986¢). Molecular
techniques detect no genetic differences between these two apparent strains (Sperling,
unpublished data), which suggests that larvae can display univoltine or multivoltine
development given the right environmental cues. Because of its increasing importance, the

bivoltine lifecycle will be reviewed.
| It is surprising to find the tight synchrony that exists between maize and ECB
development given the polyphagous nature of the ECB. ECB overwinters as a late larval
instar in the corn stalk and stubble (Figure 1.1). Adults emerge and are ready for oviposition
when corn is in the mid-whorl stage. Each female can lay more than 500 eggs, depositing
them in masses ranging from 2 to 74 on the undersurface of lower leaves. Fatty acid methyl
esters extracted from ECB egg masses are oviposition deterrents to facilitate spatial
distribution of egg masses (Thiéry and Le Quéré 1991). Eggs hatch in approximately 7 days.
The greatest plant damage is caused by the first-generation larvae. Early instar larvae feed
primarily on the succulent spirally rolled leaves in the whorl, producing "shot holes" in the leaf
and breaking midribs. Most first-generation larval mortality on resistant maize varieties
oceurs during the first few days after hatch, with 95% monrtality occurring within 5 days after
hatch (Guthrie and Barry 1989). As the plant grows out of the whorl stage, third and fourth
instar larvae feed primarily on sheath and collar tissues. The fifth instar larvae, the final
stadium, tunnel all parts of the stalk and ear, resulting in cavities in stalks, broken stalks and
tassels, poor ear development and dropped ears. When com is in the pollen shedding stage,
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Fig. 1.1. The life cycle of the European corn borer (adapted from Reid 1989).



egg deposition of the second generation occurs. Early instars feed primarily on pollen
deposits in the leave axils and also on sheath, collar, ear shoots, husk and silk tissue (Guthrie
et al. 1969). The first four instars all feed on sheath-collar tissue (Guthrie et al. 1570). Fifth

instar larvae bore into the stalk to overwinter.

1.4 Control Practices

Integrated pest management (IPM) has become the predominant philosophy of pest
control, and involves the combined use of plant resistance, cultural controls, biological control
agents and pesticides are used to provide economical and environmentally acceptable pest
control (Metcalf and Luckmarn 1982). Management of the ECB has led to development of
resistant varieties, with different genotypes sought for the different generations of the ECB
(Dicke and Guthrie 1978). Few genotypes have resistance to more than one generation.

. Painter (1951) proposed three general mechanisms to account for plant resistance to insects:
1) non-preference [now termed "antixenosis” by Kogan and Ortman (1578)], which is the
insect response to unattractive or unsuitable plants to serve as hosts; 2) antibiosis, which
adversely affects insect biology, causing mortality, reduced growth or reproduction, and
prolong periods of development in immature stages; and 3) tolerance, which enables a host
plant to withstand infestation or recover from damage caused by an insect population that
would severely damage susceptible plants of the same species.

Given the polyphagous nature of the ECB, breeding for antixenosis has not been
actively pursued. The traits that make the plant a desirable host (thick stalk, pollen
production, high protein content in moist whorl tissue) are the very traits that define the
plant's agronomic potential. Moreover, monocultures of maize often result in no altemnative
hosts being available to ECB larvae.

Breeding for first generation resistance is primarily concerned with antibiosis targeted
at neonate larvae. First generation neonate larvae feed primarily on leaf tissue, with most
larval mortality occurring during leaf feeding on resistant varieties (Guthrie et al. 1960).
Young larvae of the second generation feed primarily on sheath-coliar tissue, with 95% larval
mortality occurring within three days after eggs hatch on some inbred resistant lines with
sheath-collar feeding resistance (Guthrie et al. 1971).
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The second direction taken by plant breeders is tolerance, and for maize this refers to
resistance to lodging (stalk collapse) and ear drop (Dicke and Guthrie 1978). To address the
problem of lodging, the synthetic BSSS (acronym for lowa Stiff Stalk Synthetic) was
developed by G.F. Sprague using 16 lines during the 1940's to produce a synthetic that had a
tough stalk to reduce ECB stalk penetration and allow infested stalks to remain standing
(Hallauer et al. 1983). Seven lines developed from this program (B49, BS0, B52, B34, BSS,
B57, B68) have been combined with a line with good leaf feeding resistance (CI31A) a line
Wwith good yield and early maturity (Mo17) and a line with a good root system for root worm
tolerance (SD10) (Russell and Guthrie 1982). This synthetic, BS9, was used in a recurrent
selection program to provide a geneotypic resistance to insect pests during all stages of
vegetative plant development and employing to varying degrees all three resistance
mechanisms outlined by Painter (1951).

The chemical nature of antibiosis and tolerance has been investigated by numerous
researchers, although the biological mechanisms through which these phytochemicals act has
not been well defined (See section 1.6).

1.5 The maize plant

Maize is 2 member of the grass family, Gramineae (Poaceae). Maize is an annual crop
characterized by a strong erect stalk with conspicuous nodes, long narrow leaves spaced
alternately on the stem, a fibrous root system and separate male and female flowers on the
same plant (monoecious). Maize is considered to be a warm-season plant, requiring
temperatures higher than 20°C during the day and 14°C during the night with abundant
sunlight for optimium yield (Hartman et al. 1981). Maize is classified as a short day plant,
with longer days extending the duration of vegetative growth, which may preciude seed
maturity before a killing frost (Hartman et al, 1981).

Com probably originated from teosinte, Zea mexicana (Schrad.) Kuntze (Galinat
1988). Although some considered maize to have originated from an ancestral comn
(Mangelsdorf 1986) the majority of evidence favors the teosinte ancestor (Galinat 1988).
Isozyme and chloroplast DNA studies have furthered the argument that teosinte is ancestral to

maize and in Doebley's new classification of maize and teosinte, one of the annual teosinte, Z,
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mays subsp. parviglumis, was the most probable ancestral teosinte taxon (Doebley 1990).
This work also suggested that maize originated in the Balsas River drainage southwest of
Mexico City. The development of Zea mays began more than 8000 years ago, the corn cob
developed from 1 to 8 rows between 7000 years before present (YBP) in Mexico to 3000
YBP in New Mexico. The evolution of larger kemnels from eight-rowed maize (fater called
*Northern Flints") occurred 2500 YBP in Mexico. This com was introduced to New Mexico
1200 YBP and to New England 600 YBP. At the same time, Palomero Toluqueno, a
Meaican race of corn with long kernels was used in the development of cobs with extremely
narrow and deep kernels, which formed the genetic base for Southern Dents. The corn beit
dent appeared 100 YBP and is a hybrid berween the Northern Flints and the Southern Dents,
having kernel traits intermediate between the two parents (Galinat 1988).

1.6 Plant Defense Chemicals
1.6.1 The Role of Hydroxamic Acids

Hydroxamic acids (Fig. 1.2) are known to occur in maize, wheat, and other members
of the Gramineae, and in bioassays can act as potent growth factors, antibiotic antagonists,
tumour inhibitors, or cell-division factors (Niemeyer 1988, Neilands 1967). Klun & Brindley
(1966) showed a positive correlation between the concentration of MBOA
(6-methoxybenzoxazolinone) in dried whorl tissue and field resistance to ECB. DIMBOA
(2.4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one), which is chemically labile and decomposes
to MBOA, was identified as the biochemical factor in leaf-feeding resistance (Klun and
Robinson 1969). DIMBOA is present in uninjured corn tissue in the glucoside form and is
present as the aglycone when damaged plant tissue releases the hydrolytic enzyme,
glucosidase (Wahlroos and Virtanen 1959). Hydroxamic acid levels are highest in the leaves
of embryonic maize plants and seedlings (Argandona and Corcuera 1985), with DIMBOA
content typically decreasing with the age of the plant, thus providing little protection from
second generation ECB (Guthrie et al. 1986a). During early stages of plant development,
hydroxamic acid levels can be elevated by plant damage, suggesting a defence response
against insect attack (Morse et al. 1991).



HBOA - Glc
DIBOA - Glc HMBOA - Glc
DIMBOA-Glc +  HM2BOA-Glc

4 N
O~__OH DIM9BOA - Glc
@NI “
i © 4
OH
DIMBOA
OO~

|
OH

MBOA

Fig. 1.2. Biosynthesis and degradation of hydroxamic acids (adapted from Niemeyer 1988).



The role of DIMBOA and MBOA in resistance to the European com borer has been
studied extensively. ECB larvae demonstrated higher larval mortality, slower larval
development, lower larval and pupal weight, reduced egg mass size and female reproductive
potential when DIMBOA was added to their artificial diets (Campos et al. 1989). Nutritional
studies showed DIMBOA to decrease the approximate digestibility (AD); whereas MBOA
resulted in a decrease in the efficiency of conversion of digested food (ECD) (Houseman et al.
1992). This study also showed that DIMBOA was a non-competitive inhibitor of the
digestive protease, chymotrypsin.

Some studies suggested that DIMBOA does not account for the observed resistance
of maize. Guthrie et al. (1986b) found maize grown in the greenhouse to be more susceptible
to leaf feeding despite having higher levels of hydroxamic acids than field-grown plants.
Manuwoto and Scriber (1985b) found plants grown under a reduced ight regime had higher
leaf consumption by the ECB and higher DIMBOA levels, proposing that the higher nitrogen
levels found in the reduced light treatment may have accounted for the increased consumption
rate. DIMBOA has little activity against the southwestern comn borer (Diatraea grandiosella)
(Hedin et al. 1984) and environments that promote DIMBOA production in plants can even
increase the growth rate of the southern armyworm (Spodoptera eridania Cram.) (Manuwoto
and Scriber 1985a).

Although DIMBOA has provided an insight into first-generation resistance, a reduced
level of DIMBOA does not necessarily imply susceptibility. Sullivan et al. (1974) and Scriber
et al. (1975) showed that borer-resistant lines derived from Antigua and other exotic material
had low leaf damage ratings despite having DIMBOA levels well below those of susceptible
North American inbreds. Given these observations, there must be other resistance
mechanisms operating that contribute to the defensive arsenal of maize. Additional
components that have been proposed include both inorganic (eg. silica) and organic (eg.
lignin) chemical components of maize tissue (Rojanaridpiched et al. 1984).

1.6.2 Role of Silica
Silica is the second most abundant element in the earth's crust and is present in soil

solutions as 2 monosilic acid, Si(OH),. Monocots can absorb monosilic acid in large amounts,
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which is then deposited in its opaline form, $i0,-nH.O. in several tissues (Coors 1988). Its
role in insect resistance has been demonstrated in wheat, Triticum aestivum L. and rice, Onyza
sativa L. (Wellso 1973, Djamin and Pathak 1967). The mechanism of silica resistance is
unknown, though hypothesized mechanisms include stem tissue stiffness (Miller et al. 1960).
digestibility reducer (Peterson et al. 1988), physical wearing on insect mandibles (Djamin and
Pathak 1967) or silicated trichomes piercing the insect's gut wall (Wellso 1973). On sites
where silica content is high, silica concentration in maize leaves was the most important single
component determining leaf feeding resistance to ECB (Coors 1988). However, development
of a high-silica-content variety, FISIHI, resulted in increased susceptibility to
second-generation ECB (Coors 1988). |

1.6.3 Phenolic Acids

Perhaps the most important phytochemical change that occurred in the evolution of
land plants was the biosynthesis of the phenolic compounds, which are in all present day land
plants (Swain 1979). They were thought to first evolve as UV light screens but were soon
employed as anti-insect agents (Swain 1977). Phenolic acids are a class of phenolic
compound with 2 monocyclic phenol and a carboxylic acid group, i.e. C6-Cx-COOH
(Harborne 1980). Like most phenolics, phenolic acids are reactive substances that are
susceptible to 9xidation by phenolases, and may bond with sugars and peptides, including
proteins and enzymes (Harborne 1980). Biosynthesis of phenolics, and phenolic acids in
particular, occurs via the shikimic acid pathway, a metabolic pathway unique to plants, fungi
and bacteria. The end product of the pathway is chorismate which in turn is the precursor of
the aromatic amino acids, tyrosine, phenylalanine and tryptophan (Van Sumere 1989). As
shown in Fig. 1.3, L-phenylalanine is of particular importance as it is deaminated by _
phenylalanine ammonia lyase (PAL) to #rans-cinnamic acid, the precursor of most phenolic
compounds.

Ferulic and p-coumaric acids are the most prevalent phenolic acids (phenylpropanoids)
in com grain (Sosulski et al. 1982), as well as occurring in leaf and stalk tissue (Hartley and
Jones 1978). Phenolic acids such as these have been pursued as plant resistance factors.
Corn-grain resistance to the maize weevil, Sitophilus zeamais, has been investigated, with
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ferulic acid being negatively correlated with parameters of insect development (Classen et al.
1990, Serratos et al. 1987).
Phenolic acids can be divided into two groups: soluble and cell wall bound. A review

of each group will be given as their roles in resistance differ significantly.

1.6.3.1 Soluble Phenolic Acids

Free phenolic acid content is generally low in comparison to phenolic acids that are
conjugated through ester linkages to sugars. Sosulski et al. (1982) determined the total
phenolic composition in corn flour to consist of 5.3% free phenolic acids and 25.5% phenolic
acid esters. In particular, hydroxycinnamic acids (ferulic and p-coumaric acids) occur
naturally in a much wider range of conjugated forms than any other group of plant phenolics
(Harborne 1980).

Most phenolics occurring in plant leaf, stem or flower tissue occur as water-soluble
glycosides. Hydroxycinnamic acids are usually attached to sugars by the carboxylic acid
group rather than to a phenolic residue (Harborne 1980). Ferulic acid is usually conjugated
with glucose or gentiobiose while p-coumaric acid is often bound to glucose, fructose or
ritinose (Harborne 1980). Feeding responses elicited by p-coumaric acid and ferulic acid
differ with the insect species. Both compounds were phagostimulants for the spotted stem
borer, Chilo parellus (Swinhoe) (Torto et al. 1991), while p-coumaric acid was toxic to the
two-spotted spider mite (Tetranychus urticae) (Leszczynski et al. 1988). Other soluble
phenolics such as gentisic or salicylic acids tend to be more toxic to insects (Fischer et al.
1990). Sap beetles, Carpophilus hemipterus (L.), are pests of maize, and larval feeding
studies showed ferulic and p-coumaric acids to accelerate weight gain for this species (Dowd
1990). The above studies suggest that soluble ferulic and p-coumaric acid are not toxic to
most insects and may serve as phagostimulants for insects. The studies did not consider
plant-derived enzymes like phenoloxidase that oxidize foliar phenols which can reduce the
efficiency of utilization of dietary amino acids and proteins in larvae (Felton et al. 1989). This
could explain why pure phenolics in artificial diets did not dramatically affect insect feeding
behavior or performance.
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Phenolic acids conjugated to polyamines are relatively poorly studied. Their
biosynthetic pathway is shown in Fig. 1.4. Besides being essential for cell growth and division
(Heby 1981, Smith 1980, 1985), polyamines have been identified as radical scavengers (Bors
et al. 1989) as well as possessing growth-regulator or hormonal-messenger activity (Davies
1987). Spermidine, putrescine and agmatine have been isolated as conjugates of caffeic,
ferulic and p-coumaric acid (Evans and Malmberg 1989). It is of interest to note that one of
the biosynthetic pathways of polyamines is mediated by arginine decarboxylase (Fig. 1.4), an
enzyme known to be linked to stress responses of plants (Flores and Galston 1982). Within
maize, both di-p-coumaryl putrescine and di-feruloyl putrescine have been isolated
(Martin-Tanguay et al. 1978). Putrescine conjugated to ferulic acid has been localized in the
aleurone layer of maize kernels and was found in high levels in kernels resistant to S. zeamais
(Sen et al. 1993).
1.6.3.2 Plant cell wall phenolics

The evolution of phenolic acid carbohydrate complexes in plant cell walls is
considered one of the most important determinants of early land plant success (Swain 1979).
The cell wall of plants has been generally characterized as cellulose microfibrils embedded in 2
lignin-hemicetlulosic macromolecule to which acetyl and phenolic acid groups are bound
(Morrison 1979). During cell development, the primary cell wall is deposited initially,
containing cellulose, hemicellulose and pectins (Bacon 1979). Arabinoxylans are the
characteristic hemicellulose of cereals (Fry 1989). Pectins are a minor component in Zea
mays, accounting for about 0.3% of the total cell wall polysaccharide (Kato and Nevins
1989). Lignin becomes part of the cell wall during establishment and thickening of the
secondary cell wall (Theander and Aman 1984).

The phenolic constituents of the cell walls of graminaceous plants consist largely of
p-coumaric and ferulic acids (Hartley and Jones 1978, El-Basyouni et al. 1964). Ferulic and
p-coumaric acids are bound to cell wall polysaccharides through ester bonds (Fry 1986).
Based on polysaccharide hydrolase digests of sugar cane and maize cell walls, ferulic acid is
linked to arabinose, which in turn is linked to xylose (Kato and Nevins 1985, Kato et al.
1983). These compounds were identified as O-[5-O-(trans-feruloyl)-at-L-arabinofuranosyi]
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(1-3)-0-B-D-xylopyranosyl-(1—4)-D-xylopyranose (FAXX) and O-[5-O-(trans-
p-coumaroyl)—a-L-arabinoﬁJranosy]]-(l—)3)-0-B-D-xylopyranosyl-(1—)4)-D—xylopyranose
(PAXCK) (Fig. 1.5) (Mueller-Harvey et al. 1986, Kato and Nevins 1985). Kinetic evidence
suggests that the placement of these phenolic acids on polysaccharides is site-specific (Fry
1986). Levels of cell wall phenolics change with development, with ferulic acid
predominating in primary cell walls (Nishitani and Nevins 1990), while p-coumaric acid is
associated with secondary cell wall formation and is correlated with core lignin (Jung 1989).
Not only do the levels of these cell wall phenolics differ among varieties, tissue type and
maturity (Hanna et al. 1976), but environment also plays an important role in levels, with
elevated tempersatures (20 to 30°C) increasing ferulic and p-coumaric acid and lignin (Akin et
al. 1987). These changes also reduced the digestibility of the tissue by rumen microorganisms.
Incorporation of phenolic acids into the cell wall can also be induced by fungal invasion
(Southerton and Deverall 1990). The importance of cell wall bound ferulic acid (FAXX) to
maize resistance is illustrated in corn grain in which FAXX was the only significant factor
explaining the variation in kerne! damage by larvae and adult preference by S. zeamais, and
has been suggested as a means of identifying resistance to grain storage pests although the
mechanism of this resistance is not certain (Classen et al. 1990). P-coumaric acid and the
ratio of p-coumaric acid to ferulic acid is highly correlated with lignin and reduced digestibilty
of tissue by ruminants (Hartley et al. 1992, Akin and Chesson 1989, Cherney et al. 1988,
Hartley 1972), although the causal agent for the reduced digestibility cannot be unequivically
attributed to either p-coumaric acid or lignin.

Cell wall bound phenolic acids can also form dimers by two different mechanisms to
facilitate cross-linking of hemicellulose. The significance of cross-linking is the increase in
tissue toughness that could result (Hartley and Morrison III 1991, Hartley and Ford 1989).
Increased digestibility of grasses after mild base hydrolysis which removes simple phenolics
and their dimers is indirect support for this hypothesis (Hartley and Morrison ITI 1991). The
first form of dimer to be discovered was the dehydrodiferulic acids (Hartley and Jones 1976,
Markwalder and Neukom 1976). The dimer is produced by peroxidase in the presence of
peroxide to form a ring linkage at the meta position (Fig. 1.6). The frequency of this
cross-linking agent of arabinoxylans is one dehydrodiferulic acid /2600 sugar residues of
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arabinoxylans based on 50% arabinoxylan content (Shibuya 1984). These dehydrodiferulic
acid bridges appear to form early in maize tissue development (Nishitani and Nevins 1990).
Irrespective of tissue age or the presence of light, the ratio of dehydrodiferulic acid to ferulic
acid is constant, suggesting that the rate limiting step in the formation of these phenolic
bridges is feruloylation of the cell wall (Tan et al. 1992).

The second mechanism of phenolic bridging involves the absorption of ultraviolet
light. The energy of the photon is used to form a four-membered ring from the double bonds
of the side chains in either a head-to-taii fashion to form truxillic acids or in a bead-to-head
fashion to form truxinic acids (Fig. 1.7) (Hartley et al. 1988). Again the concept of
cross-linking applies, with both phenolics being attached to arabinose and xylose prior to the
phytochemical reaction. Although the production of these dimers has been proposed to occur
during milling (Tachibana et al. 1992), this would likely be minor in comparison to the light
activated dimers (Morrison et al. 1992). Unlike the dehydrodiferulic acids that occur only as
ferulic dimers, the cyclobutane dimers consist of both ferulic and p-coumaric acid. The levels
of these cyclobutane dimers are highest in tissues that intercept sunlight, with leaf blades
having the highest levels, followed by sheath and stem tissue (Eraso and Hartley 1990).
Head-to-tail dimers are generally in the greatest abundance (Morrison et al. 1991). The
formation of these dimers in full sunlight may explain why maize plants grown in greenhouses
are more susceptible to insect feeding on leaves as reported by Guthne et al. (1986b). In
addition to phenolic-mediated cross-linking in the cell wall, many other forms of bonding
occur within the cell wall to increase the mechanical strength of the cell wall (Fig. 1.8).

Lignin is the second most abundant organic component of cell walls and has been
studied extensively to determine its biosynthesis, composition and function. Several reviews of
lignin research are available (Lewis and Yamamoto 1990, Monties 1989, Janshekar and
Fiechter 1983, Swain 1979). Lignins are high-molecular-weight polymers of which the main
building units are reduced phenylpropanoids, namely p-coumaryl, cbniferyl and sinapyl
alcohols. Once the cinnamyl alcohol is formed, the hydroxyl group is oxidized by peroxidase
or laccase, yielding a free radical species in mesomeric forms. These radicals then couple in a
non-enzymatic and random fashion to form dilignols, oligomeric intermediates, and finally
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lignin macromolecules. Given the random nature of free radical polymerization, the structure
of lignin is not predictable although its composition is. Monocotyledonous angiosperms use
p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol, reduction products of p-coumaric,
ferulic and sinapic acids. The biosynthesis of coniferyl, p-coumaryl and sinapy! alcohols takes
place in the protoplast of the cell but their free radicals are produced only within the cell wall.
Lignins may have arisen originally by cross-linking of adjacent feruloyl groups attached to the
cell wall polysaccharide matrix (Swain 1978). The rest of the polymer would then be attached
later. This is substantiated by the isolation of deoxydiferulic acid from cell walil
polysaccharides {Hartley and Jones 1976). The role of lignins in plant defence may either
stem from hardening of cell walls or from reduced digestibility of cell wall polysaccharides
(Hartley 1973).
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1.7 Hypothesis and Objectives
1.7.1 Central Hypothesis

For the purposes of the present study, it is proposed that maize was historically an
unapparent plant as defined by Feeny (1976), in which its irregular occurrence made it difficult
for specialized insects to find. The characteristic allelochemicals that unapparent plants used
to deter polyphagous insects are toxins of which DIMBOA is an example. During the history
of its cultivation, maize has become an increasingly apparent plant, making it vulnerable to the
adaptive plasticity of insects, in particular the European com borer. It is proposed that
inadvertently, breeding programs are moving away from DIMBOA and other qualitative
defence mechanisms and incorporating quantitative defences. Derived from Feeny's thecry,
quantitative defenses will be defined as phenolic-carbohydrate complexes for the puposes of

- this thesis which would encompass lignin, FAXX, PAXX, phenolic dimers, hemicellulose and
detergent fibre content.

The biological effects and mechanisms of action of phenolics and phenolic acids in
maize leaves and stalks on phytophagous insects are unknown. It is logical to hypothesize
that phenolic acids, being ubiquitous in corn tissue, provide some form of resistance to corn
varieties against such economic pests as the European corn borer. The project will investigate
the biological =ffects and mechanisms of action of phenolics in plants to polyphagous insects,

using the maize - European corn borer as a model system.

1.7.2 Research Objectives

The overall objective of this study is to elucidate the role phenolic acids and their cell
wall - carbohydrate complexes play in maize resistance to the European corn borer.
Preliminary studies (Appendix 1) showed that ferulic acid incorporated into a meridic diet did
not cause significant larval mortality or reduce insect fecundity but only delayed insect
development time at high levels (10 and 33 mg ferulic acid/g diet), levels much higher than
observed in maize (0.3 mg/g fresh wdght); Sugar conjugates of ferulic and p-coumaric acids
extracted from resistant lines of maize and applied to maize leaves were found to be
phagostimulants at moderately high dosages (Appendix 2). Higher dosages were phytotoxic
causing tissue browning within 12 hours. Antifeedant activity at the higher dose may be due
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to necrosis of substrate and not due to phenolic acid conjugates directly. From these
observations, soluble phenolic acids do not appear to make a major contribution to maize
resistance. Based on these preliminary studies the objectives for further work were based on
phenolic acids contributing to a quantitative resistance mechanism in maize.

Objective 1: Determine if quantitative defenses play a role in host plant resistance in maize.
Objective 2: If phenolic acids are a biochemical basis of quantitative defences, where are
they located in maize of different susceptibility?

Objective 3: Using a leaf profile to represent leaf development and plants at different stages
in development, determine the role of toxic versus quantitative defences and nutritional factors
in larval feeding preferences within the maize plant.

Objective 4: Determine the evolution of plant defence in the recurrent selection of maize for
insect resistance.

Objective 5: Determine which resistance factors account for the most variation in field
resistance of maize genotypes known for non-conventional resistance.

Objective 6: Determine the role of key environmental factors in quantitative phenolic acid
defences,

Objective 7: Propose a composite resistance model for host plant resistance in maize.



CHAPTER IL
MONITORING QUANTITATIVE DEFENSES IN MAIZE AND THEIR
RELATIONSHIP WITH FIELD RESISTANCE TO THE EUROPEAN CORN
BORER, OSTRINIA NUBILALIS.

2.1 Introduction

Artificial infestation of maize genotypes has been the primary tool in screening for
European com borer resistance. Larval leaf feeding damage is rated on a nine point scale
from resistant (1) to susceptible (9) (Guthrie et al.1960). This system of screening is essential
for a resistance breeding program but it has some disadvantages which include the cost of
mass rearing insects, variations in plant damage due to environment, personnel changes for
infesting and rating plants, and changes in the insect population associated with artificial
rearing (Klun et al. 1970). Monitoring the levels of the resistance toxic factor
2,4-dihydroxy-7-methoxy- 4,1-benzoxazin-3-one (DIMBOA), in whort leaf tissue has
facilitated resistance screening (Russell et al. 1975), but such a screening protocol is expensive
and depends strongly on sampling date due to changes in DIMBOA levels over the maturity of
the plant (Morse et al. 1991). Another screening techrique tested was tissue pH but only low
level correlations between pH and leaf feeding were observed (Byrne et al. 1990).
Consequently it is evident that other objective and quantitative screening techniques are still
needed for maize breeding. The first objective of this study was to determine if instron
measurements in neutons (N) of leaf toughness correlated with field leaf feeding ratings.

Maize resistance based on the toxic hydroxamic acids does not explain many
situations where host plant resistance is observed (Guthrie et al. 1986b, Scriber et al. 1975,
Sullivan et al. 1974). Based on field observations and leaf feeding bioassays, ECB larvae
prefer tender tissue within the whorl. In view of these observations and the predictions of the
plant apparency hypothesis of Feeny (1976), it is hypothesised that maize may employ
quantitative (structural) defences against the ECB in mature leaf tissue. The first objective of
this study was to develop a quantitative technique for measuring leaf toughness. The second
.objective of this study was to identify how broadly structural defences are employed by
studying diverse sets of maize germplasm.
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2.2 Materials and Methods
Germplasm: Five genotype categories were investigated: multiple borer resistant (MBR)
cultivars, MBR inbreds, Mexican landraces, BS9 selection cycles, and North American inbreds
(Table 2.1). MBR lines and hybrids were developed at the International Maize and Wheat
Improvement Center (CIMMYT). Mexican and Argentinean landraces were obtained from
the CIMMYT maize germplasm seed bank. For 1991, five selections from a cross between
propriety lines derived from the landrace Cateto from Cargill International, Minneapolis,
Minnesota and CM7 were included in the landrace group: mk12, mb10, mk9, mc3, me3. Four
cycles of selection from the BS9 population (provided by A.R. Hallauer) were also included.
Field plot: In 1991 and 1992 the same locations were planted in mid-May at the Plant
Research Centre, Agriculture Canada, Ottawa, Ontario, Canada. The soil was a sandy loam.
The experimental design was a randomized-complete block with four replicates for each year.
The rows were spaced 0.9 m apart and plants spaced 0.15 m apart with each row consisting of
25 plants.
Artificial infestation: Infestations were made at the mid-whorl stage in early July with two
applications (4 days apart) of 4 egg masses (ca. 200 eggs) per plant and 15 plants per row.
Leaf-feeding damage was rated on an individual plant basis from 1 (no damage) to 9
(extensive damage) three weeks after infesting (Guthrie et al. 1960).
Leaf toughness measurements: In 1991 leaf toughness readings were taken at plant
tasselling in late July and early August. In 1992 readings were taken at both the whorl stage
in early July and at tasselling in early August. Leaf samples were taken from ten plants within
the row. The second fully exposed leaf from the top of the whorl was sampied at mid-whorl
and the ear leaf during tasselling with the sample consisting of 2 10-cm length excluding the
midrib from the middle of the leaf length. Samples were kept submerged in distilled water and
stored at 4°C until analysed. Leaves were blotted dry and inserted between the stainless steel
stage and a plexiglas plate with the lower surface of the leaf facing up (Fig. 2.1). Boththe
stage and the plexiglas plate had a 2.0 cm diameter hole to expose the leaf surface to the
instron probe. The leaf was secured to the stage by screwing the plexiglas down while
keeping the leaf surface taut. A standard instron (model TM-M, Intron Corp., Canton, Mass.)
was equipped with a 5 Ib. load cell (Lebow load celt, model 3108, Eaton Corp., Troy Mich.)

25



X1

£ONW £ESY Paasold £YHO
63N SEP qieyaqg brazL
019N 81 ¢ 123u0lg ILSW
AR 14 0TT9 2[[puBiuo,] 98d
7£0Z O:011BD dytrlle) Ld
0£0Z D:01ED 6b-96L9 b0

TL WeheN £1-96L9 2| LD §
pz 1ekeN (ADMS)06sssuedeznel], pEIH 99200
807 091X 7-06598 55010y 6€£1TND VIED
717 0910 06598 BoNY ¥20( 1€1°TND 910D
$D 654 Z01 oenfeueny) 06598 BIQIN SEI'TAND 1PZTaN
D 654 L0z omenfeuens 109XIXEN LTI'TND 11844
70684 b BOBXEQ 6E1 TANDXSEITND 1ZI'TND 619V
0D 654 6L1 ©OEXEQ (4106598 ssosay L9TWD eLd

saltag saopIpuEe] sIBAIND spalqu

oY uAg ugauluadry SISy Jasog jue)sisay oJog spalqup
654 pue UedIXo]y ojdniny ojdniny uBaLRWY YUON

"Z66} PUB |66} APN|S UOASU] J0j Pa}se) S6dIn0s eAl) WoJj sedAjoued °|°Z ejqel



Fig. 2.1. Plate showing stage apparatus, probe and head of instron. Stainless steel stage has 2
2 cm dia. hole through the plate's centre. Leaf is placed on stage and covered with Plexiglas
plate with 2 cm dia. hole through its centre. Leaf'is pulled taut and Plexiglas plate is tighly
secured against stage by wing-nuts. Drill chuck is attached to a 5 Ib. load cell.
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and 2 9 mm chuck to hold probes. The instron-computer interface was a strain gage
conditioner/indicator (model 3278P, Daytronic Corp., Miamisburg, Ohio). Computer
software used was the ESRC texture program 1987, developed by Agriculture Canada
Engineering and Statistical Research Centre and Scientific System Development
Micro-computer Centre. Various probe shapes and sizes were tested to determine the best
probe. Different probes included a #3 insect pin, a 0.5 cm tapered cone, a 1 mm
flat-bottomed cylinder and 2 1 mm round bottomed cylinder (Fig. 2.2 and 2.3). A 1 mm dia.
stainless steel cylinder probe with a rounded tip gave the best results and was used for all
subsequent toughness readings. The cross-head speed was set to 1 cm per min. and was
calibrated against 10 g . Peak force to penetrate the lower epidermis was the only reading
used as the deflection to peak force and tensile force were not found to be useful in predicting
field resistance. The probe was positioned between secondary veins in the middle of the leaf.
The probe was lowered until the leaf was completely punctured and the force readings had
returned to baseline (Fig. 2.3). All tests within 2 genotype group were measured the same day
with samples being stored for no longer than 3 hours prior to measurement. Twenty readings
were taken for each genotype.

Statistical analysis: All statistical analyses were performed on SAS v. 6.03 (SAS, 1988).
Data was transformed by In(x + 1) to satisfy the assumptions of the general linear model.

Regressions were done on means for each variety tested.

2.3 Results and Discussion

Force profiles for different probe shapes are shown in Fig. 2.2. Pins were too narrow
(even when dull) to generate sufficient force on the load cell to provide good measurements of
varietal difference in leaf toughness. Cone probes were pointed and peak force readings were
also undesirably low. An additional disadvantage of the cone was the continued force against
the load cell after penetrating the leaf. Cylinders gave the best readings (Fig. 2.2 and 2.3).
Flat cylinders (Fig. 2.2) tended to cut the leaf due to the sharp edge on the cylinder. This
resulted in a reduction in peak force and inconsistent readings. Rounded cylinders (Fig. 2.3)
gave the most consistent results with the puncturing of both the lower and upper epidermis
layers being clearly recorded. The diameter of the cylinder used was 1 mm, larger cylinders
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were rejected as they did not fit between the secondary veins of most genotypes. Peak force
readings at penetration ranged from 0.4 N to 1.2 N depending on the genotype and leaf age.

Regression analysis for 1991 data (Table 2.2) demonstrates the significant inverse
relationship between leaf toughness and leaf damage rating by borers. For all groups the
tougher leaves tended to suffer less leaf feeding damage during the first three weeks after
artificial infestation. Although the r* for BS9 selection cycles was high (r* = 0.87) the P value
was low since only four cycles were available and the variation within a cycle was moderately
high. For the other genotype groups the regressions were significant with MBR hybrids
having the most significant regression. Figure 2.4 shows the regression of the untransformed
data for MBR hybrids. MBR inbreds and hybrids are known to employ a non-conventional
resistance mechanism as they contain low levels of DIMBOA (Benson 1986). It is likely that
these genotypes rely on a physical defence mechanism to provide resistance to several
lepidopteran foliage feeders. Mechanical mechanisms may include lignin and detergent fibre
content (Buendgen et al. 1990} and monomeric and dimeric phenolic consistuents of the cell
wall (Eraso and Hartley 1990, Chapter 8) which may act as nutritional or physical barriers to
insect feeding. Leaf toughness has also been associated with plant resistance to species of
Acrididae (Williams 1954) and Coleoptera (Shade and Wilson 1967, Tanton 1962), although
no biochemical mechanisms for increased toughness was proposed. Instron measurements of
stem strength for bermudagrass and alfalfa have shown lignified vascular ring structures to be
the major factor affecting textural strength of stem residues (Akin et al. 1990c).

Cool wet weather in 1992 delayed the development of both the insect and the plant.
Toughness readings taken in early July were highly variable especially for late maturing
genotypes within the inbred and BS9 groups. Regression equations continued to be
significant for all groups except inbreds and BS9 selection cycles (Table 2.3). Plant
development within these two groups was delayed by the cool weather which may have
delayed the establishment of resistance mechanisms associated with leaf toughness. BS9
regressions between toughness and leaf-damage rating actually changed from a negative
relationship during mid-whorl to a positive relationship at tasselling (Tables 2.3 and 2.4),
Again this is likely due to a small number of genotypes tested, 4, and small differences
between the cycles in both leaf rating and toughness. '
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Inbreds incorporated into this study (except CML lines) have a DIMBOA based
resistance mechanism. As a soluble secondary product, DIMBOA and other hydroxamic acids
do not contribute to the structural strength of the leaf. Even so, leaf toughness accounts for
approximately 31 percent of the variation in leaf feeding damage by the European corn borer,
suggesting that leaf toughness is an important component in maize resistance to the European
corn borer for all five genotype groups studied over two varied growing seasons.

Leaf toughness of immature tissue within the whorl of the plant did not correlate with
leaf-feeding damage (data not shown) as the tender immature leaf tissue gave variable and low
peak force readings (<0.2 N compared to 0.6-1.0 N for mature tissue). It is likely that
DIMBOA is the principle mechanism of resistance for such tissue as DIMBOA levels are
highest within the immature portions of the plant (Morse et al. 1991, Chapter 4). During the
mid-whorl stage, the leaf readings were most consistent when readings were taken seven
days after leaf emergence from the whorl. Although most leaf-feeding damage occurs within
the whorl, emerged leaf tissue may be a good indicator of leaf toughness within the whort
where instron measurements were too variable to provide reliable yuzantitative information.
Excluding BS9 for 1992, regressions between peak force readings taken at mid-whorl and
tasselling were significant with the lowest r* of 0.49 observed for the North American inbreds
(F=7.92, P=0.02). All regressions showed proportional increases in leaf toughness with
maturity, and therefore, the best sampling time appears to be during tasselling in which the ear
leaf is sampled. The advantages of this sampling time are: a higher and more consistent force
reading, moderate to good correlations between leaf feeding damage and toughness, and more
time available for measurements to be taken,

Applying this technique to a breeding program is feasible as each genotype can be
analysed within 30 min. This time includes sample collection (5 min.), sample blotting,
loading and 20 readings (25 min.). Travel time between the field plot and instron will vary but
samples can be preserved in cool water for up to 4 hours without significantly affecting
readings. However, if samples are left out of water for longer than 10 minutes, results will
vary and if left out of water for one hour peak force mdings' drop significantly. During one
day, 14 to 16 varieties can be measured accurately. With a sampling window of 15 to 20 days

a maximum of 320 varieties could be sampled by one operator during the season. The training
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time to become proficient is from one to three days, with the most critical component being
the probe placement within the leaf (i.e., between secondary veins).

The power of this screening technique is the ability to further our understanding of
European comn borer feeding behaviour by providing quantitative data on tissue toughness
within the plant to see the role toughness plays in insect feeding behaviour. Having
quantitative data on teaf toughness will also further our understanding of which leaf
components contribute most to leaf toughness by genotype correlations and monitoring plant
changes during maturation.

Correlations between leaf toughness and field-damage ratings for five diverse genotype
groups suggests that quantitative defenses, namely leaf toughness, are important in maize
resistance, and are employed to varying degrees within different germplasm groups. MBR
cultivars appear to depend most on quantitative defenses which is consistent with previous
observations of low DIMBOA levels and broad resistance to several borer species (Benson
1986). Quantitative resistance mechanisms are a plausible defence strategy for future
resistance breeding-programs given the large expanses of corn planted in monoculture in
present day agronomy practices which make corn an "apparent” plant according to Feeny's
(1976) theory of plant defence. Apparent plants are predicted by Feeny to be most successful
if they employ a quantitative defence strategy against herbivores.
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CHAPTER IIL
LOCALIZATION AND QUANTIFICATION BY MICROSPECTROPEOTOMETER
OF HYDROXYCINNAMIC ACIDS IN CELL WALLS OF EUROPEAN CORN
BORER RESISTANT AND SUSCEPTIBLE MAIZE INBREDS.

3.1 Introduction

In Chapter 2, the role of quantitative defences in leaf feeding resistance to the ECB
was demonstrated. Structure and toughness of the leaf tissue is determined mainly by cell wall
carbohydrates and their complexes with a variety of phenolics (Hartley and Ford 1989). Itis
hypothesized that cell wall phenolics are a major component of quantitative defences. This
hypothesis is suggested by rumen digestion studies of leaf tissue which show reduced
breakdown of cell wall material with elevated levels of the hydroxycinnamic acids, p-coumaric
and ferulic acid (Akin et al. 19902, Jung and Casler 1990).

Cell wall bound phenolic acids have not been studied as a line of defence against insect
pests feeding on vegetative tissue. The purpose of this study was to localize and quantify cell
wall bound phenolic acids within the different cell types of ECB susceptible and resistant lines
of maize to critically evaluate a phenolic acid based defence mechanism. A second objective
was to observe changes in cell wall phenolic composition between preferred (immature) leaf
tissue and more resistant (mature) leaf tissue. To this end, colour staining, and
autofluorescence were evaluated as techniques for micro-localization and relative
quantification of cell wall phenolic acids. A microspectrophotometer technique developed for
grasses (Akin et al. 1990bj was adapted for quantification of maize cell wall phenolics.

3.2 MATERIJALS AND METHODS

Plant Samples: Insect resistant (MBR 6796-15, B86, CI31A) and susceptible
(MS72) inbred lines of maize plants were grown in greenhouses during December through
April at 22°C. Plants were harvested at 10 weeks with leaf s;actions from mature tissue
coming from the middle of leaf 8 while immature tissue came from leaves 13 to 15 depending
on the inbred. Immature leaf tissue consisted of leaf sections within the whorl that had not

38



been exposed to light. During 1991, field grown plants were harvested as above and used to
make comparisons with greenhouse grown material. Leaf sections were prepared at -20°C to
a thickness of 12 pm and mounted on glass for staining. All sections were used within four
hours of sectioning.
Insect bioassay: The same tissues described above were incorporated into a modified Ascher
et al. (1981) apparatus to measure the percent consumption of a 1.0 cm® disk by two
third-instar ECB larvae in a 48 hr period on mature, and 24 hrs on immature, tissue. The
bioassay apparatus consisted of three halves of plastic petri plates (5 cm dia.) with the bottom
plate having 2 1 cm dia. hole. The top plate in inverted and wet cotton is placed inside and
covered with filter paper. Leaf tissue is placed with the top surface placed down onto the
filter paper and the bottom plate with the hole is centered onto the leaf to expose the feeding
surface. Plates were taped together and two early third instar larvae were placed into the
apparatus. A small plastic covering was placed inside to shade the larvae and the third plate
was taped over the top to seal the larvae into the apparatus. Larvac were reared and tested
under a 16:8 (light:dark) photoperiod at 85% R.H. and a 25°C/19°C (day/night) temperature.
Area consumed was measured using 1 mm’® graph paper. Forty bioassays were performed for
each tissue type and variety.
Nitrogen Determination: An automatic micro-Kjeldahl nitrogen analyzer (Tecator model
1030) was used to determine percetit nitrogen and estimate protein content of 0.3 g dwt leaf
samples using the conversion factor 6.25 for estimating protein content from nitrogen
(McKenzie and Wallace 1954).
Phenolic Quantification: Hydroxycinnamic acids tested included E-p-coumaric acid and
E-ferulic acid purchased from Sigma Chem. Co. Hydroxycinnamic acids were suspended in
acetone and applied to Whatmann #1 filter paper at 5, 0.5, 0.05 and 0.005 mg of p-coumaric
or ferulic acid per cm®. Double-sided tape held spiked filter paper to a glass slide. Slides were
incubated for the same time as tissue sections and were photographed while wet. Pictures
were taken out of focus to minimize heterogeneity of colour due to cellulose fibres.

Staining of filter paper loaded with defined amounts of phenolic acids provided a

concentration-based colour gradient for diazonium salt stains but not a pronounced colour

39



gradient for the other stains tested (Appendix 4). However, the coloration differed from
stained leaf tissue and could not be used reliably to estimate phenolic acid levels.

Microscope: A Zeiss universal microscope fitted with a 75 W xenon lamp was used for
staining and fluorescent micrographs. Only neutral density filters were used. '
Preparation of Histochemical Stains: Lignin and simple phenolic acids were localized using
the following procedures and stains: 1) Phlorogiucinol - a saturated solution (60 g/L)
phloroglucinol in water was added to 6 M HCl (4:1) as needed; 2) Azure B - azure B
bromide crystals were added (0.25 g/L) to 0.1 M citrate buffer, pH 4.0 and mixed as needed;
3) Chlorine-sulfite - a sodium sulfite (20 g/L) solution was prepared and cooled to < 8C
before use; household bleach containing 6% sodium hypochlorite was acidified to pH 1 using
6N HCI with constant stirring. Both solutions were prepared fresh and used within 2 hours
(Jensen 1962); 4) diazotized p-nitroaniline - 10 ml of a p-nitroaniline solution (1 g/L)in2 N
HC] were added to 10 mL of an aqueous NaNO, solution (2 g/L) and then mixed with 20 mL
of an aqueous K,CO, solution (100 g/L); 5) diazotized sulfanilic acid - 2.25 g sulfanilic acid
was dissolved in 45 mL of 6 N HC| by warming and the solution was diluted to 500 mL with
water. Ten mL of the sulfanilic acid solution were added to 10 mL of cold aqueous KNO, (45
g/L) followed by 20 mL of aqueous Na,CO, (100 g/L) (Krebs et al. 1969). All reagent
mixtures were combined just prior to staining.

Steining of Standards and Plant Cell Walls: For all staining, good results were obtained by
gently submerging slides into stain reagent and gently rocking to ensure good stain
penetration without dislodging sections. Incubation time was two minutes for all stains except
diazotized sulfanilic acid which required only 15 seconds. A second staining technique for
azure-B involved heating of slides soaking in azure-B at 50°C for two hours followed by
washing once with distilied water and twice for two-hours each time in t-butanol (Akin et al.
1990a). All slides were drained of excess stain reagent and mounted with a drop of 80 %
glycero! and covered with a cover slip to reduce oxidation and crystallization of stained
sections.

Microspectrophotometry: A computer-controlled Zeiss UMSP-80 microspectrophotometer
equipped with a high-pressure xenon lamp (XBO 75W) and a series-connecting grating
monochromator (bandwidth 10 nm) was used to measure transmittance spectra at
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wavelengths from 230 to 350 nm (5 nm steps). Sections for microspectrophotometry were
cut 8 pm thick from mature and immature tissue. The microscope was fitted with a 100x
ultrafluar Zeiss quartz objective and a 10x ultrafluar Zeiss quartz condenser lens. The
measuring aperture placed over the middle of the cell wall was 0.32 mm, which provided a
measuring field diameter of 2 pm. The microspectrophotometer was adjusted for 326 nm
which gave 2 high signal to noise ratio for taking readings of sclerenchyma, parenchyma
bundle sheath, xylem and epidermal cells walls.

Phytochemical Analysis:

DIMBOA was extracted from a 0.5 g sample of lyophilizes tissue. Samples were
extracted 4 x 20 ml of 70% methanol and mixed with a polytron mixer. After centrifugation
the supernatants were pooled and dried to near water on a rotary evaporator (35°C). The pH
was then lowered to 2.0 using IN HCl and the extract was extracted with 4 x 50 ml of ethy!
acetate (BDH, Omni-Solv grade). Ethyl acetate fractions were pooled and dried by rotary
evaporator and stored at -20°C uritil HPLC analysis.

The pellet that remained after extracting DIMBOA was washed in a Biichner funnel
with 30 ml of water, 30 mL of 'methanol and 30 mL of ethyl acetate to remove residual
chlorophyll and provide a crude cell wall preparation. Cell wall samples were dried in a
desiccator for four days. Samples were shaken in 20 mL of 2N NaOH for 4-h under N, and
the beakers were wrapped in foil, then the pH was lowered to 2 with 6N HC!. After
centrifugation the supemnatant was extracted with 3 x 50 mL ethyl acetate. The pellet was
resuspended in water and centrifuged twice more with both supernatant fractions pooled and
extracted with 3 x 50 mL ethyl acetate. Ethyl acetate fractions were pooled and dried by
rotary evaporator under darkness and stored at -20°C until HPLC analysis.

HPLC analysis: All analyses were performed with a Perkin-Elmer system consisting of an
LC 480 diode scan array detector and a Perkin-Elmer LC250 binary pump fitted with a 10 pL
injection loop. Separations were achieved using a C18 ODS reverse phase column
(Beckman), 250 x 4.6 mm, 5 pm particie size.

DIMBOA extracts were suspended in 4 mL of 50% methanol and centrifuged at 2000
g for 5 min. The supemnatant was filtered and injected onto the column. The solvent system
was comprised of methanol (A) and 10 mM H,PO,, pH 2.4 (B) at a flow rate of 1.5 mL/min
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and the gradient was a follows: 25 to 55% A in 15 min, 55t0 80% Ain 5 min, 80 to 100% A
in 2 min, 100% A for 8 min, 100 to 25% A in 2 min and 25% A for 3 min. DIMBOA (Rt =
10.5 min) and MBOA (Rt = 13.6 min) standards were synthetically prepared by Atkinson et
al. (1991). Peak identity was confirmed by on-line UV spectra and spiking of extracts with
authentic standards. Recovery of DIMBOA equivalents (MBOA plus DIMBOA) exceeded
80%.

Cell wall bound phenolic acids were suspended in 1 mL of methanol, dijuted ten fold in
methanol, filtered and injected onto the column. The solvent system was the same as above
except the starting mixture was 15% methanol. Standards of p-coumaric (Rt = 15.2 min) and
ferulic acid (Rt = 15.6 min) were purchased from Sigma. Recovery of E-p-coumaric and
E-ferulic acid exceeded 75%.

Statistical analysis: Al statistical analyses were performed on SAS V. 6.03 (SAS, 1988).
Data were transformed to satisfy the assumptions of the general linear model.

3.3 Results and Discussion

Leaf feeding by ECB larvae was greatest on immature leaf tissue, with the entire
exposed leaf area being consumed in 48 hours. Reducing the exposure time to 24 hours
enabled differences to be observed between the genotypes. Varietal differences for mature
tissue were best observed in the 48 hour bioassays (Table 3.1). Rankings of the varieties by
mature tissue bioassay is comparable to field damage ratings on a scale of 1 to 9 with 9 being
susceptible. Field ratings are usually 2 for CI31A and MBR 6796-15, 4 for B86 and 8 for
MS72. After the bioassay all that remained of incompletely consumed feeding areas was the
secondary and primary venation and upper epidermis.

Comparisons between leaf consumption and levels of the conventional resistance
factor DIMBOA (Table 3.2) suggest that other mechanisms of resistance are operating. For
the immature tissue that was completely consumed in 48 hours, the levels of DIMBOA are
highest, 3 to 4 times that of mature tissue which is more resistant. However, DIMBOA
content likely to influence feeding on immature tissue as MBR 6796-15 with the lowest levels
of DIMBOA suffered the highest consumption rate for immature tissue. Comparing the
mature tissue there is a trend in the conventional genotypes (CI31A, B86 and MS72) for

42



'sJY gp Uel sAesseojq enss)) ainjew "“sJy pZ uel sAesseolq enss)) sinjeww] ,
‘G0'0>d '1561 YINS 1ueseltp Ajjueolubis jou aJe Jejje| SWES BY) Aq pemo|jo} uwnjoo
ewies au) ulYlm suesy 'sisAjeue jeayisie)s oy Jold (1+ x)u] Aq pewojsuel) aJem Ble( ,

P 6LFYEE qe.LFL'19 ¢S
0 9ZF89C Qe 2'GFE'ES 98d
e J'0F69 QbrF6LL $1-96L9 HAW
q 0t ¥50l B Z20LFILGh VI€I0
enssi] eJMenN ,enss|| einjeliw| edfjoued)

J(;ww) pewnsuo) ealy jean

"[HoM-pil
J@ SpaIqu| 8z|ew WoJj enss) jee| enjew pue ainjeww) o} skesseolq 03 °|'C 8lqBL

43



‘50'0>d 158} NS
"Yueseyip AUESINUBIS JOU BB JBjle| Bwes ey} AQ PemO]jo) ULIN|0d BLIBS 8} UILIIM SUBBIN ,

e $0'0F 090 2 €20F¢€6°1 LS
e Op'0FE0) qIy’0¥FL8C 988
9 SO0F PO 2010F%0¢€°} S1-96L9 HEW
B Z90F IS} 89/0¥F L9G VIEID
enss)] eJMepw anssj | eJnjeww] edfjousd

JySom Lp 33w
‘JOYM-PIW JE SpeJqul 8ziew WoJj enss)) Jee] einjewl pue ainjewil Jo Jusjuoa yOdgWIQ '2'€ ejqel

W



feeding to be inversely correlated to DIMBOA content. The MBR line does not fit this trend
since it possessed the highest resistance but the lowest DIMBOA level.

Plant nutrition plays a role in insect preference, especially for the C4 plants with low
protein content (Bernays and Barbehenn 1987). In theory, insects feeding on tissue with low
protein content would have to consume more to acquire the required amount of protein to
complete development. This is especially true of lepidopteran larvae that do not feed as
adults. Increased protein intake may be achieved by an increased rate of consumption or by
delayed development. For the immature tissue it appears the insect may compensate for low
protein content by increasing the consumption rate. For example, CI31A with the highest
protein content had the lowest amount consumed (Table 3.3). However, this relationship
does not apply to the mature tissue as the MBR genotype, with the lowest protein content,
also had the least tissue consumption.

The role of cell wall phenolics in reducing ruminant digestibility of grasses has been
well documented (Hartley and Ford 1985). For maize the most prominant ceil wall phenolic
acids are ferulic and p-coumaric (Table 3.4). Immature maize tissue has approximately 75%
more p-coumaric acid and 90 to 125% more ferulic acid content by weight than mature tissue.
This observation contradicts what might be expected based on phytochrome regulation and
UV induction of the main regulating enzyme L-phenylalanine ammonia lyase (EC 5.4.99.5)
(Luckner 1980). One possible explanation for elevated pools of phenolic acids in the
immature cell wall is the relative absence of lignin and cell wall cross-linking due to cell-wall
extensibility requirements for leaf expansion. In immature tissue phenolic acids are pr&em
mainly as monomers esterified to cell wall hemicellulose, but may later form phenolic dimers
or be linked to lignin (Hartley and Ford 1989, Liyama et al. 1990). Mature tissue may divert
phenolic acid production in the cell wall to lignin incorporation, building upon ferulic and
p-coumaric acids linked to hemicellulose during early stages of leaf development. However, a
trend was evident within both immature and mature tissue for lower leaf consumption with
increasing levels of cell wall phenolic acids (Tables 3.1 and 3.4). While the statistical
verification of this trend is weak, it will be verified in more detail in later chapters. Similar

observations have been reported for maize kernels. Ferulic acid is known as 2 major
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consistuent of maize pericarp in kemnels. It has been correlated with storage pest resistance
and mechanical strength of the pericarp (Classen et al. 1990, Serratos et al. 1987).

In order to localize phenolics in leaves a variety of staining techniques was used (Table
3.5, Appendix 4). Differences in tissue maturity were apparent for all varieties and stains.
Phloroglucinol is a standard lignin stain which showed higher levels of lignin in the mature
section of B86 (Fig. 3.1) with extensive lignification occurring in the epidermal cell wall.
Autoflurescence of phenolic acids revealed the localization of phenolic acids throughout the
cell walls of vascular and epidermal tissue (Fig. 3.2). Comparing this to the immature section
(Figs. 3.3 and 3.4) the epidermal cell wall was not lignified but the autofluorescence of
phenolic acids was located throughout the various cell wall tissues. Quenching which reduced
the autofluorescence in micrographs was found to occur at a faster rate in immature tissue
than mature tissue. As with phloroglucinol the same observations were made with Azure-B,
sodium chlorite, and the diazonium salts of p-nitroaniline and sulfanilic acid. The best stain
for comparing lignification was p-nitroaniline which showed the greatest contrast between
mature and immature epidermal cell wall fortificaton (Figs. 3.5 and 3.6).

While maturity differences were very evident in stained tissues, varietal differences
among the four genotypes could not be clearly distinguished with the exception of MS72
which was clearly different. As a result, staining for phenolics does not presently offer a
means of differentiating between resistant and susceptible genotypes. However, staining does
show the heterogeneity of cell wall phenolic complexes when combined with autofluorescence
such as shown with chiorine sulfite which colormetrically distinguished the different cell wall
components (Fig. 3.7). Chlorine-sulfite and UV illumination of sclerenchyma cells, which are
structural cells resistant to microbial breakdown (Jung and Casler 1990), had a characteristic
light green colour. Epidermal cells that possess a similar light green coloration may likewise
resist microbial breakdown or penetration by insects. Differential staining of this nature may
assist in better characterizing the cell wall composition in future work.

Although staining could not provide reliable quanitative data for characterizing
resistant genotypes, consistent results were obtained using a microspectrophotometer (Fig.
3.8). Microspectrophotometry of bermudagrass, Cynodon dactylon (L.), has shown that cell
walls with high absorption readings resisted digestion by rumen fluid (Akin et al. 1990b) and
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Fig. 3.1-7. Phloroglucinol staining of maize (B86) leaf-cross-sections of mature
(1, 2) and immature (3, 4) tissue observed under white light (1, 3) and
ultraviolet light (2, 4). Diazotized sulfanilic acid staining of mature (5)
and immature (6) leaf tissue (bar = 100 pm). Mature leaf section stained
with chlorine-sulfite and observed under ultraviolet light and white light
with neutral density flters (7) (bar = 50 um).
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microspectrofluorimetry of pericarp phenolics predicts resistance to stored grain insects
(Arnason et al. 1992). Comparing a typical series of tissue scans of genotype CI31A, the
changes that occurred in cell wall absorption of ultraviolet light reflect changes largely in cell
wall phenolics such as phenolic acids and lignin. The most dramatic change that occured was
in adaxial epidermal cell wall tissue, which had an absorbance of less than 0.6 in immature
tissue but attained an absorbance above 2.0 for some mature epidermal tissue. These results
are consistent with staining observations but provide quantitative data for assessing resistance.

An important new result with the microspectrophotometer was that varietal differences
couid be found using the epidermal absorbance readings taken from the adaxial epidermis
{Table 3.6). These results agree with not only the mature tissue ranking for consumption rate
but aiso provide a suitable explanation for why immature tissues are completely consumed
regardless of the elevated levels of secondary metabolites such as DIMBOA (Table 3.2).
Lignification of mature tissue appears to be the most important factor accounting for
differences in consumption rates between immature and mature tissue (Figs. 3.1-8). Upon
maturity other factors such as simple phenolic acid levels in the cell wall may then contribute
to differential resistance between genotypes (Table 3.4).

These observations are consistent with field observations that tissue toughness plays
an important role in field resistance to the ECB (Chapter 2). Phenolic fortification of the
epidermal cell wall would act as a physical barrier to penetration by neonate larvae thus
depriving them of water and nutrients during the first 48 hours. Failure to ingest water during
this time could result in desiccation during this stage of development when mortality can
exceed 80% (Ross and Ostlie 1990). Tissue toughness is likely a major reason for
post-eclosion migration from the undersurface of the leaf into the whorl to ingest tender tissue
and avoid desiccation. Oviposition on the undersurface of the leaf is also advantagous to the
neonate as the abaxial epidermis does not have as high a cell wall absorbance and is easier to
penetrate using an instron (data not shown).

For mature tissue, the major factor for resistance appears to be leaf toughness which
is manifested through cell wall fortification by phenolic acids largely in the form of
phenolic-carbohydrate complexes. This form of mechanical resistance may explain the broad
range of resistance reported for multiple borer resistant (MBR) varieties such as the genotype
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presently studied. Varietal differences in resistance can be quantified using a
microspectrophotometer to record cell wall absorption at 326 nm light to estimate relative
phenolic levels, with resistant genotypes tending to have higher epidermal absorption.
Quantitative data derived from the microspectrophotometer can be used not only for
screening purposes but also as a tool to better understand larval feeding behavior within the

plant.



CHAPTER [IV.
DEVELOPMENTAL CHANGES IN HOST-PLANT RESISTANCE: MAIZE-LEAF
PROFILE OF FACTORS OF RESISTANCE TO THE EUROPEAN CORN BORER.

4.1 Introduction

Maize resistance to the European corn borer can be better understood using phenolic
staining and microspectrophotometry procedures developed in Chapter 3 to relate intra-plant
differences in cell wall fortification with insect feeding-preferences. From the perspective of
insect feeding-behavior, the insect will feed on plant tissue that provides the most nutrition at
the lowest possible cost including detoxification, mastication, digestion and absorption of
nutrients. Larvae prefer the immature tissue of the whorl despite its high DIMBOA levels,
because the absence of lignin renders the tissue tender and accessible to early instar larvae
(Chapter 3).

Leaf resistance factors such as DIMBOA change over time (Morse et al. 1991) and
among different tissues (Argandona et al. 1985). For hydroxamic acids these changes appear
to be gradual in healthy plants (Morse et al. 1991). Given this continuum of hydroxamic acid
levels in maize, it is reasonable to expect other defence compounds, namely quantitative
defences, to also show a continuum of change with leaf tissue development which is
represented by an extending whorl leaf. Such changes in leaf resistance factors during leaf
development may influence insect feeding performance and behavior. The first objective of
this study was to determine the changes in resistance and nutritional factors along the length
of leaf from a resistant synthetic (BS9 (C4)). The second objective was to relate these
changes to insect feeding performance to elucidate which resistance factor(s) most dictate
insect feeding preference.

4.2 Materials and Methods

Plant Samples: The fourth cycle of selection from the maize population BSS was used with
the method of selection outlined by Russell and Guthrie (1982). Planting occurred in
mid-May of 1992 at the Plant Research Centre, Agriculture Canada, Ottawa, Ontario,
Canada. The rows were spaced 0.9 m apart and plants spaced 0.15 m apart with 30 plants per
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row. The soil was 2 sandy loam. Three blocks of four rows were planted with one row from
each being infested with four egg masses (ca. 200 eggs) for field observations. At the
mid-whorl stage the 13th leaf was harvested by pulling the 12th leaf and above whorl out of
the plant and unwrapping the leaves to expose the 13th leaf which was green along 1/4,
green-yellow along 1/2, and yellow along 1/4 of the leaf length. Ten leaves from each block
were harvested for phytochemical analysis. The mid-ribs were removed and the leaves were
cut into eight sections along the length. Four sections were predominantly green and four
sections being predominantly yellow, with section 1 originating at the leaf tip and section 8
originating from the auricles. Tissue from 10 plants was pooled for each section within a
block and frozen at -20° C. To release DIMBOA from its glucoside, each frozen sample was
thawed for two hours and then refrozen and freeze-dried. Samples were milled on a UD
cyclone mill (UD Corp., Bolder, CO) with a 1-mm screen. Milled samples were stored at -20°
C until analyzed.

Bioassays: Thirty plants were dissected and sectioned as above. Bioassays were conducted
as reported in Chapter 3.

Leaf Toughness: Using the method reported in Chapter 2, five force measurements were
taken for each of the eight sections.

Microspectrophotometer: Five microscope sections from sections numbered 2, 4, 6 and 8
were collected and kept at -20° C. Sections were embedded in water containing glycerol (5
drops per 10 ml water) and 6 um sections were prepared. Microspectrophotometry protocol
is outlined in Chapter 3. |

Protein Determinations: Protein content was estimated by the micro-Kjehldahl method on
0.3 g samples using the conversion factor 6.25 to estimate protein from N.

Phytochemical Analysis:  Phenolic conjugates, hydroxamic acids and cell wall phenolics
were determined using the method outlined in Chapter 3. Truxillic acid and diferulic acid
were obtained from G.H.N. Towers (UBC).

Statistical analysis: All statistical analyses were performed on SAS V. 6.03 (SAS, 1988).
Regressions were preformed on means. Microspectrophotometer data satisfied the
assumptions of the general linear model and were not transformed.
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4.3 Results and Discussion

Field observations of recently eclosed larvae showed that approximately 80 % of the
larvae move towards the centre of the whorl during daylight hours. Similar observations can
be found with other stem borers such as Chilo partellus (Swinhoe) (Lepidoptera: Pyralidae) in
which 95 to 100 % of live larvae are within the whorl (Ampofo and Kidiavai 1987). A
possible explanation for this behavior is simply survival. The hot, dry micro-environment on
the exposed whorl leaves causes desiccation of neonate larvae which have a high
surface-to-volume ratio. This explanation is supported by high egg mortality at low relative
humidities (Lee 1988) and a larval mortality that often exceeds 80% during the first 48 hrs
after eclosion (Ross and Ostlie 1990).

A profile of leaf consumption by ECB on BS9 C4 is found in Fig. 4.1. ECB larvae
show the highest consumption rate for immature, yellow, tissue (sections 6 to 8). The leaf
section with the lowest consumption was at the point where the leaf emerges from the whorl
(section 4). By conducting leaf-feeding bioassays in growth chambers the effects of relative
humidity over the leaf length are controlled and there is an obvious reduction in feeding on
mature, green, tissue even when relative humidity is not a restricting factor.

Other parameters commonly thought to be associated with feeding behavior are shown
in Fig. 4.1. Protein was lower for the sections around the green-yellow interface, reaching a
level as low as 17%. Based on protein alone, one would expect consumption to be higher at
the interface so as to fulfill nutritional requirements for development (Scriber and Slansky
1981). This is not observed for the leaf profile for BSS during the first 48 hours of feeding.
Soluble metabolites washed from milled leaf tissue included sugars, soluble proteins,
chlorophyll, phenolic conjugates such as flavonoids and hydroxycinnamic acids, and
hydroxamic acids such as DIMBOA. The trend for soluble metabolites follows that of leaf
consumption. Phenolic conjugates of maize act as phagostimulants (Appendix 2) and may
account for higher consumption as the level of sugar conjugates of p-coumaric acid are higher
for immature whorl tissue (Fig. 4.2). Other soluble secondary metabolites such as ferulic acid
conjugates or HMBOA fluctuate and show no consistent trend.
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DIMBOA reached highest levels within the leaf whorl (Fig. 4.2). Based on previous
feeding preference studies the converse would be expected (Robinson et al. 1978).
Nutritional studies have shown that DIMBOA incorporated into meridic diet increases ECB
feeding while reducing the efficiency of nutrient assimilation and various fitness parameters
(Houseman et al. 1992). Larvae that continue to feed in whorl tissue throughout their
development may have a lower reproductive fitness due to reduced adult weight and delayed
development,

The high feeding preference for tissue with elevated levels of DIMBOA can be
rationalized by observing the relative absence of physical defense mechanisms. Fibre content
in immature tissue is low (Fig. 4.1} and the relative absence of phenolic fortification in
epidermal cell walls, as demonstrated by the low microspectrophotometer readings (Table
4.1), render nutrients within the cell walls more accessible and hence makes the tissue more
desirable (Bernays and Barbehenn 1987, Scriber and Slansky 1981). The tissue toughness
profile found in Fig. 4.3 best illustrates the absence of mechanical resistance factors vis-g-vis
fibre and phenolic fortification of cell walls.

The toughness profile could account for field observations of neonate behavior.
Immature tissue is more easily consumed by the small mandibles of neonates than tougher
mature tissue. By migrating to the inner whorl, larvae would not only be in a higher humidity
micro-environment but could also easily ingest water and nutrients to avoid desiccation and
starvation during early stages of development. During the field study, another insect, the corn
leaf aphid (Rhopalosipum maidis), was most prominent within the whorl of several maize
varieties with high DIMBOA levels (unpublished data). DIMBOA has been identified as a
feeding deterrent for aphids (Niemeyer 1988) as well as accounting for varietal differences in
resistance to aphids (Beck et al. 1983). However, like the ECB there may be physical,
environmental, or nutrititional factors that are of greater importance to aphid performance that
necessitate feeding on high DIMBOA tissue within the whorl.

The major cell wall bound phenolic acids are E-ferulic and £-p-coumaric acids which
are attached to hemicellulose through pentose sugars (Kato and Nevins 1985). Both phenolic
acids reach their highest levels in sections 5 and 6, the yellow tissue which will mature next.
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Fig. 43. Line graphs of BS9 leaf toughness profile (dashed line) in relation to leaf
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Cell wall bound ferulic and p-coumaric acids can form dimers either enzymatically through
peroxidase to form diphenolic acids (Hartley and Jones 1976) or through photochemical
reactions to form truxillic and truxinic acids (Hartley et al. 1988, Ford and Hartley 1989).
Formation of such dimers may increase the mechanical strength of the cell wall by
cross-linking hemicellulose (Ford and Hartley 1989). From the profiles in Fig. 4.4 no
individual component provides a suitable explanation for leaf consumption or toughness.
However, when taken together it appears that at the leaf tip that has been exposed to sunlight
the longest, high levels of truxillic and truxinic acids could cross-link maturer tissue to provide
structural resistance. For sections 4 through 6, elevated levels of cell wall bound p-coumaric,
ferulic and diphenolic acids may sustain leaf toughness and thereby maintain a moderate leaf
consumption rate. For sections 7 and 8 ali cell wall phenolics are reduced with concurrent
increases in leaf consumption (Fig. 4.1). It is of interest to note the dramatic reduction in
cell-wall bound p-coumaric acid which has been shown to have a positive correlation with
lignin in bromegrass, Bromus inermis Leyss. (Jung and Casler 1990). It may be that cell wall
bound p-coumaric acid is an indicator for lignin by facilitating lignin attachment to the cell
wall in maize. A similar role has been proposed for ferulic acid in wheat (liyama et al. 1950).
Moreover, Akin et al. (1992) has shown increased digestibility of bermudagrass leaves with
alkaline release of phenolic monomers and their photoactivated dimers. This increase in
digestibility was noticed especially in the epidermis. These observations support the
" hypothesis that phenolic acid monomers and dimers contribute to the mechanical resistance of
maiuring tissue that are not yet highly lignified.

Simple linear regression of leaf consumption against each of the 12 parameters studied
identified 4 parameters that could account for over 85% of the variation in leaf consumption
(Table 4.2). The microspectrophotometer absorbance, toughness, weight of soluble
metabolites and fibre content are all components or indicators of mechanical resistance.
Elevated fibre content would not only increase the bulk density of the insect's diet to make
nutrient and water requirements less attainable (Bernays 1986), but would also increase the
area for phenolic cross-linking. Acting in concert, fibre and cell wal! fortification in epidermal
tissue could increase leaf toughness of "apparent” (sensu Feeny 1976) mature leaf tissue,
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making it inaccessible to neonate larvae which are forced to feed on softer whorl tissue which
has higher leaf moisture but is defended by high levels of DIMBOA.

This study has shown that within a plant, resistance to leaf feeding varies considerably.
Likewise, the nutrient and phytochemical composition of the maize leaf varies considerably
and it is this variation which likely dictates the feeding behavior of early larval instars.
Neonate larvae tend to migrate deep within the whorl to initiate feeding on tender immature
leaf tissue which is not well fortified with fibre and cell wall phenolic acids. The young larvae
may suffer from reduced weight gain associated with the high levels of DIMBOA in whorl
tissue (Houseman et al. 1992) but would minimize physical dangers such as desiccation and
predation. As the insect matures its mandibles may be better able to better cope with tougher
mature tissue (Bernays 1986) which has lower levels of DIMBOA. Leaf toughness appears
10 be the predominate factor which dictates ECB feeding preference within maize during the
mid-whorl stage of plant development.



CHAPTER V.
TEMPORAL CHANGES IN MAIZE SECONDARY METABOLITES AND
RESISTANCE AGAINST THE EUROPEAN CORN BORER, OSTRINI4 NUBILALIS
(HUBNER).

5.1 Introduction

Studies on the temporal changes in maize hydroxamic acid content (Morse et al. 1991,
Guthrie et al. 1986a) have found there is a decline in these defences with plant age, although
these studies did not relate the changes in insect performance on tissues of varying ages. In
addition to these investigations, plant-insect interaction studies using aphids and lepidopteran
larvae have shown induction of hydroxamic acid production during insect feeding (Niemeyer
et al. 1989, Gutiérrez et al. 1988). Hydroxamic acid levels are also influenced by the
environment. Comparisons of greenhouse and field grown plants have shown higher levels of
DIMBOA, with concurrent increases in plant damage by ECB larvae, in greenhouse grown
plants (Guthrie et al. 1986b, Manuwoto and Scriber 1985b). 1 have presented new
mechanisms of first generation resistance in earlier chapters that are based on phenolic acid -
cell wall carbohydrate complexes that act by increasing the mechanical strength of the leaf
(Chapters 2, 3 and 4).  From these studies it appears that maize resistance-factors such as
DIMBOA and cell wall phenolics change over time and are also influenced by the
environment.

One objective of the present study was to relate changes in resistance and nutritional
factors of a resistant synthetic (BS9 (C4)) over time and between growth environments to
insect feeding preference. A second objective was to see if the maize plant utilizes different

defense strategies at different stages in whorl development.

5.2 Materials and Methods.

Plant Samples: The maize synthetic BS9(CB)C4 was used with the method of selection
outlined by Russell and Guthrie (1982). Plants were grown under three different
environments. Greenhouse plants were grown at 22°C and 16:8 L:D. Plent density was 3
plants per 6" pot except for the three-leaf sampling in which plants were planted in flats of 40
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to obtain sufficient tissue for phytochemical analysis. Plants grown under reduced UV light
were covered by greenhouse plastic (CIL Durafilm 3, 6 mil) in such a way as to allow
adequate ventilation. Plastic blocked 90-99% of the UV light which can be used for
cyclobutane production (Fig. 5.1). Greenhouse plants grown with supplemental UV light
were grown under black lamps that emitted light from 300 to 400 nm. Radiometric
measurements were taken at pot height in both treatment areas and the daylight fluorescent
lights and tungsten filament lights were adjusted to deliver 2.2x10* ergs/cm®/sec for each
treatment. Field grown plants were planted in mid-May of 1992 at the Plant Research Centre,
Agriculture Canada, Ottawa, Ontario, Canada. The rows were spaced 0.9 m and plants
spaced 0.15 m apart with 30 plants per row. The soil was a sandy loam. Plants were
harvested at full leaf extension for the 3, 5, 7, 9, and 10 leaf stages of development for all
three treatments with a minimium of 10 g fresh weight of tissue being collected. The midribs
were removed and tissue frozen at -20° C. The frozen sample was thawed for two hours and
then refrozen and freeze-dried. Samples were milled on a2 Wiley® mill fitted with a 20 mesh
screen. Milled samples were stored at -20° C until analyzed.

Bioassays: Thirty leaves were collected from each treatment and leaf age at the same time
phytochemical samples were taken. Bioassay protocol is described in Chapter 3.

Leaf Toughness: Using the method reported in Chapter 2, fifteen force measurments were
taken for each stage of plant development.

Microspectrophotometer: Three microscope sections from three replicates of greenhouse
grown plants were collected during the aforementioned sampling and stored at -20°C until
sectioned. Sectioning and microspectrophotometry procedures are outlined in Chapter 3.
Protein Determinations: Protein content was estimated by the micro-Kjehdahl method on
0.3 g samples using the conversion factor 6.25 to estimate protein from N.

Phytochemical Analysis:  Soluble phenolic acid conjugates, hydroxamic acids and cell
wall bound phenolic acid levels were determined using the protocol outlined in Chapter 3.
Lignin Determinations: Residue left after base hydrolysis was dried in a desiccator and
weighed. The acetyl bromide procedure of liyama and Wallis (1990) was used on the residue
to determine core lignin content.
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Fig. 5.1. Spectral absorbance between 250 and 450 nm for greephouse and
construction plastics. Used plastic was tested at the end of the field season.
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Statistical analysis: All statistical analyses were performed on SAS V. 6.03 (SAS, 1988).
Data were transformed to satisfy the assumptions of the general linear model.

Student-Newman-Keuls test was used to compare means within a given treatment.

5.3 Results and Discussion.

Changes in feeding by ECB and secondary metabolites in maize leaves were monitored
over the first 10 leaf stages of development under 3 conditions: 1) outside in full sunlight, 2)
in a greenhouse under reduced UV irradiation and 3) in a greenhouse with supplemental UV
irradiation. Bioassay results reveal a preference by ECB larvae for younger plants and for
greenhouse grown plants grown under reduced UV light conditions (Fig. 5.2). Field-grown
plants were least consumed at the three leaf stage, less than even 9 leaf plants grown under
reduced UV light. These observations are consistent with those of Manuwoto and Scriber
(1985b) who reported greater ECB feeding on plants grown under reduced light. In the
present study it appears that UV light is the major component to account for this change as
light intensity between the two g eenhouse treatments was equilibrated. All treatments
showed a significant reduction in leaf consumption with increasing leaf number, with the most
dramatic reduction occuring in the reduced UV treatment between the 9 and 10 leaf stages of
development.

DIMBOA dropped to significantly lower levels after the three leaf stage for all three
environments with the 9 and 10 leaf stages having the lowest levels with the exception of the
outside fifth leaf sample (Fig. 5.3). Since the older leaf stages had lower levels of DIMBOA
than the younger leaf stages, it is evident that reduced consumption of older leaves (Fig. 5.2)
cannot be explained by non-preference for DIMBOA. Similar observations have been
reported in other greenhouse studies which have made comparisons to field-grown maize
(Guthrie et al 1986b) or to plants grown under elevated artifical light corditions in the
greenhouse (Manuwoto and Scriber 1985b). From both studies it appears that in addition to
DIMBOA, another defence mechanism is operating that is light dependent.

Soluble phenolic acids conjugated to various sugars followed the same trends as
DIMBOA with later leaves having lower levels than earlier leaves (Table 5.1). This trend in
soluble phenolic levels has been observed for Sorghum bicolor (Woodhead 1981). However,
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field-grown sorghum had higher levels of soluble phenolics than lab-grown plants which is the
converse of the findings reported in the presemt study. Locusta migratoria nymphs are
reported to take smaller meal sizes when feeding on seedling leaves of Lolium perenne which
have higher levels of alkaloids than mature tissue. For maize and the ECB the opposite is
true with higher feeding occurring on leaves with more soluble secondary metabolites. For
some insects phenolic acids can act as feeding deterents (Dowd 1990) but based on ECB
feeding bioassays (Appendix 2) it appears that soluble phenolic acids conjugated to sugars act
as phagostimulants.

Protein content dropped significantly from the third to the fifth leaf and then gradually
declined with subsequent leaves (Table 5.2). Nutritional requirements of insects often
necessitate higher consumption of protein-poor tissue to complete development (Bernays and
Barbehenn 1987, Scriber and Slansky 1981). However, leaves in the present study with the
highest protein content were subjected to the most feeding, suggesting that low protein
content is not the factor that dictates elevated feeding of younger leaf tissue by ECB larvae.
Gravimetric determination of soluble metabolites provides a crude estimate of sugars, soluble
secondary metabolites, proteins and chlorophyll (Table 5.3). The same trend as protein is
observed suggesting that younger leaves provide more accessible nutrients and water to larvae
than do older leaves. Fibre content has been hypothesized to increase the bulk density of the
insect's diet to the point that insects cannot ingest enough nutrients (Peterson et al. 1988,
Bernays 1986). Fibre content did not change significantly within the age range tested and
would not likely account for the observed feeding preferences (Tables 5.1 and 5.3).

The major cell wall bound phenolic acids are E-ferulic and E-p-coumaric acid,s which
are attached to hemicellulose through pentose sugars (Kato and Nevins 1985) in forms such as
FAXX and PAXX. Cell wall phenolic acids have been studied as digestibility-reducing factors
in ruminants (Hartley and Ford 1989) and have been correlated with maize resistance to
storage pests (Classen et al. 1990) and to leaf feeding by the ECB (Chapter 8). Both phenolic
acids reach their highest levels in the 9 and 10 leaf stages showing levels 2- to 5-fold higher
than younger leaves (Table 5.4). The highest levels reported are for the older leaves of plants
grown under reduced UV light. Within a given growth environment, phenolic acid levels
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reflect ECB feeding rates with higher consumption occurring on leaves with lower cell wall
phenolics.

Cell wall bound ferulic and p-coumaric acids can form dimers either enzymatically
through peroxidase to form dehydrodiphenolic acids through ring linkage (Hartley and Jones
1976) or through UV absorption to form cyclobutane dimers called truxillic and truxinic acids
(Ford and Hartley 1989, Hartley et al. 1988). Formation of such dimers may increase the
mechanical strength of the cell wall by cross-linking hemicellulose (Ford and Hartley 1989).
Formation of such dimers may explain the anomaly reported in Table 5.4 with plants grown
under reduced UV light having higher feeding but also higher levels of cell wall phenolics. In
the absence of UV light phenolic dimers were not produced in significant quantities while
field-grown plants had high levels of cyclobutane dimers through all leaf stages (Fig. 5.4). All
treatments.showed a sharp increase in cyclobutane dimers at the 9 leaf stage (10 leaf stage for
the reduced UV treatment) which coincides with increased levels of phenolic acids and
reduced insect feeding (Table 5.4, Fig. 5.2). Similar results are reported for sorghum, with
cyclobutane dimer levels being highest at later stages in plant development (Goto et al. 1991).
Dehydrodiferulic acid levels generally increased with leaf stage with the field grown leaves
having the highest levels (Fig. 5.5). However, this family of phenolic dimers did not appear to
reflect all the feeding preferences consistently because greenhouse grown plants under
reduced UV light conditions tended to have higher levels than UV-exposed plants. A possible
explanation for this is that cell wall phenolic monomers exposed to UV light formed dimers
thereby reducing the probability of further dimerization reactions occurring enzymatically.
Lignin content did not differ significantly (SNK, P<0.05) between different development
stages within a treatment or between treatments (Appendix 5). Buendgen et al. (1990)
showed that between different cycles of S, selection for BS9, lignin content of whorl tissue
did not increase as insect resistance increased which is consistent with these results.

The overall impact ceil wall phenolic acid - carbohydrate complexes have on leaf
toughness is shown in Fig 5.6. Leaf stages with the lowest levels of cell wall phenolics have
the lowest leaf toughness, with the 3-leaf stage being the softest of all stages. It is
hypothesized that leaf toughness vis-a-vis phenolic fortification of cell wall tissue is the
primary defence for mature tissue in maize against the ECB. Immature tissue and early leaf
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Fig. 5.4. Bar graph of total concentration of cyclobutane dimers in BS9 leaves at different
stages in development and grown under different light conditions. N =4 for each treatment
and development stages.
Bars topped with different letters within the same treatment are significantly
different, SNK (P < 0.05).
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stages rely upon DIMBOA to protect tender tissue which is not well fortified. As the tissue
matures the DIMBOA levels drop with insect consumption also dropping as the tougher tissue
is less accessible and probably less palatable.

Changes in phenolic acids within the epidermal cell wall can be estimated using the
microspectrophotometer (Chapter 3). Absorbance readings showed that the least fortified
epidermal cell wails were found at the 3 leaf stage with a dramatic jump in absorbance
occurring at the 9 leaf stage of development for both greenhouse treatments (Table 5.5). In
spite of the high epidermal absorbance for 9 leaf plants grown under reduced UV light, leaf
consumption continued to be high. A probable explanation is that cyclobutane dimers that
cross-link the cell wall hemicellulose are at extremely low levels (Fig. 5.4) and are not
detected by the microspectrophotometer due to changes in absorption spectra during
dimerization. Field-grown plants tend to have epidermal cell wall absorbances that are 50 to
100% higher that those reported here for greenhouse-grown plants (Chapter 4).

From the above it appears that the preferred feeding substrate for ECB larvae is early
plant tissue which is high in protein and water content and is accessible due to low phenolic
fortification of cell walls. However, adult emergence and oviposition usually coincide with
the mid-whorl with little evidence of ECB feeding damage to plants in the 3 to 7 ieaf stages of
development. This apparent discrepancy from field observations may be accounted for by
considering the reduced growth rate that ECB larvae experience when reared on
" high-DIMBOA diets (Houseman et al, 1992) such as that found during the early leaf stages .
Such a delay may reduce the reproductive potential for such individuals through asynchrony
while exposing them to an extended period of predation within 2 small canopy plant that offers
little physical protection from natural enemies (Lawton 1983) or from desiccation (Lee 1988).
Moreover, during larval diapause and pupation the stalk may not be of sufficient diameter or
may have excessively high levels of DIMBOA during earlier stages of stalk development
(Gutiérrez et al. 1986).

This study demonstrates that maize resistance strategies to foliage feeders appears to
switch from 2 qualitative defence during early stages of development to quantitative defenses
after the 9 leaf stage, Elevated levels of DIMBOA during early plant development may act as
an antifeedant to deter insect feeding but quantitative mechanisms involving cell wall
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fortification by phenolic acids appear to be a more prominent resistance factor during later
stages of plant development as is evidenced by lower consumption rates by ECB larvae.
Phenolic fortification within the epidermal cell wall would hinder penetration by insects,
especially for early instar larvae with small, underdeveloped mandibles. In the presence of UV
light, phenolic acids can dimerize to form cross-links between hemicelluloses, which may
explain the observations from previous studies where greenhouse-grown maize with elevated
levels of DIMBOA show more feeding damage than field-grown plants that would be exposed
to high intensity UV light (Guthrie et al. 1986b, Manuwoto and Scriber 1985b). Given the
extensive planting of maize and its high apparency according to Feeny's (1976) classification,
it is reasonable to expect a quantitatively based resistance strategy to operate in maize as the

plant matures.



CHAPTER VL
ROLE OF PHOTODIMERIZED PHENOLIC ACIDS IN MAIZE RESISTANCE TO
THE EUROPEAN CORN BORER.
6.1 Introduction

In chapter 5 the effect of environment on the levels of resistance factors and leaf
consumption by ECB larvae was studied. Near-UV light regime manipulated in a greenhouse
affected insect feeding performance and it was hypothesized that light activated phenolic
dimers accounted for the reduced consumption observed for leaf tissue grown under UV light
conditions. Guthrie et al. (1986b) found similar results for inbreds grown in greenhouses
compared to those grown in the field. These observations suggest that resistance mechanisms
that operate in first generation ECB resistance attenuate when maize grows in greenhouses.
Major differences between these two growth environments include light quality, temperature,
and soil composition. We hypothesized that reduced levels of near-UV light (300-400 nm) in
greenhouse environments due to absorption by soft glass, would reduce the production of
photoactivated dimers that appear to contribute to resistance (Chapter 5). To test this
hypothesis, greenhouse and construction plastics were used to cover field grown plants to
observe the effects of near UV light on field resistance.

The first objective was 1o determine if plants grown under reduced ultraviolet light
(300400 ) in the field would be more susceptible to ECB feeding damage. The second
objective was to observe if photodimers of the cell wall bound phenolic acids could account
for differential feeding damage in five genotypes grown under three different light regimes in a

field environment.

6.2 Materials and Methods

Germplasm: Four categories of inbred lines of dent maize were studied: high resistance and
high DIMBOA levels (CI31A), moderate resistance and moderate DIMBOA levels (B86), low
resistance and low DIMBOA ievels (MS72), and high resistance and low DIMBOA levels
(MBR 6796-24 in 1990 and MBR 6796-15 in 1991). MBR lines originated from CIMMYT
and were adapted to northern temperate regions at Plant Research Centre, Ottawa, Ontario,
Canada.
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Field plot: In 1990 and 1991 the same location was planted in mid-May at the Plant Research
Centre. The soil was a sandy loam. The experimental design was a randomized-complete
block with four replicates. Row distance was 0.9 m and distance between plants 0.15 m.
Infested plants had 15 plants per row and those intended for phytochemical analysis had 10
plants per row. Outside ends of each row were bordered by a resistant commercial hybrid
(Dekalb 435).
Greenhouses: At the time of emergence two 12 m x 12 m x 2 m aluminum framed
greenhouses were erected over two of the field plots. One frame was covered by 6 mil
| construction plastic which blocked less than 10% of the UV light (300-400 nm) (UV+
treatment) and the other was covered with greenhouse plastic (CIL Durafilm-3 6 mil) which
blocked 90-99% of the UV light that can be absorbed by phenolic acids (UV- treatment) (See
Fig. 5.1). Plastic hung over all sides of the frame by 1 m to reduce low level incident light at
dawn and dusk but did not impede ventilation for cooling. The third treatment was left
uncovered (Qutside). The UV- and UV+ plastics reduced the incidence of 700 nm light by
15% and 12%, respectively. The spectral characteristics of the plastics did not change over
the course of the summer (Fig. 5.1). To reduce stress on the plants and maintain adequate
soil moisture status, soaker hoses were suspended from the frame to spray ca. 300 L water
every other day. Outside plants were watered to maintain comparable soil moisture levels, In
1990 outside plants were transplanted after the green houses were constructed but planted
with the other treatments in 1991. Afternoon temperatures within greenhouses were as much
as 3°C higher than ambient temperature but were lowered by irrigation. Snow fencing was
placed around the area encompassing the three plois to reduce damage from wind storms.
Artificial Infestation: Infestations were made at the mid-whorl stage in early July with two
applications (4 days apart) of 4 egg masses (ca. 200 eggs) per plant. Leaf-feeding damage to
each plant was rated from 1 (no damage) to 9 (extensive damage) (Guthrie et al. 1960).
Laboratory bioassays were also conducted to account for any modifications in insect
behaviour associated with reduced UV light (Thoms and Philogene 1979). One week after
artificial infestation, twenty 10-cm leaf sections from the middle of the first fully extended leaf
from each variety and treatment were incorporated into bioassays as outlined in Chapter 3.
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Plants were dissected in early October to record the number of larvae, aumber and
length of tunnels, percentage cross-sectional area excavated and height of tunnelling.
Sampling for Phytochemical Analysis: One week after infestation, uninfested plants were
cut at ground level. Whorl tissue was pulled out and the three top most exposed leaves were
pooled as a sample. Mid-ribs were removed and the middle portion of each leaf was cut up.
placed in paper bags and frozen on dry ice, then stored at -20°C. Frozen tissue was
freeze-dried and milled on a UD cyclone mill (UD Corp., Bolder, CO) with a2 1-mm screen.
Milled samples were stored at -20°C until analyzed.

Phytochemical Analyses:  Procedure for phenolic acid and hydroxamic acid
determinations is outlined in Chapter 3. 4,4'-dihydroxy--truxillic acid (FA-FA) was identified
by standards prepared by S. Tachibana. HPLC peaks were confirmed by semi-preparative
HPLC using the same gradient to collect peak fractions which were then extracted with 3 x 5
mL ethyl acetate, dried, and denivatized by mixing N,O-bis(trimethyl-silytrifluoracetamide
with pyridine (1:1) and shaken for 5 min. at 23 °C. Aliquots (5 L) were injected into a
GC-MS fitted with a J & W Megabore 15 m x 0.15 um column packed with DBI.
Temperature profile was 150°C for 2 min and then increased by 10°C/min to 350°C. Mass
spectra showed the presence of only two parent ions m/z 338 and 308, the molecular ions for
fully silyated ferulic and p-coumaric acid, respectively.

Statistical analysis: Al statistical analyses were performed on SAS v. 6.03 (SAS, 1988).
Data was transformed to satisfy the assumptions of the general linear model. Comparison of
means within varieties and between treatments was carried out only if the treatment F-ratio

was significant. Regressions were done on means for each variety and treatment.

6.3 Results and Discussion.

Under field conditions, a reduction in incident UV consistently and significantly
increased the leaf feeding rating on the five genotypes tested in each of two years (Table 6.1).
However, unlike the dramatic increase (up to 400%) in susceptibility demonstrated by Guthrie
et al. (1986b) for greenhouse-grown maize, the increases observed for this study were smaller,
ranging from 11% to 44% increase in leaf feeding by ECB larvae on plants grown under
reduced UV light. CI31A and MBR lines continued to be highly resistant while B86 and
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MS72 showed the greatest increase in susceptibility. These changes could not be accounted
for by changes in DIMBOA since DIMBOA also increased for maize grown under reduced
UV light (Table 6.1). This result is consistent with earlier observations by Guthrie et al.
(1986b). Based on DIMBOA levels alone the leaf feeding ratings should have increased (Klun
and Robinson 1969) which suggests that other resistance mechanisms are operating in this
altered growth environment.

Nutritional quality of grass foliage can dramatically affect the growth and behaviour of
foliage-chewing insects such as the ECB (Bernays and Barbehenn 1987). For C4 plants such
as maize, the levels of available nitrogen (N) are generally lower than for C3 plants (Boutton
et al. 1978) and may tend to amplify insect responses to changes in N quality of the host plant
(Caswell et al 1973). Based on micro-Kjehldahl determinations, the estimated protein
concentrations were slightly, but generally not significantly, lower for maize grown under
reduced UV light (Table 6.2). Part of the observed difference in susceptibility could reflect
the insects' attempt to compensate for foliage of reduced nutritional value by increasing
consumption.

Protein levels for 1991 were higher than for 1990 because the latter were harvested for
cheniistry samples one leaf stage later (14 leaf stage). Protein content drops rapidly with plant
maturity but is also influenced by soil fertility, drought, flooding, light levels and temperature
(Butler and Bailey 1973). Although the growth environments between treatments differed in
light quality and quantity (see Fig. 5.1), temperature and water regime, all treatments were
within one leaf stage of each other at the time of infestation and protein levels within a given
genotype and year were similar,

The relationships of lignin and silica to maize resistance have been studied (Buendgen
et al. 1990; Coors 1987; Rojanaridpiched et al. 1984), but the cortribution made by cell wall
hydroxycinnamic acids (HCA) to leaf resistance has not been reported. The UV- treatment
resulted in higher levels of monomeric HCAs (Table 6.3). This observation would indicate
that it is unlikely that cell wall bound phenolic acids played a direct role in ECB resistance.
Slightly higher temperatures (up to 3°C) were associated with both plastic coverings.
According to Akin et al, (1987), elevated temperatures increase the levels of cell wall
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hydroxycinnamic acids which could explain differences observed between the outside and the
two plastic coverings.

With reduced ultraviolet light the production of cyclobutane dimers was reduced
(Table 6.4). A reduction in the extent of cell wall cross-linking may render the leaf tissue a
more accessible feeding substrate (Ford and Hartley 1990). The effect of reduced UV light on
truxillic and truxinic acid production is best demonstrated when the probability of
cross-linking is taken into account by taking the ratio of total cyclobutane dimers over totai
HCA monomers (Fig. 6.1). For both years the UV-treated plants had a significantly lower
proportion of cell wall bound photodimers.

Given the behaviour-modifying effects of light (Thoms and Philogéne 1979) and
temperature (Slansky and Scriber 1985) on insect feeding, bioassays of field grown material
from each treatment were tested under controlled environmental conditions (Table 6.5). The
same trends observed in the leaf damage ratings (Table 6.1) were observed for the bioassays.
The dramatic reduction in consumption rate for 1991 is likely attributable to the experimental
growth chamber running 3°C cooler (22°C) during photophase. Correlations of the mean
consumption rate within year or within treatment with DIMBOA level, protein content, total
hydroxycinnamic acid content or total cyclobutane dimer content were not significant
(<0.10). There was a weak correlation (r° between 0.03 and 0.28, n=4) for the ratio of total
cyclobutane dimers / total HCA. However, the best regressions were obtained when taking
into account the background proportion of truxillic acids (UV- treatment) for each UV
treatment (UV+ and Outside) (data not shown). The P-values for the slope of the regression
lines were not significant, perhaps because only 4 genotypes were examined, but the same
trend was evident for all four regression lines with increased levels of truxillic acids correlated
with reduced feeding, This is the first reported study of a correlation of modified levels of cell
wall photodimers of HCAs and leaf feeding resistance by a foliage-chewing insect. This
proposed explanation of the mechanism of physical resistance would be largely under
environmental contro!, namely UV light intensity. As a result, regressions over genotype
would likely provide a weak association.

The effect of light quality on plant damage is shown in Table 6.6. Tunnelling was
generally more extensive in plants grown under reduced UV light. Likewise, the mean
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cross-sectional area excavated within the stalk tended to be higher for plants grown under
reduced UV lightt The number of larvae found within the dissected plants was not
significantly different between treatments (P=0.43; df=1,4; N=168) so the increased tunnelling
is probably not due to higher insect populations but larval canabalism may have occurred in
extensively tunnelled stalks, thereby iowering the number of larval counts. Two probable
explanations for increased tunnelling might be the reduced production of cyclobutane dimers
and elevated temperature. Lower levels of cyclobutane dimers may have facilitated
accelerated feeding rates by making nutrients more accessible to early leaf-feeding instars and
subsequently accelerating development so that third-instar larvae, the first instar that feeds
within the stalk, developed earlier and thus would feed within the stalk for an extended period
of ime. ECB development is influenced dramatically by temperature with an increase from
20 to 25°C resulting in a 55% increase in development rate (Ellsworth et al. 1989). Both
plastic houses had comparable temperatures above ambient but the UV-blocking-plastic
house reached temperatures 1-2 °C higher than the UV transmitting plastic house on hot,
bright days.

Manipulation of cell wall composition by altering light quality in the field has enabled
observation of the impact that UV light has on maize resistance and suggests a new resistance
mechanism which operates at the structural level to reduce the accessibility of plant nutrients
to foliage feeders such as the ECB. Maize plants grown under overcast conditions are often
more susceptible to leaf feeding damage by a variety of leaf feeding Lepidoptera (J.A. Mihm,
pers. comm.) which according to our results may be attributed to reduced levels of substituted
cyclobutane dimers to cross-link cell wall macromolecules.  Although mechanical
strengthening of cell wall tissue by phenolic cross-linking may be compensated for by
over-development of larval head capsules and increased mandibular power in later instars
(Bernays 1986), early instars may not have time to adjust. In nature, approximately 80%
larval mortality occurs within the first 48 h after emergence (Ross and Ostlie 1990). The
physical barrier imposed by tougher leaf tissue vis-a-vis cell wall fortification may play a larger
role in maize resistance than has been previously considered, by reducing lavral access to leaf
nutrients and water.
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CBAPTER VIL
EVOLUTION OF RESISTANCE FACTORS DURING RECURRENT SELECTION
FOR MAIZE RESISTANCE TO THE EUROPEAN CORN BORER.

7.1 Introduction

Earlier chapters have provided a body of evidence to support the hypothesis of
quantitative defenses in maize, with the level of quantitative defence being dependent on
genotype, tissue maturity and environment. Early work done on exotic accessions
demonstrated quantitative defence mechanisms in maize, namely lignin (Sullivan et al. 1974).
Recently, quantitative defences such as fibre, lignin and silica have been assocated with
second-gensration ECB resistance (Buendgen et al. 1990, Coors 1987, Rojanaridpiched et al.
1984). Buendgen et al. (1990) investigated changes in cell wall composition over five cycles
of selection in the BS9 synthetic and observed negative correlations between cell wall
constituents and plant damage by the European corn borer. A comparzable study looking at
DIMBOA levels in this same synthetic population found DIMBOA levels to increase with
. resistance in advancing cycles of selection (Grombacher et al. 1989a).

The two studies described previously did not take into account protein, cell wall
phenolic acids and cell wall dimers such as deoxydiferulic or cyclobutane dimers. The first
objective of this study was to see if cell wall phenolics change over cycles of selection in
maize using both standard phytochemical techniques and microspectrophotometer absorbance
readings of epidermal cell walls. The second objective was to observe phytochemical and
nutritional differences between four cycles of selection (C0, C2, C4, C5) and relate these
differences to field resistance.

7.2 Materials and Methods.

Germplasm and Screening: Cycles 0, 2, 4 and 5 from the maize population BSS were
evaluated with the method of selection outlined by Russell and Guthrie (1982). Planting
occurred in mid-May of 1991 and 1992 at the Plant Research Centre, Agriculture Canada,
Ottawa, Ontario, Canada. In 1991 a second location was planted in Prescott, Ontario, Canada
(44°18'18"™N, 78°31'50"W) where a high natural European com borer population existed.
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The rows were spaced 0.9 m apart and plants were spaced 0.15 m apart with 30 plants per
row. The soil was a sandy loam at the Ottawa site and a sandy clay soil at the Prescott site.
Two rows for each cycle within a block were planted for each of the four blocks. In 1991 the
Ottawa site was infested using the Bazooka method (Guthrie and Barry 1989) on one row and
egg masses on the adjacent row with ca. 80 larvae per plant being applied over two
applications. The Prescott site was infested naturally. The 1992 Ottawa site was infested by
Bazooka method only with 80 larvae per plant. Three weeks after infestation (July 20 to 27)
plants were rated according to Guthrie et al. (1960) 9-point scale. Plants were dissected from
late September through early October to count the number of larvae, number and length of
tunnels, position of tunnelling and estimated cross-section of pith excavated by larval feeding.
Sample Collection: At the mid-whorl stage the 13th leaf was harvested by pulling the 10th
leaf and above whorl out of the plant and unwrapping the leaves to expose the 13th leaf which
was green along 1/2 and yellow along 1/2 of the leaf length. This leaf was used for
microscopy studies. The green portions of leaves 11, 12 and 13 were cut into paper bags as
was the immature tissue within the whorl and all were frozen on dry ice and held at -20°C.
Three plants per row were pooled from each row. Frozen tissue was thawed for 2 hours and
then refrozen for freeze drying. Samples were milled on a UD cyclone mill (UD Corp.,
Bolder, CO) with a 1-mm screen. Milled samples were stored at -20° C until analyzed. At
early silking, three plants from each row were harvested for sheath, stalk, node and pith tissue.
Stalk tissue was taken from the third internode above ground and was split in half. The pith
was excavated using an apple corer and the node tissue was removed. Samples were
processed as above.

Bioassays: Thirty plants were dissected and sectioned as above. Two leaf sections (3x7 cm)
were taken from the middle of the green and yellow portions of the 13th leaf. Bioassays were
conducted on both yellow (24 hour bioassay) and green (48 hour bioassay) tissue. Bioassay
procedure is outlined in Chapter 3.

Leaf Toughness: Using the method reported in Chapter 2, seven force measurments were
taken from each row for a total of 25 measurements.

Microspectrophotometer: Sectioning and microspectrophotometry techniques are reported in
Chapter 3.

99



Protein Determinations: Protein content was estimated by the micro-Kjehldahl method on
0.3 g samples using the conversion factor 6.25 to estimate protein from N.

Phytochemical Analysis: Hydroxamic acids and cell wall phenolics were determined using
the methods reported in Chapter 3.

Statistical analysis: All statistical analyses were performed on SAS V. 6.03 (SAS, 1988).
Leaf rating data and number of larvae per plant were transformed by In(x+1) to satisfy the
assumptions of the general linear model.  Microspectrophotometer data satisfied the
assumptions of the general linear model and were not transformed.

7.3 Results and Discussion

Leaf-feeding damage was significantly greater on plants of cycles 0 and 2 than for
those of cycles 4 and 5 for both forms of artifical infestation (bazooka and egg masses) and
for the natural infestation screening (LDR, Table 7.1). The bazooka application method
provided the greatest leaf feeding damage so this infestation method was continued for 1992.
Despite rating only those plants within the natural infestation site that showed signs of insect
feeding, this group had the lowest rating suggesting the insect population per plant was lower
either by reduced oviposition or higher larval mortality. '

Leaf bioassays under controlled conditions by third instar larvae was significantly
greater from earlier cycles within both the mature and immature leaf tissues (Bioassay, Table
7.1). Estimated protein ievels remained r:latively constant at about 20% (Table 7.1).
Nitrogen concentration of plant tissue is a major determinant in insect growth (Scriber and
Slansky 1981), but this component does not seem to play a role in recurrent selection for ECB
resistance as leaf protein was not correlated with field or bioassay ratings. DIMBOA levels in
fully extended leaves have previously been reported to increase over cycles of selection for the
BS9 population (Grombacher et al. 1989a), but this is the first report of changes in DIMBOA

levels within the immature, yellow, whorl tissue for this maize population (Table 7.1). As
with mature leaf tissue, the immature tissue shows an increase in DIMBOA levels with the
largest increase occurring between CO and C2. DIMBOA levels are 2 to 5 times higher for
the immature tissue within the whorl than for mature leaf tissue, with DIMBOA content in
immature tissue being significantly different over selection cycles and correlating with bioassay
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consumption (r=0.72*). Despite having higher DIMBOA levels, immature tissue was
completely consumed within the normal 48-hour run time of the bioassays so immature tissue
bioassays were run for 24 hours. Localization of DIMBOA within the tender whorl tissue is
likely the main defence mechanism for this tissue. DIMBOA levels in stalk and sheath tissue
were found to be very low during silking (Tables 7.2 and 7.3) so DIMBOA is not likely to
contribute to second generation resistance.

Fibre content of the different tissues was estimated from gravimetric measurements of
tissue following base hydrolysis. Such an extraction removes base lignins and ester linked
phenolic acids attached to the cell wall as well as protein. Although significant differences
could not be detected, a trend in leaf tissue fibre content for both immature and mature tissue
is evident with CO consistently having a lower fibre content (Table 7.1). Fibre content of
immature leaf tissue was only 65% of that found in mature tissue. Elevated fibre content in
the diet of insects can increase the bulk density so that larvae cannot eat enough to complete
development (Bernays 1986).

Cell wall composition of BSS whorl tissue showed increased levels of acid detergent
fibre and ash but lignin content did not change from CO through to C5 (Buendgen et al. 1990).
Likewise, base-hydrolyzed lignin in the present study did not change significantly (Appendix
5). Other cell wall constituents that are more precisely quanitified include the simple phenolic
acids (E-p-coumaric and E-ferulic acids) and their associated dimers dehydrodiferulic acid
and substituted cyclobutane dimers. For leaf tissue the levels of simple phenolic acids in the
cell wall varied considerably with ferulic acid showing no trend while p-coumaric acid in
mature tissue increased over cycles of selection (Table 7.1). Substituted cyclobutane dimers
are produced by the absorption of high energy light. Therefore immature whorl tissue had
only trace amounts (data not shown) while C4 and C5 of mature tissue had higher levels than
carlier cycles of mature leaf tissue. This may in part be accounted for by the slower growth
rate and shorter leaf extension observed for cycles 4 and 5 which may permit greater light
pencetration into the lower cariopy for photochemical reactions (see Chapter 4, leaf profile of
cyclobutane). Dehydrodiferulic acid in immature whorl tissue differed significantly among
selection cycles and correlated with bioassay consumption (r=-0.75%, n=4) with comparable
increases being observed for mature tissue. Dehydrodiferulic acid may contribute to
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immature-tissue resistance by fortifying primary cell walls to provide modest levels of tissue
toughness in the absence of lignin while maintaining tissue extensibility required for leaf
growth.

Leaf-sheath tissue differs considerably in composition from leaf blade tissue in having
lower protein and DIMBOA content while having higher fibre content and higher levels of
simple phenolic acids and higher dehydrodiferulic acid content (Table 7.2). Buendgen et al.
(1990) found that high concentrations of neutral detergent fibre, acid detergent fibre.
cellulose, lignin and ash in a high silica population of maize did not render this population
more resistant to second gerneration ECB than the BS9 population which had lower levels of
these cell wall constituents. It may be that the high silica population reported had low levels
of simple phenolics and dehydrodiferulic acid which appear to be selected for in the BS9
population. High fibre content alone may increase the bulk density of the tissue, but in the
presence of phenolic-carbohydrate complexes, fibre strength may increase, providing a
tougher physical barrier to restrict insect penetration into sheath tissue and render nutrients
within the tissue less accessible.

Insect performance on the four different selection cycles indicates that cycles 4 and 5
are more resistant to plant damage (Table 7.3). Larval survivorship was significantly lower
for the later two cycles while the number of tunnels per stalk and the total tunnel length was
also reduced. The mean height of stalk tunneling was lower for 1992 with C4 and C5 having
the lowest average tunnelling height which may in part be attributed to reduced plant height
over selection cycles (Nyhus et al. 1989, Grombacher et al. 1989b). Excavation of pith tissue
dropped significantly over the cycles of selection (X-section, Table 7.3). The importance of
pith excavation is most prevalent in drought stressed environments in which tunneling causes a
reduction in: vield through reduced kernel size (Godfrey et al. 1991).

Stalk tissue (Table 7.3) was much like sheath tissue (Table 7.2) in having low protein
content and DIMBOA levels while having higher levels of cell wall phenolic acids and fibre
content. p-Coumaric acid levels were particularly high in stalk and node tissue. Ferulic acid
remained relatively constant between different tissue types. Consistent levels of ferulic acid
may in part be explained by little change in ferulic acid between different cell types (Grabber

and Jung 1991). Pith tissue differed from node and stalk tissue in having marginally higberr
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protein and lower levels of phenolic acids and containing only trace amounts of cyclobutane
dimers presumably due to the absence of UV light. For each of the three stalk tissues,
p-coumaric acid and dehydrodiferulic acid levels correlated negatively with the number of
larvae and tunnels, and cross-section excavation of stalk. Over selection cycles, protein
content decreased within stalk tissues, which correlated with the above plant damage
parameters. From these observations it appears that a nutritional mechanism of resistance is
operating whereby stalk tissue is rendered tougher (Table 7.3) by the combined effects of
elevated fibre and phenolic-carbohydrate complexes which may serve as cross-linking agents
and by a lower nutritional value of plant tissue as indicated by reduced nitrogen content over
cycles of selection. Cell wall bound phenolic acids have previously been correlated with
maize-kernel toughness and maize resistance to the storage pest Sitophilus zeamais (Classen
et al. 1990). ECB larvae develop and migrate to the protective tissue within the stalk where
the low levels of protein and fibre of the pith (Tables 7.3) may facilitate higher consumption
rates by larvae to sequester sufficient nitrogen for development within the pith. According to
Scriber and Slansky (1981) insect consumption usually increases with reductions in diet
nitrogen; this is observed for pith protein in which the average tunnel length per tunnel
(calculated from Table 7.3) correlated negatively with pith protein (r=-0.66, n=4).
Localization of phenolic constituents within the cell wall of grasses by
microspectrophotometry has provided a quantitative measure of total phenolics within
specific cell types (Hartley et al. 1990, Akin et al. 1990b). For maize resistance to ECB, the
abaxial epidermal absorbance of ultraviolet light by cell wall phenolics appears to be a good
indicator of leaf-feeding resistance (Chapter 3). For the BS9 population, leaf, sheath and stalk
epidermal cell-wall absorption generally increased over the cycles of selection for (Table 7.4).
For ECB resistance, fortification of epidermal cell wall tissue in leaf, sheath and stalk is likely
most important as a physical barrier to restrict tissue penetration rather than to reduce
digestibility. Increased epidermal cell wall absorption of UV light (Tabie 7.4) is parrelled by
increased leaf (Table 7.1) and stalk (Table 7.3) toughness. Previous chapters suggested that
the importance of epidermal toughness is to restrict neonate larval access to water, thus
leading to their desiccation resulting from exposure and large surface-area-to-volume ratio.
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Given the Iowa stiff stalk (BSSS) genetic background of BS9, plant toughness
probably represents an important component of the improved leaf-feeding resistance and
reduced plant damage observed over the six cycles of selection represented in this study.
Selection also resulted in elevated levels of DIMBOA in the immature leaf whorl tissue, which
is not physically fortified. Larva! feeding on mature leaf tissue is further reduced by elevated
levels of cell wall phenolics. Based on the negative correlation of ieaf epidermal absorbance
and field leaf rating (r=-0.97*, n=4), epidermal cell wall fortification to enhance leaf toughness
is likely a major component of field resistance by restricting larval access to nutrients. Second
generation larvae feeding on leaf sheath tissue are also faced with elevated tissue toughness
through increased levels of phenolic acids and phenolic dimers such as dehydrodiferulic acid
(Tables 7.2 and 7.3) in addition to higher fibre content (Buendgen et al. 1990). Plant damage
by first generation ECB is considered more extensive than second generation ECB (Hudon et
al. 1991); one explanation for this could be the increased toughness in plant tissue associated
with maturity which would be more difficult for neonate larvae to penetrate and establish leaf
feeding.

Selection for ECB resistance in the BSS population has resulted in a synthetic that
shows good resistance to both leaf feeding and stalk damage. This resistance is achieved by
the combination of several resistance factors that operate within different tissues at different
times in the plant's development. First generation ECB larvae prefer to feed within the
immature whorl tissue where the more resistant C4 and C5 have considerably higher levels of
DIMBOA than other cycles. In addition to DIMBOA, dehydrodiferulic acid within the
immature [eaf tissue increased with selection cycles and may serve to increase the toughness
of this tender tissue. Feeding on mature leaf and stalk tissues appears to be affected by
toughness factors, with p-coumaric acid, dehydrodiferulic acid and fibre probably making the
major contributions to varietal differences in tissue toughness. The overall quantity of
phenolics within the plant may not be as important as the positioning of the phenolic
resources within the epidermal cell wail to restrict larval penetration. Over the course of
selection epidermal cell wall fortification increased significantly for leaf and stalk tissue.

108



CHAPTER VIIL.
PHYTOCHEMICAL BASIS FOR MULTIPLE BORER RESISTANT MAIZE.

8.1 Introduction

Lepidopteran stalk-boring larvae cause economic losses to maize production
throughout the world (Dicke and Guthrie 1988, Ortega et al. 1980). Host plant resistance is
an effective and environmentally safe means for control of these pests. A source population
with multiple borer resistance (MBR) was developed by recombination and recurrent selection
under infestation with southwestern corn borer (SWCB), sugarcane borer (SCB), European
com borer (ECB) and fall armyworm (FAW) (Smith et al. 1989, Benson 1986, Mihm 1985).
Tropical maize resistant to both generations of ECB were found to have low levels of the the
conventional resistance factor DIMBOA (Benson 1986, Scriber et al. 1975, Sullivan et al.
1974). Silica and lignin content appear to be important resistance factors in tropical maize
(Rojanaridpiched et al. 1984). Caribbean germplasm, which also does not involve a
DIMBOA-based resistance, showed an association between fibre content of the whorl and
SWCB resistance (Hedin et al. 1984). Tropical maize resistance appears to be polygenically
controlled and involves primarily additive variation (Hinderliter 1983, Onukogu et al. 1978,
Scott et al. 1967).

The primary objective of this study was to conduct a phytochemical screening of

MBR cultivars developed at CIMMYT and commercially available checks to elucidate the
phytochemical components that best predict the observed field resistance, bioassay studies and
leaf toughness. Although not exhaustive, the list of parameters measured included ali
resistance parameters studied to date as well as cell wall bound phenolics mentioned in
previous chapters. The second objective was to develop a simple phytochemical model that

would account for the field resistance of MBR material to the European corn borer.

8.2 Materials and Methods

Germplasm and Screening: MBR hybrids included Across 86590(IR), Mbita 86590 (Chilo),
Poza Rica 86590 (SCB), Across 86590-2 (ECB), Tlaltizapan 85590 (SWCB),
CMLI135xCML139, Ki-3 x Tx601. MBR adapted inbreds inciuded 6796-13, -49 and -48

109



(1990 only). Four commercial checks included Fontanelle 6220, Pioneer 3184, Dekalb 435
and Picseed 4533. MBR lines anu hybrids were developed at CCMMYT. Planting occurred in
mid-May of 1990 and 1991 at the Plant Research Centre, Agriculture Canada, Ottawa,
Ontario, Canada. The rows were spaced 0.9 m apart and plants were spaced at 0.15 m with
30 plants per row. The soil was a sandy loam. Four replicates were planted in a complete
randomized block design. In 1990 fifieen plants in each row were infested with two
applications of three egg masses (ca. 120 eggs) and for 1991 the Bazooka infestation method
(Guthrie and Barry 1989) was used to apply ca. 80 larvae per plant. Three weeks after
infestation (July 20 to 27) plants were rated according to Guthrie et al. (1960) 9 point scale.
Plants were dissected from late September through early October to count the number of
larvae, number and length of tunnels, position of tunnelling and estimated cross-section of pith
excavated by larval feeding.
Sample Collection: Leaf sampling procedure is outlined in Chapter 7.
Bioassays:  Bioassay procedure is outlined in Chapter 3. Mean areas consumed were
determined from 40 leaf disks per genotype and tissue type.
Leaf Toughness: Using the method reported in Chapter 2, five force measurements were
taken from each row for a total of 20 measurements.
Protein Determinations: Protein content was estimated by the micro-Kjelhdahl method on
0.3 g samples using the conversion factor 6.25 to estimate protein from N.
Phytochemical Analysis: Phenolic conjugates, hydroxamic acids and cell wall bound
phenolics were determined using the procedure outlined in Chapter 3.
Lignin Determinations: A modified acetyl bromide procedure outlined by liyama and Wallis
(1990) was used. After base hydrolysis, the fibre pellet that remained was dried in a
desiccator and 50 mg were used for lignin analysis. These determinations were carried out on
1990 tissue only.
Statistical analysis: All statistical analyses were performed on SAS V. 6.03 (SAS, 1988).
Leaf rating data, bioassay consumption, leaf toughness and number of larvae per plant were
transformed by In(x+1) to satisfy the assumptions of the general linear model. Forward
regressions were done using the forward option in PROC REG.
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8.3 Results and Discussion

Leaf feeding damage and bioassay consumption of green tissue by ECB larvae were
both negatively correlated (r=-0.58* and -0.81**, respectively (1990)) with leaf toughness
(Table 8.1). Likewise, the number of larvae, number of stalk tunnels, length of tunnelling and
cross-section of pith excavated were negatively correlated with leaf toughness (Tables §.1 and
8.2). These correlations indicate a reduced capacity of insects to establish on genotypes that
have tougher leaf tissue. Neonate mortality often exceeds 80% for the first two days
post-eclosion (Ross and Ostlie 1990). One mortality factor is desiccation (Lee 1988), wereby
larvae that cannot penetrate leaf tissue shortly after eclosion may desiccate. Although later
instars have little difficulty penetrating mature leaf tissue as observed in leaf bioassays,
neonates may not have the mandibular strength to penetrate tougher leaves. This incapacity
may account for their migration into the whorl of the plant. This reasoning has been used to
explain the feeding behavior of the southwestern comn borer, Diatraca grandiosella (Hedin et
al. 1984).

Plant nitrogen is a major determinant of insect growth and can be a component of
plant resistance (Scriber and Slansky 1981). Leaf protein content corvelated positively with
number of larvae (r=0.55* for 1991), length of tunnelling for both 1990 and 1991 (r=0.56*
and 0.47, respectively) and with cross-sectional consumption of pith in 1990 (r=0.53%)
(Tables 8.1 and 8.2). These observations suggest that more resistant genotypes with lower
leaf-protein content may not provide sufficient accessible protein to facilitate larval
development beyond early instars. This hypothesis is supported by field observations of
differential size and biomass of SWCB larvae grown on resistant (MBR) and susceptible
plants (Davis et al. 1988). Protein availability likely works in conjunction with elevated levels
of cell wall components because protein content is inversely related to both leaf toughness
(Tables 8.3 and 8.4) and cell wall weight for mature leaf tissue (data not shown), a
relationship observed for many plant species (Hedin et al. 1984, Van Soest 1981). However,
water content of maize leaf tissue does co-correlate with nitrogen content (Manuwoto and
Scriber 1985a), and could provide an explanation for the obse{ved correlations, Water
content of leaf tissue was not determined in the present study. |
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Soluble phytochemicals such as DEMBOA, ferulic and p-coumaric acid conjugates and
flavonoids were correlated positively with leaf feeding and negatively with toughness, with the
stronger correlations being observed for mature leaf tissue (Tables 8.3 and 8.4). Two possible
explanations for this correlation are: 1) larvae are induced to feed in the presence of these
phytochemicals which are host recognition factors or 2) elevated levels of soluble secondary
metabolites may reflect poor efficiency of incorporation of phenolics into cell wall components
that correlate with leaf toughness. Semipurified preparations of phenolic conjugates obtained
from MBR genotypes were phagostimulants at ecologically relevant dosages (10 pg/cm’) and
became phytotoxic and antifeedants at 100 pg/em® (Appendix 2). DIMBOA can increase
consumption due to inhibition of digestive proteases in insects, thus requiring greater
consumption to assimilate sufficiert nitrogen for larval development (Houseman et al. 1992).
It is probably a combination of all these factors that contributes to the higher consumption of
genotypes with higher levels of soluble components.

Cell wall weight and cell wall bound phenolic acids in mature, green, tissue were
negatively correlated with field leaf damage ratings and bioassay feeding and positively
correlated with leaf toughness (Tables 8.3 and 8.4). The same trends were observed for the
1990 immature tissue. One reason why immature tissue from 1991 did not follow this trend
was that the harvesting of plants occurred over a shorter time so that plants with higher heat
unit requirements (ie. MBR cultivars) were less developed at the time of phytochemical
sampling. This may have contributed to lower cell wall phenolic levels in these genotypes.
Maize-grain resistance to storage pests has been previously correlated with cell wall ferulic
acid levels and kemnel toughness (Classen et al. 1990). Cell wall bound p-coumaric acid
showed stronger correlations with the dependent variables than ferulic acid. This can be
attributed to p-coumaric acid being more prevalent in secondary cell wall tissue due to its
prominent role in lignin linkage to polysaccharides (Goto et al. 1991, Lam et al. 1990, Higuchi
et al 1967). Such lignin linkages likely contribute to cell wall fortification and tissue
toughness.

The most consistent relationship was observed between dehydrodiferulic acid and
variables of insect resistance. Dehydrodiferulic acid, like the cyclobutane dimers, is presumed
to facilitate cell wall cross-linking to increase mechanical strength (Ishii 1991, Fry 1986,
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Hartley and Jones 1976, Markwalder and Neukom 1976). This is shown by the positive
correlation of dehydrodiferulic acid (DFA) content and leaf toughness (r=0.73** to 0.62*,
Tables 8.2 and 8.3). Because cyclobutane dimer (Tx) production is largely under
environmental control a poor correlation was observed for both leaf toughness and leaf
damage rating for this photoactivated dimer. On the other hand, dehydrodiferulic acid is
produced by a peroxidase that could be manipulated in the future to increase production of
phenolic dimers and possibly cell wall toughness.

A peroxidase is also involved in lignin formatior by oxidizing the hydroxyl group of
cinnamyl alcohols to yield free radical species which then ccuple in random fashion (Lewis
and Yamamoto 1990). With dehydrodiferulic acids occurring earlier in maturing tissue it may
be an early mechanism of cell wall fortification in which the predominant primary cell wall
phenolic, ferulic acid, is the major substrate for cell wall-associated peroxidases to act upon.
If the same peroxidase isozymes catalyze both dehydrodiferulic acid and lignin production,
then dehydrodiferulic acid levels may serve as a quantitative indicator for in situ peroxidase
activity. Two cell wall peroxidases (Px1, Px2) have recently been isolated from epicotyls of
Cicer arietinum, with Px2 showing increased specific activity with tissue age and Px!
showing no relationship (Valero et al. 1991). Based on acidic pH inhibition and association
with cell wall stiffening, Px2 is likely involved in lignin production but dehydrodiferulic acid
production could conceivably be produced by Px1 which shows age independent activity
which is consistent with dehydrodiferulic acid production in immature tissue (Appendix 7).
The cell wall peroxidases in maize have not been characterized to date but would be useful in
elucidating the enzymatic origin of these two phenolic groups.

Forward regressions between biochemical parameters as independent variables and
plant resistance parameters as dependent variables are shown in Table 8.5. With the exception
of immature leaf bioassays for 1991, all regression models exceeded an r* value of 0.7. The
most common independent variables within these models were protein content (PRO), fibre
content (CW) and dehydrodiferulic acid (DFA) content. A fourth variable that occurred often
was p-coumaric acid either in soluble form or cell wall bound form with the former being a
positive predictor in the regression model for leaf rating and the latter being a positive
predictor of leaf toughness (Table 8.5). Incorporating protein, fibre and dehydrodiferulic acid
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content into a fixed regression model for each year and tissue type accounts for a reasonable
amount of the variation, with the more consistent and more significant models being observed
for mature leaf tissue (Table 8.6). Although not providing direct evidence for the mechanism
of MBR resistance, it is apparent that much of the variablity of field leaf ratings and leaf
toughness can be accounted for by these three parameters. These regressions support the
hypothesis that MBR genotypes employ a nutritional resistance mechanism whereby lower
protein content acts in concert with increased cell wall mechanical strength, manifested
through higher fibre content and higher levels of cell wall phenolics, to reduce nutrient
availability to early instar larvae. This model is consistent with early reports of fall armyworm
showing reduced digestion of Bermuda grass with high cell wall content (Quisenberry and
Wilson 1985) and may explain the reduced growth rate of southwestern com borer larvae
feeding on MBR cuitivars compared to those feeding on susceptible cultivars (Davis et al.
19388) .

Inheritance of multiple borer resistance appears to be polygenically controlied, and
involves primarily additive variation (Smith et al. 1989, Hinderliter 1983). This observation is
consistent with our proposed mechanism of resistance which involves three polygenic
components, namely protein, fibre and cell wall phenolic acid content. A fourth component of
this resistance model is the peroxidase-mediated production of dehydrodiferulic acid which
may account for the nominal dominant inheritance observed for MBR germplasm (Smith et al.
1989). The main advantages of polygenic resistance are the reduced likelihood of
development of resistance by pest populations and an effectiveness over a broader spectrum of
pest organisms. To date, resistance break down of MBR material has not been reported and
some MBR germplasm is effective against several borers belonging to different genera (Mihm
1985).
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CHAPTER IX.
GENERAL CONCLUSIONS AND DISCUSSION

9.1 Main Conclusions

Although maize resistance to the European corn borer has been the most extensively
studied interaction of all the lepidopteran pests of maize, some questions remain that this work
has attempted to address. These questions included: 1) Why do larvae prefer feeding within
the whorl despite the elevated levels of DIMBOA, the conventional resistance factor? 2) At
what stage is the leaf tissue most susceptible to larval feeding? 3) Why are greenhouse-grown
plants more susceptible despite having higher levels of DIMBOA? 4) wWhat traits are being
selected for in recurrent selection of resistant maize synthetics? 5) What is the
phytochemical basis of multiple borer resistant genotypes developed at CIMMYT? To gain
further insights into resistance and to better address these questions two new tools to monitor
plant resistance were developed. A microspectrophotometer technique was developed to
determine cell wall absorbance which provided an estimate of phenolic content and density of
cell walls between different cell types, tissues and genotypes (Chapter 3). The second tool
consisted of quantitative leaf toughness measurements using an instron. Leaf toughness was
found to correlate well with field leaf ratings for all five different germplasm groups tested
which points to a physical resistance component common to several maize groups (Chapter
2).

To determine why larvae prefer to feed on immature tissue within the whorl, the 13th
leaf which contained both mature and immature leaf tissue of the resistant synthetic BS9 was
partitioned into eight sections along the entire leaf length (Chapter 4). Bioassay results
showed that third instar larvae consume immature tissue at a higher rate than mature tissue
despite the presence in this tissue of over twice the level of hydroxamic acids of mature tissue.
Protein content did not account for the feeding preference. Leaf consumption increased with
increases in soluble metabolites, including phenolic glycosides, which appear to be
phagostimulants at lower dosages (Appendix 2). Leaf consumption was inversely related to
leaf toughness which in turn was related to fibre and cell wall phenolics. Water content is
generally inversely related to toughness and could also contribute to the observed insect
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feeding preference for moist immature tissue. Although feeding behaviour is also dictated by
the abiotic environment and avoidance of natural enemies, it appears that larvae also migrate
into the whorl to feed on tender tissue which is lower in fibre and cell wall phenolics. The
apparent preference for immature tissue within the whorl with high DIMBOA content ¢an be
rationalized by considering leaf toughness to be the major component in resistance, Leaf
toughness cannot be employed in the immature tissue because of cell wall extensibility
requirements, so DIMBOA is utilized. Larval consumption may have been even higher if no
DIMBOA were present.

The stage at which maize leaves are most aggressively consumed by ECB larvae is in
the early stages of plant development (Chapter 5). Leaf consumption of plants in the 5 leaf
stage was significantly higher than that observed for 7, 9 and 10 leaf stages. Leaf toughness
again provided an explanation for this preference as DIMBOA was highest in the earlier
stages of plant development. Cell wall phenolics increased markedly from the 7 to 9 leaf stage
which corresponded to a drop in leaf consumption. Leaf consumption and phenolic
complexes were also influenced by the growth environment with greenhouse-grown plants
having lower levels of cyclobutane dimers which are capable of crosslinking cell wall
hemiceilulose to increase leaf toughness. This may provide an explanation for increased
feeding damage observed for greenhouse-grown piants (Guthrie et al. 1986b). To observe
just the effect of near UV light on field resistance, greenhouse plastic was used to block
ultraviolet (UV) light during plant development (Chapter 6). Plants grown under reduced UV
light had higher leaf-damage ratings and bioassay consumption rates than plants grown under
UV-transparent plastic or those grown in open sunlight. The major phytochemical difference
was the higher ratio of cyclobutane dimers to cell wall ferulic and p-coumaric acids. This
observation may also account for the increased damage rating observed in CIMMYT
screening trials during cloudy summers or during the winter when sunlight intensity is lower
(J.A. Mihm, pers. comm.).

Recurrent selection has become a popular method of obtaining resistant genotypes but
the mechanism(s) of this resistance are not understood although they are known to be
polygenic. Based on the Jowa stiff stalk synthetic, BS9 has been taken through several cycles
of selection with the most improvement occurring over the first 5 cycles (Klenke et al. 1986).
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These genotypes not only have good leaf-feeding resistance but also show resistance to stalk
boring and tunnelling by later instars. Recent work has shown fibre, cellulose and lignin i;x the
stalk and sheath to increase but no changes were reported for whorl composition (Buendgen
et al. 1990). Based on instron and penetrometer readings, both the leaf and stalk tissues
increased in toughness over the first five cycles of selection (Chapter 8). This is the first study
to report phenolic acid content for this selection series with p-coumaric and dehydrodiferulic
acid increasing over selection cycles in leaf (both mature and immature tissue), sheath, stalk
and pith tissue. Fibre content also increased. These observations fortify the theory that cell
wall phenolics contribute to maize resistance by enhancing tissue toughness.

Multiple borer resistant material developed at CIMMYT has received little
phytochemical attention (Benson 1986, Hedin et al. 1984). Like the BS9 synthetic, it employs
polygenic resistance factors that involve additive variation (Smith et al. 1989), Leaf
toughness is related inversely to leaf damage ratings for this germplasm, with fibre and
dehydrodiferluic acid content being the best regression variables to account for toughness and
leaf feeding in both the field and laboratory (Chapter 8). Protein content is also a good
regression variable which points to a nutritionally based resistance in which lower protein
levels are acting in concert with elevated fibre and cell wall phenolic dimers to reduce the
accessibility of nitrogen to preciude larval development. Such a hypothesis would account for
the slower larval development rates and reduced turnelling reported for MBR genotypes
(Davis et al. 1988).

9.2 Evolution of maize and the European corn borer

A stepwise progression in coevolution was proposed by Ehrlich and Raven (1964)
who outlined five steps of the coevolution process in which plants produce novel secondary
phytochemicals to reduce their suitablity to insects and in turn the insect undergoes adaptive
radiation, evolving mechansims to overcome these phytochemical defences. Even if one
considers the more sophisticated modern models such as diffuse co-evolution, for the
European com borer and maize there is no evidence of coevolution given the geographic
origin of both species. European com borer was introduced from Europe in 1917 and by
1925 was a major economic pest (Dicke and Guthrie 1988). However, maize was exposed
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for several millenia to tropical and subtropical lepidopteran folivores, namely the southwestern
corn borer, Diatraea grandiosella, the lesser comstalk borer, Elasmopalpus lignosellus
(Zeller), and the fall armywoerm, Spodoptera frugiperda (Smith). As a result of this intense
selection pressure by these multivoltine pests, tropical and subtropical germplasm has
provided good sources of resistance for breeding programs to develop multiple borer resistant
germplasm (Smith et al. 1989). Temperate germplasm not exposed to this selection pressure
undoubtedly lost much of the resistance traits, given the relative absence of insect attack and
the practice of open pollinated cultivars for seed production that focussed on agronomic traits.
Within 17 years of its discovery the ECB had invaded a total of 18 states and Ontario and
Québec (Hudon and LeRoux 1986a). A host range of over 200 plant species in 131 genera of
40 families indicates the polyphagous nature of the ECB.

"Qualitative defences” (Feeny 1976) or "toxins" (Rhoades and Cates 1976) are the
typical defence mechanisms employed against polyphagous herbivores. For maize that
qualitative defence has been identified as the hydroxamic acid DIMBOA which acts as a
digestive protease inhibitor to reduce nitrogen assimilation efficiency (Houseman et al. 1992).
However, other lepidopteran folivores are not affected by hydroxamic acids (Hedin et al.
1984), suggesting the evolution of insect resistance to this phytochemical family.

Tropical and subtropical maize resistance to borers has likely been selected for during
the development of Meso-American shifting agriculture (Milpa agriculture) which employed
landraces. Resistance to insect folivores was likely one of the major traits required for
successful cropping. In an open pollinated system resistant traits were probably maintained
due to severe insect selection pressure. Since Milpa agriculture was conducted in a spatially
heterogeneous environment, resistance likely constituted both qualitative and quantitative
mechanisms with a gradual emphasis on quantitative mechansims as the agriculture systems
became more intensified (Fig. 9.1). Given this pressure, "quantitative defences" would likely
emphasize defences which restrict the availability of essential nutrients to the herbivore (Feeny
1976). For maize it is proposed that these defences consist of elevated levels of fibre and cell
wall carbohydrate-phenolic complexes to fortify the mechanical barrier of the epidermis to
restrict access of neonate larvae to nutrients. Reduced levels of accessible nitrogen would act

in concert with this toughness factor to provide a common defence strategy against ail
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Proposed evolution in maize resistance

Wild Milpa Agriculture
Modern
Teosinte Landraces Conventional
Agriculture
(contagious) (monoculture)
>
Increasing apparency

Emphasis on Emphasis on

Qualitative Quantitative

_Defenses Defenses

Fig. 9.1. Diagram of proposed evolution of host plant resistance fro maize.
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folivores. However, given that i~pidoptera larvae have the highest relative consumption rates
for folivores {Slansky and Rodriguez 1987), leaf toughness would be the most important
component of this nutritionally based resistance.

Feeny's theory is best suited to late-successional, temperate systems, but corn has now
become a crop facing many of the same defence paradigms. Modern conventional cropping
has resulted in extensive tracts of land being planted to one crop of similar genetic
background, constituting an "apparent” (Feeny 1976) or "predictable” (Rhoades and Cates
1976) resource. Late successional systems are largely undisturbed year after year but with
the no-till practices now being employed by Canadian and American farmers, the
agroecosystem is less disturbed, with maize crops often grown over several consecutive years,
again resulting in a predictable resource. As a result of this new direction in agricultural
practices and the continued ability of insects such as the ECB to extend infestation
boundaries, maize resistance will continue to develop quantitative defences as described
previously, The advantages of this form of resistance are: 1) reduced probability of
break-down given the polygenic regulation involved in fibre, protein and phenolic acid
production; 2) broad range resistance to both specialists and generalist folivores alike; and 3)
enhanced natural enemy populations by delaying development and not providing herbivores
with toxic chemicals for defence against natural enemies (Price et al. 1980, Feeny 1976).

9.3 Implications of the present study on European corn borer management

Integrated pest management of ECB populations now utilizes all suitable techniques to
maintain insect populations below an established economic injury thresholds (Lewis 1975).
However, biological control agents in North America have not provided consistent control of
ECB populations. This failure necessitates the use of insecticides for high value maize crops
such as sweet comn, popcorn and seed corn (Hudon et al. 1986a). New soil conservation
strategies also restrict cultural control practices, which also tend to be labour or resource
intensive. This leaves plant resistance to be the centerpiece of present day integrated control
programs. The demand for plant resistance to multipest complexes is high, with plant
protection from seedling stage through to grain storage being the ultimate goal. Given the
numerous defence strategies that would be operating simultaneously in different tissues (root,
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leaf, stalk, silk, ear) the need for phytochemical screening techniques is becoming increasingly
important in order to monitor progress in pulling together resistance genes into an elite
germplasm,

Techniques that have been developed during the course of this research that will assist
in meeting this germplasm screening mandate include both physical and phytochemical
parameters, The instron can provide reliable leaf toughness measurements in Iess than 20
minutes per genotype. These measurements can be standardized using assigned checks that
are adapted for different environments (North Temperate, South Temperate, Sub-tropical and
Tropical). The advantage of this technique is its simplicity and ability to quantify tissue
toughness for specific tissue sites on the plant. The second screening tool is the
microspectrophotometer which measures another physical parameter. It determines cell wall
fortification for different cell types and tissues although epidermal cell walls are presently
constdered to be the most important in insect resistance. The disadvantages of this method
are the capital expense of equipment, iabour-intensive determinations and extensive training to
obtain consistent results.

Phytochemical parameters that can be determined in a two-extraction protocol and
two HPLC runs include soluble secondary metabolites (including DIMBOA), cell wall
phenolics (including phenolic dimers such as dehydrodiferulic acid), estimated levels of base
hydrolyzed lignin, weight of soluble metabolites and estimated detergent fibre content. This
procedure has the same drawbacks as the microspectrophotometer, in addition to requiring 5
g of fresh tissue to be freeze dried and milled. However, the procedure can quantify all
phytochemical resistance factors presently considered in ECB resistance and will serve as a

tool by which more rapid phytochemical screening techniques will be compared.

9.4 Future work

With the exception of the greenhouse studies to attenuate cyclobutane production
in cell walls, the present study has relied on genotypic correlations or changes in recurrently
selected material to make inferences on the role cell wall phenolics play in maize resistance.
To this end, future work should use the screening techniques described previously to direct
breeding strategies and to establish the extent of genetic-phytochemical variation present and
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its utilization in breeding strategies for satisfactory levels of resistance/tolerance (biclogical
equilibrium plus economic yields). This implies study of elite homozygous lines developed
from the best present sources of resistance. Future work would entail the following:
1) To purify the peroxidase isozyme responsible for the production of dehydrodiferulic acid
and to elucidate if the same isozyme is responsible for lignin production. If different isozymes
are involved then characterizing an oligopeptide sequence would facilitate gene location and
future manipulation of expression once molecular techniques for modified regulation are
available. Altered levels of dehydrodiferulic acid would enable the testing of dimer
cross-linking for heritable traits.
2) Using resistant genetic lines/synthetics with major gene complexes of resistance will allow
classical phytochemical-genetic studies to identify, locate and manipulate resistance factors.
Impiications for other insect pests should also be investigated through the use of broadly
adapted elite germplasm presently being developed in the PRC-CIMMYT-South American
plant improvement program. Broad horizontal resistance strategies could then be obtained for
a sustainable biological equilibrium.
3) Insect feeding studies are needed to characterize the mechanism by which leaf toughness
operates. Is toughness just a physical barrier to restrict all feeding access or does it merely
~hamper digestion of ingested food? Microspectrophotometer studies of ingested food
breakdown for different larval instars may provide further insights into this question.
4) Rapid screening techniques for breeding purposes need to be developed to facilitate the
development of superior phytochemical based resistance. Such techniques may employ solid
state NMR or Fourier transform-infrared reflectance spectroscopy (FT-IR). Near infrared
reflectance spectroscopy (NIRS) is presently used in screening forage crops for in vitro dry
matter digestibility by ruminants (Villalobos et al. 1991).
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APPENDIX 1
FERULIC ACID FEEDING STUDY

Male larval performance on meridic diet spiked with E-ferulic acid.'

Treatment N  Larval Days to Pupal weight Days to Adult weight
weight (mg) Pupation®  (mg) Adult® (mg)y*

Control 16 596+ 57 22910 702x31 39010 310x14
0.1 mg/g 19 65453 22205 722x15 381=x06 32513
0.3 mg/g 13 75348 225+07 73515 37407 351719
1.0 mg/g 8 76068 21705 726%20 36705 30816
3.3 mg/g 13 74258 23706 67919 39.0+0.7 30809
10.0 mg/g 14 758%x28 248+04 67815 40106 31709
33.3 mg/g 8 74055 326%15* 64740 499+£23* 258=28"

t Diet preparation and ECB life study protocol found in Campos et al. 1989.
3 Means significantly different from other means within a column, SNK (P<0.05).

Female larval performance on meridic diet spiked with E-ferulic acid.’

Treatment N  Larval Days to Pupal weight Days to Adult weight
weight (mg) Pupation®  (mg) Adult® (mg)
Control 12 101499 236=x0.7 951+£28 37606 57829
0.1 mg/g 10 1024:88 245%06 894x41 39207 53724
0.3mg/g 16 1102+65 24104 98129 387205 579%22
1.0 mg/g 14 898%64 23711 883%65 382x11 547=17
3.3 mg/g 11 101373 26207 889x3.1 41108 51.7=25
10.0 mg/g 15 1053%£55 269=06 93128 406%07 539=1.38
33.3 mp/g 13 103.8%77 347%09% 928%41 547x12* 479=3.1

! Diet preparation and ECB life study protocol found in Campos et al. 1989.
? Means significantly different from other means within a column, SNK (P<0.05).
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(FERULIC ACID FEEDING STUDY
CONTINUED...)

Effects of E-ferulic acid spiked diet on ECB fecundity'.

Treatment N Eggs per Egg masses Eggs per
egg mass per female female
Control 5 20.27 £ 1.27 6.9 139.8
0.1 mg/g 5 2226 £1.63 72 160.2
0.3mg/g 5 20.84 £ 1.68 58 122.9
1.0 mg/g 6 16.05+135 78 126.8
33 mgle 6 20.00+1.27 6.4 127.0
10.0 mg/g 6 16.57x1.05 7.4 122.6
33.3 mg/g 2 1920211 43 81.9

t Mating cages (20cm x 20 cm x 20 cm) contained two males and two
females. Eggs were oviposited onto wax paper and counted after both
females died. Cages were kept at 80% R.H., 16:8 (L:D), 25°C and
supplied with sugar water.
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APPENDIX 2.
FEEDING BIOASSAYS WITH PHENOLIC ACID CONJUGATES FROM MAIZE

Leaf feeding bioassay for phenolic conjugates extracted from MBR cultivar Mbita'.

Dosage (ug/cm®) Ferulic Acid p-Coumaric Acid Control*
Glycoside Glycoside

100 97.0x£6.5 105254 115364

10 121568 1245%6.5

* Means were not significantly different from control (t-test, P=0.05).

! Assays ran 48h with 2 L™ ECB larvae at 16:8 (L:D), 25°C and 85% R.H.

Conjugates were prepared using 1mm guage paper chromatography with the solvent

system n-butanol, acetic acid, water (4:1:5). Bands were identified by UV light and phenolic
acid bands were eluted off with 50% and 80% methanol. g

Silver Queer:-sweet corn leaves (leaf 7 on 8 leaf plants) were used with abaxial surface
exposed in leaf feeding bioassay. Assay procedure is a method modified from Ascher et al.
1981. Area consumed was counted using ! mm graph paper.
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Mean leaf toughness readings and leaf ratings for cycles of r

APPENDIX 3
MEAN INSTRON READINGS AND

LEAF DAMAGE RATINGS FOR 1990 AND

1991 USED FOR REGRESSION EQUATIONS IN CBAPTER 2.

ecurrent selection of the maize

synthetic BS9.
1991° 1992%
Cycle Infestation Rating Force Rating Force Force
(Mid-whorl) (Tasselling)
0 1 3.1202  0.78+0.02
2 3.9:02  0.70£0.02 3.6£02 043001 0.66£0.01
3 1.620.1 0.75x0.02
2 1 2.7¢02  0.83%0.02
2 3.5£0.1 0.76+0.02 32+02  042%0.01 0.63£0.01
3 1.5£0.1 0.79+0.02
4 i 2.2+0.1 0.87x0.02 :
2 2.9+0.1 0.81+0.02 2.7£0.1 0.46£0.01  0.61x0.02
3 1.320.1 0.84+0.02
5 1 1.8£0.1 0.81x0.02
2 2.5=0.1 0.79+0.02 2.9+0.1 0.45£0.01  0.58+0.01
3 13x0.1  0.80£0.02 '

t Force measurements were determined using the instron technique reported in Chapter 2.

Leaf ratings are based on Guthrie et al. (1960) scale of 1

Force readings are in newtons.
(resistant) to 9 (susceptible).
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(MEAN INSTRON READINGS AND LEAF DAMAGE RATINGS FOR 1990 AND

1991

CONTINUED...)

Mean leaf toughness readings and leaf damage ratings for North American Inbreds.

19913 1992*
Genotype Rating Force Rating Force Force
(Mid-whorl)  (Tasselling)

CGI6 6.6+0.2 0.55+0.02

F7 5.5+£0.2 0.63x£0.02

B73 4.5+0.2 0.55+0.02 5.8+0.1 0.31+0.01 0.47+0.01
MS72 4.6£0.2 0.62+0.01 7.0£0.1 0.37:0.01 0.49x0.01
CM7 3.8+0.2 0.62+0.02 5.8+0.2 0.36=0.01 0.52+0.02
CK44 3.8x02 0.54+0.03 3.9%0.1 0.30=0.01 0.46x0.01
72E44 3.6:0.1 0.54+0.01 3.7£0.2 0.33+0.01 0.50=0.01
CO266 3.7+0.2 0.53x0.02

DES811 3.4%0.2 0.60+0.02

OH43 3.240.2 0.63%0.02 2.920.1 0.42+0.01 0.660.02
A619 2.2+0.1 0.6320.03 2.0+0.1 0.40+0.01 0.63+0.02
B86 2.1£0.1 0.69=0.03 3.8£0.2 0.31+0.01 0.61+0.02
CI31A 2.0x0.1 0.700.02 1.9+0.2 0.39:0.01 0.61+0.01

* Force measurements were determined using the instron technique reported in Chapter 2.
Force readings are in newtons. Leaf ratings are based on Guthrie et al. (1960) scale of 1

(resistant) to 9 (susceptible).
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(MEAN INSTRON READINGS AND LEAF DAMAGE RATINGS FOR 1990 AND

1991

CONTINUED...)
Mean leaf toughness readings and leaf damage ratings for multiple borer resistant cultivars

developed at CEMMYT and commercial hybrids.

1992%
Genotype Rating Force Rating Force Force
(Mid-whorl)  (Tasselling)
Across Bugs  2.2+0.1 0.83x0.04 1.8£0.2 0.53%0.01 0.77+0.02
Across ECB 2.8+0.2 0.62+0.01 0.65x0.01
Mbita-Chilo  2.4%0.1 0.82+0.03 2.8+0.2 0.51x0.02 0.75+0.02
SCB 2.2%0.1 0.83+0.04 2.5+0.2 0.59£0.01 0.70£0.02
SWCB 2.020.] 0.79+0.02 3.2+0.2 0.65+0.02 0.66+0.02
CML135x13%91 2.2+0.1 0.89+0.03 2.9+0.2 0.65+0.01 0.71+0.02
Ki3xTx601 4.0x0.2 0.68+0.04 4.6x0.3 0.51£0.01 0.73%0.02
Pion 3184 3.9:0.2 0.77+£0.02 3.7£0.3 0.43+:0.01 0.61x0.01
Font 6220 5.7+0.1 0.72+0.03 5.8+0.3 0.42+0,01 0.64+0.02
6796-48 5.4%0.1 0.64+0.05
6976-49 5.5+0.1 0.64+0.02
6796-13 3.1x0.2 0.74+0.02 2.8+0.2 0.46+0.01 0.64+0.01
DK 435 3.320.1 0.67+0.02
Pic 4533 4.820.1 0.59+0.03 6.2+0.2 . 0.44%0.01 0.60+0.02
Mean leaf toughness readings and leaf damage ratings for multiple borer resistant lines
developed at CIMMYT
1991 1992
Genotype Rating Force Force Rating Force Force
(Whorl)  (Tasselling) (Whorl)  (Tasselling)
CML67 1.9%0.1 0.56:0.03 0.88+0.03 1.7:0.1 0.59+0.02 0.58+0.03
CMLI135 4703 0.48+0.03 0.84%0.02 4302 0.44+0.01 0.56+0.02
CMLI21 2.0%0.1 0.58+0.04 0.98+0.03 2.1:0.1 0.5420.01 0.76+0,03
CML139 2.5%0.2 0.58+£0.03 1.000.03 2.2+0.1 0.61+0.08 0.72+0.09
CML131 5.9%0.2 0.47+0.04 0.860.03 4.6£0.1 0.46+0.05 0.65+0.02
Ki3 44202 0.53+£0.05 0.80x0.03 5.6x0.2 0.42+0.01 0.55%0.02
CMLI127 2.3£0.1 0.67£0.05 0.93x0.03 29+0.2 0.66+0.02 0.790.03
Hi34 2.320.1 0.59+0.04 0.85%0.04 3.1x0.2 0.42+0.01 0.63+0.03

* Force measurements were determined using the instron technique reported in Chapter 2.
Force readings are in newtons. Leaf ratings are based on Guthrie et al. (1960) scale of 1
(resistant) to 9 (susceptible).
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(MEAN INSTRON READINGS AND LEAF DAMAGE RATINGS FOR 1990 AND

1991

CONTINUED...)

Mean leaf toughness readings and leaf damage ratings for Mexican and Argentinian landraces.

1991° 1992°
Genotype Rating Force Rating Force Force
{Whorl) (Tasselling)

MK12 6.2+0.2 0.56+0.02

MEBI10 43203 0.59+0.03

MK9 3.0x0.2 0.55+0.02

MC3 2.120.2 0.63+0.02

ME3 5.1=0.3 0.59+0.03

Oaxaca 179 3.003 0.63£0.03 3.0=0.2 0.49:0.01 0.73£0.02
QOaxaca 4 5.4+0.3 0.58+0.02 4.8£0.2 0.48+0.01 0.55+0.02
Guanajuato 207 4.0x0.3 0.61+0.03 4.4=0.4 0.47£0.01 0.56=0.01
Guanajuato 102 3.8%0.3 0.65:0.03 3.420.3 0.53+0.01 0.74=0.02
Cateto:C 2030 4.2+0.3 0.610.04 3.4%0.2 0.52+0.02 0.56+0.01
Cateto:C 2032 43202 0.63+0.04 3.4=03 0.47£0.02 0.63%0.02
Nayant 72 54202 0.72+0.02 4.6+0.3 0.51=0.01 0.71=0.02
Nayarit 24 4.1£03 0.67+0.03 3.0£0.3 0.36=0.01 0.62+0.02
Chiapis 218 4.2+0.3 0.69+0.03 3.3x0.2 0.5420.02 0.77+0.02
Mexico 208 2.4x03 0.89+0.03 2.120.2 0.64=0.02 0.78+0.02
Mexico 212 2.3%0.3 0.82+0.04 2.4+0.2 0.61+0.02 0.90+0.02

3 Force measurements were determined using the instron technique reported in Chapter 2.
Force readings are in newtons. Leaf ratings are based on Guthrie et al. (1960) scale of 1
(resistant) to 9 (susceptible).

152



APPENDIX 4
PLATES FROM THE BISTOCHEMISTRY STUDY
REPORTED IN CHAPTER 3
FIGURE 1. Colour gradients for hydroxycinnamic acids. Autofluorescence (a) of p-coumaric
acid (top) and ferulic acid (bottom). Staining by phloroglucinol (b), diazotized p-nitroaniline
(¢) and diazotized sulfanilic acid (d). Columns from left to right are: control (no phenolics
added to filter paper), 0.005, 0.05, 0.5 and 5.0 mg phenolic acid/em®. For each colourimetric

test p-coumaric acid is above ferulic acid.

FIGURE 2. Unstained leaf sections of MS72, a line susceptible to insect feeding. Mature
tissue (a) has thicker epidermal cell walls and more developed secondary vascular tissue than
immature leaf tissue (b) (Bar = 100 pum). Immature vascular tissue of MS72 without staining
(c), autofluorescence (d), and autofluorescence under white light conditions () (Bar = 50

um).

FIGURE 3. Phloroglucinol staining of maize leaves observed under white light (left) and
ultraviolet light (right). Leaf sections of mature (g, b) and immature (c, d) tissue of MS72.
Sections of mature (e, f) and recently emerged (g, h) leaf tissue of B86 (Bar = 100 um).

FIGURE 4. Azure B staining of leaf sections at room temperature (a-€) and after 2 hrs. of
heating (£, g). Mature (2) and recently emerged (b) leaf sections of B86 (Bar = 100 um).
Vascular tissue of mature (c) and immature (d) leaf sections of MS72 (Bar = 50 um).
Trichome of mature leaf (¢) (Bar = 10 um). Mature (f) and immature (g) leaf sections of
MS72 (Bar = 100 um).

FIGURE 5. Chlorine-sufite staining of leaf sections. Mature (a) and immature (b) leaf

sections of MS72. Mature leaf sections of B86 vascular tissue under white light (c) and
ultraviolet light (d). Vascular tissue of immature leaf from B86 (e) (Bar = 50 pum).
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(PLATES FROM HISTOCHEMISTRY STUDY
CONTINUE...)

FIGURE 6. Diazotized 4-nitroaniline stain.ag of maize leaf sections. Mature leaf sections of
MS72 (2) and B86 (b). Immature leaf sections of MS72 (c) and recently emerged leaf of B86
(d) (Bar = 100 um). Vascular tissue of immature () and mature (f) leaves from MS72 (Bar =
50 pm),

FIGURE 7. Diazotized sulfanilic acid staining of maize leaf sections. Mature (a) and
immature (b) leaf sections of MS72. Mature (c) and recently emerged (d) leaf sections of B86
(Bar = 100 pm). Vascular tissue of mature (¢} and immature (f) leaf sections of MS72.
Autofluorescence of mature leaf section from B86 (Bar = 50 um). Oxidation of stained

section when not covered by glycerol solution (h) (Bar = 100 pm).
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