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ABSTRACT

.' ' ' l’
The resistance of world germplasm resources of maize, Zea mays, to the

European corn borer, Ostrinia nubilalis, was investigated using two major groups of

germplasm: a'latitudinal series of thirty-seven inbred lines and an almost complete |
set of the indigenous landraces of Mexico. In addition, three highly resistant control

lines, i‘.hree CIMMYT maize pools, three Canadian synthetic lines, a multi-borer resis~

tant line, and ten Argentine landraces were studied. R

A rapid extraction procedure for the analysis of hydroxamate concéntrati;ms in
one-week-old etiolated maize seedlings was developed and used to screen all the above
germplasm. All were found to contain three major Hydroxamates: DIMBOA, HMBOA,
and MBOA, a breakdown product of DIMBOA. Significaht differences in concentra-
tions of DIMBOA characterized the different gefmplasm groups.

Resistance of the germplasm to first-brood Kuropean corn'Borers was deter-
mined in laboratory and field evaluations. A laboratory met;hod for evaluating leaf-
feeding resistance was developed and results were found to q?rrelété;with both seedling
]g'EMBOA concentrations and field evaluations of leaf-feediﬁg resistance.

Two seasons of field studies were used to evaluate germplasm resistance to first-
brood borer infestation and s ot, Gibberella zeae, in relation to planting density.
Many correlations were found among the phytochemical and ;esistance variables.
Suites of characters associated with high leaf-feeding resistance of the more modern
lines, such as the latitudinal series of irbred lines, were mirror images of that for the
indigenous races of Mexico which were associated with high borer tunneling resis-

tance.



Analysxs of the phytochexmcal and resistance data revealed global trends in
European corn borer resistance. Resistance and DIMBOA concentrainons were ver-
sely correlated to both latltude a.nd= altltude

>

The relationship of reSistance of maize germplasm to the taxonomy of the in-

. digenous landraces of Mexico was determined. Significant differences in resistance

among the major taxonomic groupings were reflected in the emstmg taxonomy of maize
developed by Wellhausen et al (1952). -

The potential use of all the germplasm types, particularly the Mexican

landraces, in Canadian maize breeding programs aimed at resistance to the European

corn borer is discussed.



RESUME

La résistance dés resgources mondiales du plasma germinatif du mais, Zea ‘
mays, ala pyra.le du mais, Ostrinia nubilalis, a été étudiée en utilisant deux groupes
importants de plasma. une série latitudinale cont.enant trente-sept lignées endogames
et un ensemble presque complet de populatxons naturelles indigénes du Mexique. En
plus trois lignées controles hautement résmi;:antesl trois hgnées p;ovenants du CIM-
MYT, trois lignées canadiennes de cultivars synthétiques, une lignée résistante aux
insectes térébrants et dix lignées indigénes d"Argent:.ine ont 6té étudiées.

Une méthode d’extraction rapide pour l’aﬁalyse de la concentration
d’hydroxamate contenue dans les plantules de mais étiolé agées d'une semaine, a.6té
développée et utilisée pour sélectionner les plasmas germinatifs. Tous cogtiennent
trois hydroxamates principaux: DIMBOA, HMBOA, et MBOA, un sous-produit du
DIMBOA. Des différences significatives dans la concentration du DIMBOA
caractérisent les différents groupes. .

La résist;mce du plasma germinatif a 'attaque de la premiére génération de la
Eyrale du mais a été étudiée en laboratoire et sur le terrain. On a développé une
méthode en laboratoire pour évaluer la résistance a la foliophage et on a obtenu des
résultats pour établirune corrélation avecla concentration du DIMBOA dans les plan-
tules et les évaluations faites sur le terrain.

Deux saisons d'étude sur le terrain ont été nécessaires pour déterminer la résis-
tance du mais A une infestation par la premidre génération de la pyrale suivie de la
pourriture fusarienne, G. zeae, en relation avecla densité dela plantation. On a trouvé
des corrélations entre les variables phytochimiques et la résistance. Plusiers
caractéres associés A une résistance élevée a la foliopinagie des lignées plus récentes,

telles la série latitudinale des lignées endogames, sont des images inversées de ce qu



on trouve dans les races indigénes du Mexique associ¢es & une résistance élevée au

minage de la tige.
L'analyse des' donnés phytochimiiques et de la résistance révéle certaines ten-

.'dances globales dans la ‘résistance a la pyrale. La résistance et la concentration du
DIMBOA sont inversement proportionnelles a la latitude et Paltitude.

On a déterminé la relation entre la résistance du plasma germinatif et la
taxonomie des populatmns naturelles indigénes du Memque Il y avait des différen-

ces significatives dans la résistance parmi les groupes taxonomlques principaux tels
que définis par Wellhausen et al (1952).

On discute finalement de 'utilisation potentielle de tous les types de plasma

‘germmainf parhcuhérement des populations naturrelles mexicaines, dans les

programmes de sélection du mais canadien visant a développer la résistante a la
pyraie.
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CHAPTER I

INTRODUCTION

LS

1.1 THE IMPORTANCE OF GERMPLASM STUDIES

Until recently the major food crops of the world were produt':ed from many high-
ly genetically diverse populat:ions of crop plants. Since the beginnings of agriculture
variability has been developed and maintained in crops by the processes of hybridiza-
tion, mutation, selection, and adaptation aided by many groups of traditional farmers
working in different environments (Harlan, 1979). These processes resulted in
thousands of known varieties or populations in major crops such as wheat, potatoes,
rice, and maize. Such variability is an important safety factor since if one variety of
a given crop were to become extremely susceptible to a given pest then new, more resis-
tant varieties could be bred from the diverse germplasm available (Chang, 1984; Gale
and Lawrence, 1984).

In recent years the demand for varieties of crops with dependable high yields
has increased. Unfortunately this has resulted in the decrease of the genetic base of
crops as breeding selections were made to produce more genetically uniform hybrids
with superior agronomic traits (Feldman and Sears, 1981). Once such a variety is
developed there is a tendency to culture it over a large geographical area in genetical-
ly uniform monoculﬁxres tHarlan, 1979). This erosion of natural diversity has a great
potential for large scale destruction by an adapting pest. For example, the genetic
base of most North American crops is very narrow; but the genetic base of its pests is
virtually unrestricted and is therefore free to come into evolutionary balance in such
an agricultural system (Harlan and Starks, 1980).

The genetic vulnerability of our modern crops was made evident in 1970 when

approximately 18% of the U.S. con crop was destroyed by an epidemic of Southern

|
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corn leaf blight, Helminthosporium maydis (Hooker, 1982; Tatum, 1971). The vul-
nerability of corn was a result of the widespread use of Texas male sterile (T) cytoplasm
in hybrid seed production. Incorporation of male sterility eliminates pollen shed and
thus the need for highly labor-intensive and costly detasseling procedures. By 1969-
1970 most of the U.S. and Canadian maize crop had a uniform cytoplasmic background.
Unfortunately the Texas T gene a%50 conferred susceptibility to the toxin produced by
H. maydis and in 1970 the fungus proceeded to spread.and destroy field after field of '
the genetically uniform hybrids. As a result U.S. farmers lost over 1 billion dollars for
that year (Tatum, 1971).

Obviously man has little control over pest evolution or over the environmenj
but we can control the evolution of our crops. This control is achieved by preserving
the germplasm and thus the genetic diversity of the croiis used in breeding and agricul-
ture. More diverse hybrids can be developed that would decrease the risk presented
by the use of a few elite varieties. This genetic diversity of crops does not assure dis-
ease and insect resistance, but it does give some protection against the unexpected
(Harlan and Starks, 1980; Williams, 1984).

kThe realization of the need to maintain genetic resources led to the exploratiqg,
collection, preservation, and distribution of wild and ancestral crop germplasm. There
has been a substantial increase in the number of germplasm "banks" throughout the
world. Today, there are a total of thirteen International Agricultural Research Centers
(IRACs) throughout the world. All have been founded to provide agricultural training
and research assistance, especially to developing countries. One of the major IRAC
organizations concerned with germplasm resources maintenance is the International
- Board for Plant Genetics Resources (IBPGR) loéated in Rome, Italy. Founded in 1974,
its primary goal is to create an international network of genetic resource centers’tha.t\_’_‘ )
would in turn increase the collection, conservation, evaluation, documentation, and
use of plant germplasm (Williams, 1984; CIMMYT, 1984). Germplasm banks are living

collections of genetic material consisting largely of the primitive landraces that went



into the evolution of today’s modern cultivars. These ancient and ancestral types are'

~ preserved in case of emergencies or when agriculture and consumer needs require new
breeding material (Galinat, 1982).

Even though we have these large stores of genetically diverse material the range

of resistance and agronomic characters within them has been poorly examined and

documented (Goodman, 1984). This fact makes it extremely difficult for the breeder -

to find the exact source of resistance or other characters required. Many studies have
been carried out but they W_eré"on fragments of the large collections and cannot be com-
pared with one another (Harlan and Starks, 1980). Therefore, there is a great need
to screen the world collections systematically under controlled conditions and thus to
accumulate data that would generalize the genetic sources of resistance and other
agronoric traits, o find resistance material, screening must be carried out ﬁrst on

the major food crops and their most economically important pests.

)

1.2 LITERATURE REVIEW
1.2.1 MAIZE: ONE OF THREE CROPS THAT FEED THE WORLD

1.2.1.1 PLANT CHARACTERISTICS

%

Maize, Zea mays (L.), is a member of the grass family, Gramineae (Poaceaé).
and shares several features in common with other members of this family: conspicuous
nodes on the stem; a single leaf at each node; parallel veined leaves; and, leaves com-
iaosed of a sheath surrounding the stem and a blade connected to the sheath by a blade
joint. Most of the maize plant body is composed of long narrow leaves spaced alternate-
ly in two rows on strong erect stalkks. Unlike most of its relatives, maize is an annual
monoecious i)!ant with the staminate flowers in tassels_at the top of the stem and the

pistillate flowe.’s in ears in the axils of leaves. Tillers originate from subterranean in-

—
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téxjnodes and develop intoe structures identical to the main stem although somewhat

smaller. The presence of tillers varies with different maize varieties.

Many divergent types of maize are grown over a wide range of climatic condi-
tioxis. Various soil conditions are tolerated, but the best is a deep, well drained, fer-
tile Ioam soil with a slightly acidic pH of approximately 5 (Bockholt, 1979). Maize is
a waﬁr\weather crop reqmnng mean summer day temperatures higher than 19°C and
night temperatures h1gher than 13°C (Hartman et al 1981). It is classified as a short
day plant; longer days tend to increase the duration of the vegetative stage, and the
size and number of leaves of the pla&t (Bockholt, 1979).

——y

1.2.1.2 CROP VALUE

— — p— T A

Maize is the world’s third Iargest cereal crop after rice and wheat. It can be
grown throughout temperate, subtropical, and troplcal zones wherever rainfall or ir-
rigation is adequate The maJor producer is the U.S. followed by China, Brazil, the
U.S.S.R., Romania, Yugoslavia, Mexico, South Africa, Argentnna and Indla (Janick,
1981). More than 100 million hectares of land are planted each year to produce more .
- than 250 million metric tons (Shurtleff, 1984). Maize is the major food crop for more
than 100 million people in the world (Chiang, 1978). It is used after being parched,
boiled, baked, ground, treated W1th lye, and/or mixed with other ingredients (Thrus-
ton, 1977; Hartmann et al, 1981).

In North America, mainly sweetrcon} is grown for human consumption; its
production exceeded 11 tong/ha for the _US and 8.5 tons/ha for Canada in 1983 alo_r}e
(Hudon and LeRoux, 1986a). Corn is now the numbér one feed grain in the w01:ld
(CIMMYT Maize Facts and Trends Report Two, 1984). Ninety percent of the corn
grown in North America is grain corn (Chiang, 1978). Maize is also an important
source of industrial products. It is used as raw material to produce sugar, starch, oil,

and as a carbohydrate source for alcoholic beverages. More than 300 commercial items
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are derived from the grain alone (Hartman, 1981). f)iseases and insects are the major
limiting factors of increasing maize yields (Jugenhiemer, 1976).

1.2.1.8 THE ORIGIN AND TA%ONOMY OF MAIZE

«There are a number of theories on the origin of maize. One theory suggests that
maize was derix.red from its closest living relative teosinte, Zea mexicana. This theory
is best supported by Tltis (1983) in his "Catastrophic Sexual Transmutation 'Theory"
(CSTT) which propolses that the female maize ear was derived from the terminal
central spike of the male teosinte tassel. Development was aided by selection by
humans (Galinat, 1984). Mangelsdorf et al (1964) proposed a more widely accepted
theory, at complete odds to that of Itis and called it the tripartite theory. They
proposed that: one, cultivated corn originated from a primitive pod corn; two, teosinte
is a derivative of a hybrid between corn and Tripsacum, another wild grass; and three,

most modern corn cultivars are the product of a mixture w1t.h teosinte or Tripsacum
~ orboth. ‘I:his theory was mostly based on the archeological findings of MacNeish (Man-
gelsdorf et al, 1964) who found remains of corn plants in the Tehuacan Valley of Mexico
and dated them back to approximately 5000 B.C. Since the earlieét remains of teosinte
found date only to 1500 B.C. (Wilkes, 1977), Mangelsdorf suggested that corn predated
teosinte and therefore could not have been derived from it. This theory has recently
lost some credibility since it was shown that teosinte is not of hybrid origin (Wilkes,
'1982) although the other parts of the theory still stand. An alternative theory is that
corn, teosinte, and Tripsacum descended along independent lines directly from a com-
mon ancestor (Randolf, 1976). However i} is now almost universally accepted that
modern maize is the product of the intrégression of primitive maize with teosinte and

possibly Th'ﬁsacum although the sequence of events remains unclear.

Today. the most controversial element of the origin of maize is the question of
whether the ancestor was wild maize or ancestral wild teosinte, perhaps the perennial

teosinte, Zea diploperennis. Much more ax;éhaeological evidence is needed to resolve



this question, although many aspects that surround. the origin of maize are common-
ly agreed upon. The domestication of maize appears to have been in Southerﬁ Mexico
about 10 to 14 thousand years ago in a highland site above 1500 m with limestone
derived soils (Wilkes, 1977; Sprague, 1976; Beadle, 1980; Mangelsdorf, 1974).

With the help of many sponsored programs maize has been the most systemati-'
cally collected crop of all (Harlan and Starks, 1980). Itis believed that the greatest
variation of maize occurs in Mexico. One of the major reasons for this is the large
range in the geography of Mexico which resulted in several kinds of isolating factors
(latitude, longitude, altitude) conducive to rapid differentiation of a given species
(Wellhausen et al, 1952). Because of this diversify in the races it was necessary to
create a classification that would represent an inventory of the morphological and
physiological characteristics of each race for future reference, especially for that of
maize breeders. This has lead to a number of taxonomic studies centering around the
indigenous landraces of Mexico (McK. Bird, 1977, 1982a, 1982b; Camussi, 1979; Cer-
vantes et al, 1978; Goodman, 1978; Goodman and Mck. Bird, 1977).

The most comprehensive and still most widely accepted classification of the in-
digenous landraces of Mexico was carried out by Wellhausen, Robe;'ts, and Hernandez
(1952). Others have repeated this work and expanded upon it slightly, but only minor
changes have been made. Wellhausen et al grouped the many ~arieties found into
twenty-five distinct races and then fux"ther placed these races into five major groups
(TABLE 1). This classification was based upon external morphological characteris-
tics, internal cytological features, and physiological characteristics such as earliness,
yield, and resistance to disease. Their study is the onl'y one that takes into account
resisfance to diseases. Wellhausen et al’s first major group is classified as Ancient In-
digenous Races. These are believed to have arisen in Mexico from the primitive pod
corn. This group consists of four races: Palomero Toluqueno, Arrocillo Amarillo,
Chapalote, and Nal-Tel. Ehe second major group, the Pre-Columbian Exotic Races, is

believed to have been introduced into Mexico from Central or South America in prehis-



TABLE 1

CLASSIFICATION OF MEXICAN LANDRACES
(WELLHAUSEN ET AL, 1952)

-A. ANCIENT INDIGENOUS RACES
1. Palomero Toluqueno .
2. Arrocillo Amanillo
3. Chapalote
4. Nal-Tel :

B. PRE-COLUMBIAN EXOTIC RACES
5. Cacahuacintle
6. Harinoso de Ocho
7. Oloton
8. Maiz Dulce

C. PREHISTORIC MESTIZOS
) 9. Conico
10. Reventador
11. Tablonallo
12. Tehua
13. Tepecintle
14. Comiteco
15. Jala
16. Zapalote Chico
17. Zapalote Grande =
18. Pepitilla
19. Oletillo

20. Tuxpeno
21. Vandeno

D. MODERN INCIPIENT RACES
22. Chalqueno
23. Celaya
24, Conico Norteno
25. Bolita

E. "POORLY DEFINED RACES"
26. Conejo
27. Complejo Serrano de Jalisco
© 28. Maiz Blando
29. Onaveno
30. Dulcillo del Noroeste
31. Bofo
32. Tabilla de Ocho
33. Zamorano
34. Gordo
35. Apachita
36. Azul
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toric times and consists of four recognized races: Cacahuacintle, Harinoso de Ocho,
Oloton, and Ma.izﬁlce. Although there is no historical evidence for its origin, the
third g'rour;; ,the Prehistoric Mestizos, is believed to have arisen tl_:.rough the hybridiza-
tion of -thg Ancient Indigenous Races with the Pre-Columbian Exotic Races and also
- through the hybridization of both of the above with teosinte. Theré are thirteen recog-
nized races in the Pre-Columbian Exotic group: Conico, Reventador, :I‘abloncillo,
Tehua, Tepicintle, Comiteco, Jala, Zapaloi?e Chico, Zapalote Grande, Pepitilla, Olotil-
- lo, Tuxpeno, and Vandeno. The fourth group is the Modern Incipient Races presently
consisting of four recognized races: Chalqueno, Celaya, Conico Norteno, and Bolita.
Wellhausen et al (1952) also lists some races which have been grouped together as the
"poorly defined races" since more data are required to classify them. They consist of
eleven races: Conjo, Comlejo Serrano de Jalisco, Zamorano Amarillo, Maiz Blando de
Sonora, Onax}eno, and Dulcilllo del Noroeste, _Bofo,\ Tabilla de Ocho, Gordo, Apachita,
and Azul.

1.2.1.4 MAIZE PLANT DEVELOPMENT

Beard (1943) has broken deveopment of the maize plant into twelve stages. The
- first five are based on leaf characteristics: the seedling s'tage characterized by the
' primary leaf blade; the pre-whorl stage characterized by one to five leaf blades; the
early-w}:}qu stage when six to seven leaves are arranged in a distinct whorl; the mid-

whorl stage when eight to nine leaves compose the whorl and the rudimentary tassel |
is completely enclosed by the whorl; and, the Iate-wh6r1 stage when the tassel just be-
‘comes visible along with one or two small ear shoots. The next three stages are based
on tassel characteristics: the early green tassel stage when the tip of the tassel shows
above the whorl and two to four ear shoots are visible; the mid-green tass?elrﬁtage when
the tassel consists of a clump of adhering branches; and, the late green tassel stage
when the tassel has unfurled, pollen sacs have swelled, and three to five ear shoots
are visible. The final four stages are based on silk characteristics: the early-silk stage
when the top ear shoots are showing fresh silk and the anthers of the tassel are dehis-



ing; the mid-silk stage when the top ear silk is fully extended, the true ears are dis- -
tinct from the rudimentary ones, and there is maximim pollen shedding; the late-silk
stage when the silk is now dried at the tips, the anthers are gone; and the final stage,
the roasting ear when the cobs are, ﬁpe for liarveg.t.

L

1.2.2 THE EUROPEAN CORN BORER: A MAJOR INSECT PEST OF MAIZE

There are a number of insect pests that limit maize production. The major ones
are armyworms, earworms, rootworms, insect‘.x.rectors of various pathogens, and the
borers of which the major one in North America is the European corn borer, Ostrinia,
nubilalis (Hubner) of the Pyralidae family. | '

1.2.2.1 THE LIFE CYCLE OF THE EUROPEAN CORN BORER

The European corn borer is a polyphagous insect that feeds on green peppers,
tomatoes, potatoes, beans, beets, oats, soybeans, many led plants and its major host,
maize. The life cycle of this insect js closely related to the developmental stages of
maize (FIGURE 1). In most corn producing areas the insect is bivoltine, i.e. it has two
generations or broods per season. In the period of egg deposition by the first brood
adults, which overwintered as mature larvae, most of the corn is in the whorl stage.
White eggs are laid in masses of 15-35 on the undersides of lower leaves. Each adult
female can lay more than 500 eggs during her life span (Davidson, 1979). The eggs
hatch in approximately seven days. The highest degree of damage is done by these
first brood larvae. The first and second instar larvae feed primarily on the spirally
rolled leaves in the whorl destroying the surface and breaking midribs. As the corn
grows out of the whorl stage, the thifd and fourth instars feed primarily on sheath and
collar tissue. The fifth instar tunnels all parts of the stalk and ear resulting in cavities
in the stalk, broken stalks and tassels, poor ear development and dropped ears. When
the corn has tasreled and is in the process of completing the pollen shedding stage egg

deposition by secend brood adults occurs. The second brood first and second instars



FIGURE 1

THE LIFE CYCLE OF THE EUROPEAN CORN BORER
(Ostrinia nubilalis)

This diagram represents the relationship between the maize
plant and a bivoltine strain of the European corn borer.
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feed primarily on pollen accumu.lateci at the axils of the leaves and on tissues of the

" gheath, collar, ear shoots, husk, and silk. The first to fourth instars can develop satis-

factorily on a pollen diet while feeding extensively on sheath and collar tissue (Guthrie,

198 Guthrie and Dicke, 1972). The fifth and final instar will over-winterin the stalks
the cycle will be repeated the following growing season.

European corn borer eggs are flat, white and less than 1 mm in diameter. They
take five to seven days to develop to what is called the black head stage which is just
before hatching, A fully grown adult larva is approximately 25 mm long and 3 mm
wide. The head is dark brown to black‘ in colour while the upper body surface ranges
from light to dark brown. Each body segment has on its dorsal surface a row of small
dark brownm spots with several narrow dark brown lines extending lengthwise. (The
under surface has no distinctive markings and is usually a uniform flesh colour (David-
son, 1979). The pupa is cigar-shaped and light to dark browz\in colour. The female
pupa is approximately 15 mm long while the male pupa is slightly smaller at 14 mm.
Fully grown female adtpﬂts are yellowish-brown, 2 cm long, with a wing spab. of ap-
proximately 3 cm. The outer third of the females forewings are marked by two darker
serrate lines running across the wings. The adult males are smaller than the females,
reddish-brown, and have darker wings with correspondingly darker markings on the
forewings (Davidson 1979). '

1.2.2.2 HISTORY AND STATUS OF O. NUBILALIS

The European corn borer is not native to North America. It was accidently ih—
troduced in shipments of broom corn, Sorghum vulgare var technica (Koern.) in east-
ern U.S. and Canada from Austria, Hungary, and Italy (Brindley and Dicke, 1963).
The preéence of the insect was first reported near Boston in 1917 (Vinal, 1917). The
first infestations were around broom factories and it is believed that the refuse from
these factories was the main vehicle of distribution of the insect (Robinson, 1978).

The insect has now spread to practically all of the major corn-producing areas of the

11



U.S. and Canada with a range extending from the Maritimes to the Prairies and in
the southern U S. as far as Georgia, Mississippi, and northern Florida. The number
of generatmns per year or voltinism began to vary with geographical location until
three different biotypes were recognized in North America: a northern univoltine
strain in most of Canada and Minnesota; a more central bivoltine strain in the more
southern corn areas of Canada and in Iowa, l\hebraska, and Ohio; and a southern mul-

tivoltine strain in Alabama, Georgia, and Missouri (Hudon and LeRoux, 1986a).

Successful establishment of neonate larvae on the corn plant is accomplished
mainly because of the large number of eggs laid by the female moths. Early studies
revealed that fewer than 25% of the larvae survive the first 48 hours and an ;ddition-
al 10-15% fail to reach maturity (Painter and Fight, 1925; Caesar, 1926; Huber, 1936).
This high mortality rate is due to a number of factors such as: mechanical c:rv.shing;',r of
the plant parts during cultivation; drowning in water accumulation in the whorl; dis-
lodging; desiccation; predaﬁon; exposure to UV light; and chemical factors. Despite
this the insect still manages to reach pest population levels because of-a number of
agro-bio-ecological factors such as its variable life cyele, a relatively low level of
parasite activity, the low level of over-wintering larval mortality, the high host-plant
density , and the relatively flat topography of Central North America. The latter three
factors are the most important of all. -The annual mean over-wintering larval mor-
tality is only 1.6% of total fifth instar larvae (Hudon and LeRoux, 1986a). These
authors have also shown that borer larvae can withstand supercooling to approximate-
ly -21°C by virtue of the fact that by January 9% of their body weight is glycerol. The
most important factor contributing to the rise of borer populations is the increasing
hectarage of grain and forage corn grown in large monocultures. Based upon Feeny’s
(1976) theories of pfant apparency and the co-evolution of plants and insects, these
monocultures have taken "unapparent" plants and made them apparent. Since most
crops have not evolved defences appropriate for survival as an apparent plant, other
control measure s must be used to increase their defenses. Therefore, even though total

larval mortality can be as high as 98%, with the large numbers of borers produced a
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survival rate of only 2% or less is sufficient to maintain economic levels of infestations
in Quebec alene (HHudon and LeRoux, 1986b).

Yield reducin"ons are a result of a re_duction in the amount of gram produced
(physiological) and the amount of grain left in the field aftér mechanical harvest
(Klenke et al, 1986). Heavy infestations have been known to decrease yields up to 25%
(Davidson,1979), although this varies with time of i.nfeste‘ltion, stage of plant develop-
ment, and geographical location (Everett et al, 1958; Kwolek and Brindley, 1959; Patch,
1942). First generation borers are more injurious to grain corn since tunneling results
in lodging at harvest (Bailey and Pedigo, 1986). For sweet corn the second brood borers
cause more problems because of boring into the ears. The borers are difficult to remove
from harvested ears. Total annual losses in the U.S. alone now exceed 200 million dol-
lars (Burburtis et al, 1984). In Canada, the economic threshold accepted for sweet corn

is 5% and 10% infested ears for fresh market and processing (canning) respectively
(Hudon and LeRoux, 1986a).

1.2.2.3 INSECT PATHOGEN ASSOCIATIONS: STALK ROT AND CORN SMUT

Losses and dagnage from insect feeding are usually compounded by many com-
mon insect-pathogen associations. The European corn borer is associated with corn
smut and corn s/talk rot. Common corn smut, Ustilago maydis, occurs worldwide and
is most severe in young plants. Fungal galls are formed on any above-ground parts of
the plant and can result in yield losses exceeding 10% in susceptible maize lines; al-
though resistant lines have been developed that have less than 2% loss (Shurtleff,
1984). Control of this pathogen can be accomplished, along with the use of resistant
hybrids and lines, by avoiding mechanical injuljy that would leave the plants more sus-
ceptible to infection, and by maintaining a well-balanced soil fertility to avoid stress-
ing the plants unnecessarily (Shurtleff, 1984).
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Stalk rots are devasting diseases of maize. The major rot associated with thé
European corn borer is Gibberella zeae. Yield losses of up to 20% in susceptible North
American lines and 33% in other countries have been reported (Shurtleff, 1984). G.
zeae usually attacks plants approaching maturity. Diseased stalk tissue has an inter-
nal reddish-brown colour followed by a shredding of pith tissue. Losses are due direct-
1y to poor ear development or indirectly through harvest loss because of stalk breakage.
Development of the fungus is encouraged by a stressful late environment such as borer
tunneling and c;'owding. Control can be achieved by the use of resistant hybrids and
lines, balanced soil fertility, and lower plant densities (Shurtleff, 1984).

1.2.3 CONTROLLING THE EUROPEAN CORN BORER

A number of control measures have been and are still being used in an attempt
to control the Europearn corn borer. Cultural practices include deep plowing of stalks
containing over-wintering larvae and crop rotation. The release of parasites, the use
of"light traps and trap crops to attract eariy egg laying moths have proved moderate-
ly successful (Hudon and LeRoux, 1986a,b; Barber and Witkowski,1984; Franklin and
Holdaway, 1966; Legg and Chiang, 1984a,b). Planting time is an important factor
since moths lay more eggs on taller early planted than shorter later planted lines
(1;atch, 1946; Andrews and Carlsod, 1976). Unfortunately this method does not al-
ways coincide with the time of the crop’s highest market value (Davidson, 1979). In-
secticides are used but are considered to be uneconomical because of the relatively low
net profit of corn, especially that of grain corn. In addition, insecticides are not always
useful since larvae inhabit relatively protected areas of the plant; therefore, to be ef-
fective the insecticide must be applied directly, be systemic, be applied frequently, or

have a long residual activity.

Maize, because it is a cereal crop, is lower priced than many other crops and
hence there is a need to maximize economic control measures. The most effort put into

control of the European corn borer has been in the selection and development of resis-
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~ tant lines of maize. This approach has led to the discovery of natural resistance fac-

tors in the maize plant.

1.2.3.1 HOST-PLANT RESISTANCE

Resistant plants as described by Hedin et al, (1974, 1977) are "... plants that are
inherently less severely damaged or less infested by a phyfophagous pest under com-
parable environments in the field...". In other words, resistance is a property that
~ enables a plant to avoid, tolerate, or recover from the injurious effects of insect feed-
ing. There are three basic mechanisms of resistance: preference or nonpreference, the
latter being characters of the plant making it less suitable for food, oviposition, or shel-
ter; antibiosis, when the presence (or rarely absence) of various chemical compounds
affects the development and survival of the insect;.and tolerance, the ability of the
, plént to survive insect attack by repairing pest damage or by not being as severely af-
fected by the damage as a more susceptible plant would be (Horber, 1980; Adkisson

and Dyck, 1980; Harris, 1979; Hedin, 1877, 1983).

Resistant plants are often used in combination with some of the control
measures stated above such as good cultural practice and insecticides (Waiss et al,
1977). This is because these resistant lines are compatible with both chemical and
~ other biological control measures and are therefore very useful in Integrated Pest
Management programs. The end result is a more effective, convenient, economical,
and environmentally acceptable method of insect control. This approach has been car-
ried out successfully for the corn earworm, Heliothis zea, on sweet corn (Wiseman et
al, 1973). '

Resistance to the European corn borer occurs at three stages of maize develop-
ment. The first is the seedling stage, at which a large number of current cultivars are
resistant. The second occurs at the whorl stage. Resistance at this stage is called first-

brood borer resistance or leaf-feeding resistance because it is the first brood borer
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population that is attackihg the leaves at this time. The third stage is in the pollen-
shedding stage and is called second-brood borer resistance. A variety resistant at one
stage may or may not be resistant at another. Selections in breeding programs have
emphasized resistance in the whorl stagé when the larvae feed mainly on leaf tissue
and cause great losses in grain corn (Russel, 1975; Pesho et al, 1965).“ This is because
" the largest amount of corn grown is grain corn and damage and crop loss is most severe
following first-brood infestations.

<

Resistance is seldom due to the eifect of only one factor but instead results from
the combination of a number of factors of which a large proportion are chemical. Since
host-plant resistance is heritable, knowledge of its chemical Easis would play an im-
portant role in planf breeding. | |

F

1.2.3.2 PHYTOCHEMICAL BASIS OF RESISTAN CE IN MAIZE

. <
* Researchers have long been interested in finding causative agents in the maize

plant that are fesponsible for resistance to the European corn borer. Not only wouid
this knowledge give a bétter understanding of the host-pest relationship, but it may
be useful as a selection tool in a breeding program. Recently a great deal of attention
has focussed orf the role of secondary metabolites in insect resistance. These com-
pounds are termed "secondary” bécause they play no k'nowﬁ role in the essential me:
tabolic processes of the plant. They may act as defensive substaﬁces which tend to
render the plant repellant, toxic, or otherwise chemically unsuitable for utilization by
herbivores and micro-organisms (Beck, 1876, 1980).

Two groups of secondary metabolites that have been implicated én insect resis-
tance in maize are phenolic acids and hydroxamic acids. Phenolic acids are widespread
throughout the plant kingdom. Many studies have been carried out on éheir role in
desease and iasect resistance. Reese et al (1982) and Waiss et al (1979) have both

found that the flavone glycoside, maysin, from corn silks is inhibitory to Heliothis zea
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larvae. Also, p-coumaric, caffeic, and ferulic acids have been shown to aﬁ'ect the
viability of, or act as feeding deterrents, to a wide variety of insects (Swain, 1977, 1979),
including the maize weevil (Serratos ét al, 1987).

1.2.3.2.1 HYDROXAMIC ACIDS

Many studies of maize resistance to the European corn borer have centred
around the role of hydroxamic acids. These compounds occur in maize, wheat, and
other members of the Graminae family. Hycliroxamates contain one or more oxidized
peptide (amide) bonds, -CON(OH)- (Emery, 1971). This bond is the oustanding chemi-
cal feature of these Enol_ecules and can therefore be expected to play an important role
in their biological actiozi"'(Neilands, 1967). Natural hydroxamates are classified ac-
cording to the number of amide groups they contaiﬁ. In maize z;nd related Graminae,

approximately fifteen hydroxamates have been identified, (Woodward et al, 1979a).

Hydroxamates occur as glucosides in intact tissue, but undergo enzymatic
hydrolysis to the aglu(_:dn_e when plant tissues are crushed, i.e. by insect feeding. The
major aglucone found in maize is 2,4-dihydroxy-7-methoxy-(2H)-1,4-benzoxazin-
3(4H)-one or DIMBOA. In hot aquecus solutions this compound decomposes to its ben-
zoxazinone, 6-methoxy-benzoxazoline or MBOA, with the liberation of formic acid ,
FIGURE 2 (Honakanen and Virtanen, 1960). Various intermediates occur'during this
reaction and have been studied by many researchers (Niemeyer et al, 1982); Brenden-
berg et al, 1962; Bravo and Niemeyer, 1986; Woodward et al, 1878a, b; Copaja et al,
1982: Grambow et al, 1986). MBOA does not occur in vivo (Hofman and Hofmanova, -
1971). The presence of MBOA was first detected in extracts of root tissue from the
medicinal plant Coix lachryma-joba (Koyama et al, 1955). DIMBOA was first reported
in maize and wheat in 1959 by Wahlroos and Virtanen. The lactam of DIMBCQCA, 2-
hydroxy-7-methoxy-1,4(2H)-benzoxazin-3-one or HMBOA (FIGURE 3) is also found in
maize (Woodward et al, 1979b). The biosynthetic relations'hip between this compound
and DIMBOA is not known. .
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FIGURE 2

THE MAJOR HYDROXAMIC ACID FOUND IN MAIZE LEAF
TISSUE

The major hydroxamic acid found in maize is
2,4-dihydroxy-7-methoxy-(2H)-1,4-benzoxazin-3(4H)-one or DIMBOA.
This secondary metabolite occurs as a glucoside in intact tissue, but
undergoes enzymatic hydrolysis to a physiologically active aglucone
when plant tissues are damaged by insect feeding. DIMBOA
decomposes to 6-methoxy-benzoxazoline (MBOA) in aqueous solutions.
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FIGURE 3
THE LACTAM OF DIMBOA
The lactam of 2,4-dihydroxy-7-methoxy-(2H)-1,4-benzoxazin-

3(4H)-one (DIMBOA) is 2-hydroxy-7-methoxy-(2H)-1,4-benzoxazin-
3(4H)-one or HMBOA. .
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DIMBOA is sy;n‘.hesized and accumulated throughout the growth of the plant.
The biosynthetic pathwayis not yet totally elucidated but it has been shown that radio-
labelled (*4C) quinic acid, methionine, ribose, glycine, glycerate, and anthranilic acid
are incorporated into DIMBOA (Reimann and Byerrum, 1964; Tipton et al, 1973). This
suggests that synthesis is via the shikimic acid pathway.

Concentrations of DIMBOA are generally highest in the root and then in
decreasing order of concentration in the stalk, whorl, and leaf (Klun and Robinson,
© 1968; Argandona et al, 1981; Guthrie er al, 1986a, b). Ifhigh concentrations are found
in the whorl stage then they are also found to be high in the silking stage (Long et
al,1975). In the leaves the highest concentrations are around the vascular bundles
(Argandona and Corcuera, 1985). The total amount of DIMBOA and its glucoside may
_be more than 1% of the dry weight of the plant (Woodward et al, 1978).

DIMBOA has been directly implicated as a biochemical factor in the resistance
of maize to the European corn borer, especially to the first brood larvae (Beck and
Smissman, 1960). When DIMBOA was added to artificial diets and fed to larvae it
was found to increase larval mortality, inhibit larval development, and decrease lar-
val and pupal weights (Klun et al, 1967; Robinson et al, 1982; Argandona et al, 1983;
Klun and Brindley, 1966). This result indicates that DIMBOA has toxic properties,
but many more studies are needed to elucidate the mode of action. There is now much
more evidence to indicate that DIMBOA controls borers by acting as an antifeedant.
This term is applied to substances that prevent or interrupt feeding activity when they
come into contact with an insect’s buccal parts or any other organ provided with sen-
sory cells (Schoonhoven, 1982). In maize lines with high concentrations of DIMBOA,
borer larvae, when given the chance will move off the plant (Robinson et al, 1978,1982).
This behavior has been observed for concentrations as low as 1 mM (Argandona et al,
1983). Such movement off the host-plant would increase larval mortality because
migrating larrae would be more susceptible to environmental hazards such as

predators and desiccation (Robinson et al, 1978). The result is higher larval feeding
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rates on low DIMBOA lines (Manuwoto and Scriber, 1985&, b; Klun and Brindley,
1966). MBOA and HI\[BOA have as yet not been shown to have any biological activity
towar Borer larvae, but it is hypothesized that a combination of these compounds
with DIMBOA may be more active than either compound alone (Klun et al, 1967).
Therefore, resistance depends upon a higher concentration of glucosides presentin the

plant and their ability to split quickly into effective aglucones.

%

DIMBOA has also been shown to be a biochemical factor associated with resis-
tance of maize to various pathogens. DIMBOA extracts inhibit growth of the bacterial
corn stalk rot caused by various Erwinia species (Corcuera et al, 1978; Woodward et
al, 1978a; Lacy, 1979). It also iﬁhibits the growth of, and confers resistance to, two
corn stalk rots, Diplodia maydis and Gibberella zeae (Whitney and Moztimore, 1959;
BeMiller and Pappelis, 1965), along with Northern corn leaf' blight, Helminthosporium -
turcicum (Long et al, 1975, Couture et al, 1971).

Besides conferring resistance to the European corn borer, DIMBOA has been
found to have a diverse effect on the survival and reproductive rates of aphids in both
wild and cultivated plants (Argandona et al, 1980; Zuniga et al, 1983; Corcuera et al,
1982, 1985). DIMBOA has also been shown to be mutagenic to Salmonella
typhimurium (Hashimoto et al, 1979), allelopathic (Wolf et al, 1985), a chemical cue
affecting reproductive cycles in meadow voles, Microtus montanus (Sanders et al, 1981;
Berger et al, 1981), important in plant iron metahplism and mineral nutrition due to
its chelating properties (Tipton and Buell, 1870; Dabed et al, 1982), and important in
increasing the tolerance of maize to large doses of pesticides by catalyzing the
. hydrolysis of diazinon and the dechlorination of others such as atrazine (Hamilton,
1963, 1964; Malan et al, 1984; Ioannou et al, 1980). More recently, DIMBOA has been
found to inhibit cyclic and noncyclic photophosphorylation in spinach chloroplasts and
mitochonidria (Niemeyer et al, 1982; Queirolo et al, 1981). It has also been found to
react str;ngly with the sulfhydryl (thiol) groups of compounds such as cysteine (Ar-
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gandona et al, 1982). This reaction may be the basis for its inhibitory action on some
enzymes and its toxicity (Niemeyer et al, 1982).

Th_e geparation of hydroxamates ;n plant extracts has been accomplished by a
number of methods. Paper, thin-layer, and column chromatography have been used
with detection by a ferric chloride spray reagent and/or UV spectroscopy (Woodward
et al, 1979a). These methods are time consuming and do not differentiate readily
among the compounds of interest and other compounds which have similar physical
properties. Other methods used have been isotopic dilution (Klun and Brindley, 1966),
infrared spectrophotometry (Scism et al, 1974), and fluorometry (Bowman et al, 1967).
More recently gas-chromatography and m:guss spectroscopy have been used to separate,
detect and identify either free (Tang et al, 1975) or trimethylsilyl derivatives (Wood-
ward et al, 1979a, b). The advantages of such a method are 100 ng sensitivity, reduced
time of analysis, and increased amount 6f information obtained about structural
properties of the compounds. High performance liquid chromatography (HPLC)is also
used and has proven very useful in quantitation (Gutierrez et al, 1982; Clark and
Brown, 1980).

Many of the above methods presume that MBOA is stoichiometrically related
to DIMBOA, i.e. there is a 100% conversion of DIMBOA to MBOA. It was believed
that if one could detect the amount of MBOA this would be equal to that of DIMBOA
(Robinson et al, 1978). It has since been found that the amount of MBOA formed varies
with temﬁférature, pH, and solutes and that under a number of conditions less than
75% yield of MBOA was obtained from DIMBOA (Woodward et al, 1978a, 1979a).
Therefore, the assumption of total yield of MBOA from DIMBOA may lead to erroneous
estimates of DIMBOA concentrations in plant extracts. Today, most researchers quan-
titate DIMBOA concentrations directly.

Recently, factors other than DIMBOA have been found to confer resistance to
the European curn borer. This is not a surprise since no one factor can be expected to

account for all of the resistance in a given plant species. It was found that in maize,
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' silica and lignin, along with DIMBOA, account for a major percentage of the factors
conferring resistance to first-brood borers (Rojanaridpiched et al, 1984).

1.2.3.3 BREEDING MAIZE FOR RESISTANCE TO THE EUROPEAN
CORN BORER

Once it was found that certain lines of maize were more resistant than others
and part of the cause of this resistance was elucidated, inheritance of resistance studies
were carried out. The goal of these studies was to estimate the number of genes conl
trolling resistance and to determine the best breeding system to use to increase resis-
tance levels, , /-

Reciprocal translocation studies have shown that at least twelve of the possible
twenty chromosome arms in maize contribute a minimum of twelve genes that-are in-
volved in resistance to the Eurpopean corn borer (Onukogu et al, 1978; Scott et al,
1866). A partial dominant, primarily additive type of gene action is involved since cros-
ses between a susceptible line and a resistant line result in a line intermediate in resis-
tance (Russell et al, 1975; Scott et al, 1966; Guthrie et al, 1985b). Both monogenic and
polygenic control, depending upon the maize line in question, have been found for the
accunulation of hydroxamates ( Dunn et al, 1981). Further translocation studies
reveal'?d that resistance is conditioned by separate genetic mechanisms, one for first-
brood resistance and one for second-brood resistance (Klenke et al, 1986). This is be-
cause only two or three of the twelve chromosome gtrms are in common for genes
resistant to both broods. Because of this it is very rare to find a line that is resistant
to both borer broods.

Once the genetic control over resistance became more clear it was possible to
select the type of breeding program that was best to increase resistance. Because of
the large number of genes involved, a backcross breeding procedure could not be used

to transfer resistance to susceptible genotypes. The most success has been obtained —

»
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using recurrent selection techniques. This breeding méﬁh_od concentrates genes for
‘ certain superior traits in the gene pool and enhances the possibilities for genetic recom-
bination by maintaining a broad genetic base (Nﬂes, 1979; Guhtrie, 1979). Recurrent -
selection has been found to increase DIMBOA levels in leaftissue and to increase resis-
tance to both first and second brood larvae (Barry et al, 1983; Teeng et al, 1984; Klenke
et al, 1986). Resistance to both broods in the same line can also be obtained by com-
bining a number of inbred lines to produce a synthetic line (Guthrie, 1979).

In breeding programs it is essential to study more than a single pest in order to
explore the potential for multiple-pest resistance and to avoid the possibility of in-
creased susceptibility. In maize, for example, selection for resistance to N orthern corn
leaf blight can be based on DIMBOA. concentrations, but one cannot select for resis-
tance to the borer and in turn get resistance to the leaf blight as well (Long et al, 1974;
Guthrie et al, 1985). }

The basic challenge in insect resistance breeding programs is that of identify-
ing sources of resistance, and more importantly, having a broad genetic base of sour-
ces from which to choose.

1.2.3.4 GERMPLASM RESOURCES

When searching for a source of genetic resistance a breeder can look at several
sources of genetic variabi]ity such as contemporary types, re-introduced types,
polypoids, induced mutants, obsolete cultivated types, and exotic species (Niles, 1979).
The latter consists of germplasm that is not fully acclimatized and would have to un-
dergo physiological adjustments before use with adapted germplasm. These are often
a very useful source of genes and gene combinations (Robinson, 1978). The search for
resistance should be carried out in a logical sequence by first examining adapted cul-
tivars, fo]lowed hy plant introductions and exotic germplasm, and ﬁnally the near rela-
Hves of the cultivar (Ortman and Peters, 1980). In order to carry this out all of the

24



sources of resistance must be preserved and available to the breeder through

germplasm banks.

" There are a number of maize germplasm banks such as the International. Rice
Research Institute (IRRI) in thiPhlhppmes, the East-West Food Institute in Hawail
the Food and Agriculture Organization (FAO) of the United Nations, and 6ne the
largest, the International Maize and Wheat Improvement Center (CIMMYT) located
in El Batan, Mexico (Chiang, 1978). CIMMYT waé founded in 1966 with the support
of many private and national agencies, the major one being the Consultative Group
on International Agricultural Research (CGIAR). Research at CIMMYT centers on
improving yields of maize, wheat, triticale, and barley in order to improve food produc-
tion in developing countries. The main emphasis is cn high yield with wide adapta-
tions, disease and insect resistance, higher quality protein, shorter growing period,
" and shorter plants that could be grown at a higher density without lodging (CIMMYT
Report on Maize Production, 1980-1981). Very large germplasm collections from many
countries are kept at CIMMYT and classified according to agroclimatic characteris-
tics, grain types, and length of growing season. CIMMY™!" acts as the focal point of
several international networks for germplasm exchange and testing involving more
than 125 coountries (This Is CIMMYT pamphlet, 1984).

Despite these large germplasm collections only a small fraction of the total
genetic diversity in maize has been used in breeding programs. There is a need to sur-
vey these resources systematically so that the breeder will kmow what is available (Wil-
liams, 1984).

Many researchers believe that the introgression of exotic maize germplasm
should be intensified (Chiang, 1978; Robinson,1978). This would include all of the in-
dﬂigenous landraces of maize. Before this introgression is possible this germplasm
must first be examined for resistance and organized in such a way as to allow a sys-

tematic evaluation and selection of resistant germplasm. In addition a logical clas-

25



sification of resistance as related to the geographic origin of maize germplasm needs
to be created (Williams, 1984).

1.2.3 CONCLUSIONS
This review of the literature has revealed the following main points:

(1) Maize is a very important crop with substantial economic value. Diseases and
insects are the major limiting factors in increasing yields of the

crop throughout the world.

(2) One of the major insect pests of maize is the European corn borer. Itslife cycle
is closely tied to that of maize such that in some geographic areas the crop is
hit by two or more broods of the insect per year. The major factor involved
in elevating the borer to pest levels has been the increasing use of large

monocultures of maize in North America.

(3) Insect-pathogen associations sccur between the European corn borer, corn
smut, and corn stalk rot. This compounds the loss of crop yield due to borer in-
festations.

(4) The most widely studied and currently used method of borer control involves

the use of resistant lines of maize.

(5) Resistance to the European corn borer has a phytochemical basis. Secondary
metabolites known as hydroxamic acids, occur as glucosides in intact maize tis-
sue but undergo hydrolysis to a physiologically active aglucone when the tis-
sue is damaged. Studies have revealed that these compounds act as
antifeedarts by reducing the amount of borer feeding. These compounds have

also been shown to inhibit the growth of some pathogenic fungi.
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(8) Breeding maize for resistance has best been accomplished through recurrent
~ selection techniques. But, this requires a broad genetic base of resistant

germplasm sources.

(7) Although large genetic resources have been accumulated in germplasm banks,
there is a lack of studies that systematically and logically document the sour-
ces of resistance avajlabie. Two major areas that require more elucidation are
the relationships between resistance and geographical origin and taxonomy of

maize germplasm.

1.3 THE RESEARCH PROJECT AND ITS OBJECTIVES

The review of the literature has revealed that large sources of maize germplasm
tj'pes exist, many of which have never been examined for resistance to the European
corn borer. These germplasm types need to be systematically examined in a logical
manner for sources of resistance. The main of goal of this research project was to fur-
ther examine the resistance of maize to first-brood European corn borar and in par-
ticular to determine if any global trends exist between the resistance of world
germplasm resources and the geographic origin and taxonomy of maize germplasm.
These two areas, geographic origin and taxonomy, represent two of the more logical

places to begin when approaching large amounts of germplasm.
The research was divided into four major parts:

(1) Knowing that resistance to the first-brood European corn borer is due to the
presence of hydroxamic acids, all of the germplasm was screened for the:
presence of and concentrations of these compounds after developing a suitable

rapid extraction method. 1

-,

(2) A suitable laboratory method to evaluate leaf-feeding resistance of whorl tis-

sue was developed followed by the screening of the germplasm using this
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method. Resistance of the germplasm to three major agricﬁltural streg’sé}swvas
determined by exposing the germplasm to European corn borer infestation,
stalk rot infacQ“on, énd high density planting -in the field followed by ratings
and reasurements of resistance. The degree of correlation between these
resistance results and the phytochemical results was determined, along with
the potential use of ea'ch‘-germplasm group in a Canadian breeding program.

o

(3) All the phytochemical and resistance data was combined and analyzed to
determine the relationship between the resistance of maize germplasm and
the latitudinal and altitudinal origin of maize.

(4) Again all of the data was combined and various taxonomic analyses were car-
ried out to determine the relationship between resistance of maize germplasm

and the taxonomy of the indigenous léndra(_:es of Mexico.
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CHAPTER 11

MATERIALS AND METHODS - =~

. - ‘

2.1 GERMPLASM

Two major germplasm groups were used in this study: a latitudinal series of
thirty-sezrfn inbred lines and an almost complete set of tHe indigenous races of maize
of Mexico. In addition to these, three highly.resistant control lines, three resistant
Canadian synthetic lines, three CIMMYT maize pools, and ten Argentine landraces
were studied.

2.1.1 LATITUDINAL SERIES OF INBRED LINES

These consist of four broad based gene pools developed by CIMMYT for use in
different latitudinal regions (FIGURE 4): '

1. Gene pool for the Southern Temperate Region (STR). |
2. Gene pool for the Intermediate Temperate Region (ITR).
3. Gene pool for the Northern Temperate Region (NTR-1).
4. CIMMYT German Maize Gene Pool (NTR-2).

These pools are constantly being improved through selection by CIMMYT. Ad-
vances are being made in yield, height reduction, early maturity, and resistance to dis-
eases and insects. They are being used as new sources of variation for temperate areas
and as a mechanism for the transfer of genes from tropical to temperate areas and

. vice-versa.

.

S
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FIGURE 4

MAP OF LATTTUDINAL GROUPS OF INBRED LINES

STR = Southern Temperate Region

ITR = Intermediate Temperate Region
NTR-1 = Northern Temperate Region
NTR-2 = CIMMYT German Maize Gene Pool
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The STR gene pool is based on germplasm ﬁom the US corn belt and tropical
lowlands and highlands.« 1t has been developed for use in the winter maize growing
areas of the tropics and subtropics and for low latitude temperate areas 34-40° north
and south of the equator. In this study six'lines of this gene pool were used. and are
referred to by the numbers, STR: 3790, 3794, 3802, 3805, 3815, and 3823 (TABLE 2).

The gene pool for the ITR group consists primarily of European maize material.
It is designed for use in latitudes 40-46° N-S of the equator and also the winter maize
growing areas of the tropics and subtropics. A total of seven lines were used from this

gene pool, ITR: 3853, 3857, 3862, 3865, 3872, 3877, and 3878 (TABLE 2).

The NTR-1 gene pool consists of materials from the US corn belt and is designed
to serve maize growing areas 46-52° N-S of the equator. Six lines were used from this
gene pool, NTR-1: 3945, 3946, 3947, 3962, 3971, and 3983 (TABLE 2).

Finally, the NTR-2 or CIMMYT German Maize gene pool consists of germplasm
from Mexico, Peru, Bolivia, Pakistan, China, Hungary, and the USA. It has been
designed to introduce tropical éermplasm into temperate areas 46-52° north of the
equator. Eighteen lines were used in this study: They are subdivided into five major
groups: Holland 4018, 4019, 4020, 4021, and 4022; Switzerland 4034, 4035, and 4036;
Germany 4042, 4046, and 4050; Poland 4064, 4065, and 4066; and Canada 4071, 4072,
4077, and 4081 (TABLE 2). The five countries refer to the places where selection for
adaption to northern latitudes took placé. All of the counﬁrieé were co-operaters with
CIMMYT where the lines over-wintered. |

[

2.1.2 INDIGENOUS LANDRACES OF MEXICO /

' Sixty-three populations derived from thirty-seven distinct indigenous races of
maize of Mexico were studied. The different populations are segregated on the basis
of their geographical collection sites; for example, Oaxaca-179 was collected in the
Mexican state of Oaxaca (FIGURE 5). A given race may have populations from one or
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TABLE 2

LATITUDINAL SERIES OF INBRED LINES

l
t
LATITUDINAL GROUPING \

LINES

Southern Temperate Range
(STR)
34°40° N-S

3790
3794
3802
3805
3815
3823

Intermediate Temperate Range
(ITR) :
40°-46° N-$

3853
3857
3862
3865
3872
3877,
3878

Northem Temperate Range
(NTR-1)
46°-52°N-S

3945
3946
3947
3962
3971
3983

Holland

Switzerland

Northem Temperate Range

(NTR-2) Germany
46°-52°N

Poland

Canada

. 4018

4019
4020
4021
4022

4034
4035
4036
4042
4046
4050

4065
4066

4071
4072
4077
4081
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FIGURE 5
THE STATES OF MEXICO

States with cross-hatching are those from which landrace
populations were collected for this study.
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more Mexican states. The races and their eresponding populations are listed in
TABLE 3. '

2.1.3 ARGENTINE LANDRACES

In addition to the Mexican landraces, two groups of landraces from Argentina
were studied: Cateto C and Cateto E (TABLE 4). These races of flint corn are thought
to be derived from Mexican dent germplasm (Goodman and McK. Bird, 1977).

2.1.4 CIMMYT MAIZE POOLS

Three CIMMYT maize pools and three crosses between them were studied
(TABLE 5). Pool 27 consists of subtropicél—temperate early white flint corn primarily
from Pakistan, the USA, and Europe. It has been found to have good yield potential
and is currently under selection for tolerance to high density planting and resistance
to ear, stalk, and leaf diseases. Pool 28 is more variable than Pool 27 and is a dent
- rdther than flint corn, while Pool 30 is similar to Pool 28 but is a yellow dent rather

than a white dent corn.

2.1.5 SYNTHETICS A, B, and C

Synthetics A, B, and C (TABLE 5) are all cultivars resulting from combining
separately developed lines: Synthetic A is composed of nine inbred lines; Synthetic B
consists of fourteen inbred lines seven of which are from Central Europe and seven
from the USA and Canada; and Synthetic C is composed of seventeen inbred lines,
thirteen of which are Canadian. All three synthetics have been selected for earliness
and resistance to O. nublilalis (Henderson, 1984).
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TABLE 3

MEXICAN LANDRACES AND THEIR RESPECTIVE

POPULATIONS
LANDRACE POPUL-A‘TION(S)a
Arrocillo Amarille Puebla-463, Puebla-537
Apachito Chiapas-166
Azul Chiapas-133
Bofo Nayarit-222
Bolita(BOLI) N Oaxaca-130, Oaxaca-40
Cacahuancintle (CATL) Mexico-212
Celaya (CYLA) Guanajusto-101, Guanajuate-71
Chalqueno (CHAL) Mexico-46, Mexico-208
Chapalote (CHAP) Sinaloa-2, Sinaloa-35
Comiteco (COMI) Chiapas-235, Chiapas—46
Complejo Serrano de Jalisco Jaliseo-GP-12
Conejo Guerrero-168
Conico (CONT) Mexico-3, Mexico-182, Mexico-461
Conico Norteno (CONN) Guanajuato-102, Guanajuato-22
Dulcillo del Noroeste Sonora-159
Gordo Chiapas-140
Harinoso de Ocho (HARQ) Nayarit-24, Sinaloa-66
Jala Nayarit-72, Nayarit-59
(K-65-1) Teosinte
Maiz Blando Sonora-32
Maiz Dulce (MADU) Guanajuato-934, Jalisco-78
Nal-Tel (NALT) Yucatan-7, Yucatan-16
Olotillo (OLTT) Chiapas-237, Chiapas-239,
Chiapas-218
Oloton (OLOT) Chiapas-124
Cnaveno Sonora-139
Palomero Tolqueno (PALT) Mexico-55, Mexico-5, Mexico-6
Pepitalla (PEPT) ; Morelos-52, Morelos-17
Reventador (REVE) Nayarit-39, Nayarit-15
Tablilla de Odso Nayarit-185
Tabloncillo (TABL) Jalisco-222, Jalisco-43
Tehua (THUA) Chiapas-78
Tepecintle (TETL) Guanajuato-207, Chiapas-26
Tuxpeno (TUXP) V-520-C, Veracruz-39
Vandeno (VAND) QOaxaca4, Guerrero-130
Zamorano Michoacan-GP-13
Zapalote Chico (ZAPC) Qaxaca-179, Oaxaca-48
Zapalote Grande (ZAPG) Chiapas-236, Chiapas-224
? Oaxaca-139

a-refer to different states of Mexico from which populations were collected
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TABLE 4

ARGENTINE LANDRACES

Major Grouping
by C

Number

CATETOE

CATETO C

2044
2045
2047
2048
2061

2025
2026
2027
2030
2032
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TABLE 5

CIMMYT MAIZE POOLS, SYNTHETIC LINES, AND CONTROL

LINES
CIMMYT Maize Pools

POOL 27: 4106

POOL 28: 4107

POOL 30: 4108

POOL 27 X 28: 4094
POOL 27 X 30: 4095
POOL 28 X 30: 4098
Canadian Synthetic Lines

SYNTHETIC A
SYNTHETIC B
SYNTHETIC C

Resistant Control Lines

A619
OH43
B73

MBR
(Multi-borer Resistant Line)
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2.1.6 CONTROL LINES

Three resistant control lines were used: A619, OH43, and B73 (TABLE 5). All
of these are corumonly used in studies for first-brood resistance to O. nublilalis and

have aiways been found to be resistant.

The last line listed in TABLE 5 is the multi-borer resistant line (MBR). This is
a CIMMYT line that has undergone recurrent selection from adapted tropical
materials. It is resistant to three main borers: the sugar cane borer, Diatraea sac-
charalis; the Southwestern corn borer, D. grandiosella; and, the corn earworm,

Heliothus zeae.

Seeds for the latitudinal inbreds, A;‘genh’ne landraces, CIMM.YT Pools, and con-
trols were obtained from Dr. R. Hamilton of the Plant Research Center of Agriculture
Canada, Ottawa, Ont. Synthetic A, B, and C lines were obtained from M. Hudon of
Agriculture Canada Research Station, St. J éan sur Richelieu, Quebec. The Mexican
landraces were obtained by Dr. J.T. Arnason through collaboration with Drs. J. Mihm,
D. Jewell, and S. Taba of the CIMMYT maize program. Seed selected from bank entries
at CIMMYT were multiplied at CIMMYT before shipment to Canada.

2.1.7 HYBBIDIZATION EXPERIMENTS ~
In the 1986 field season crosses were made between various lines and races, \
TABLE 6 (selection of lines and races was based upon concentrations of hydroxamju:‘_l
acids in the etiolated seedlings, see Section 2.2). Paper bags were placed on tassels to ™
collect pollen and also on young ears to exclude pollen. Pollination was carried out by
placing a tassel bag containing pollen on the appropriate ear for the cross. The pollen
bag was fastened on the ear and shaken vigorously thus ensuring pollination and sub-
sequent fertilization. At harvest the ears were collected and dried at 25° C for four

weeks. The keruels were then removed by hand.
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TABLE 6

LINES AND RACES iJSED IN HYBRIDIZATION EXPERIMENTS

PARENTAL CROSS

RESISTANT X  RESISTANT?

Pool 28 x 30, 4058

NTR-1, 3945 X

Cateto C, 2032 X Pool 28 x 30, 4098
NTR-1, 3945 X ITR, 3962

Cateto C, 2032 X Cateto C, 2030
Pool 28 x 30, 4098 X Cateto C, 2030
Cateto C, 2030 X NTR-1, 3947
Cateto C, 2032 X NTR-1, 3945

ITR, 3862 X NTR-T, 3947
Cateto C, 2030 X ITR, 3862
NTR-2, Poland, 4065 X NTR-1, 3945
Cateto C, 2030 X Pool 28, 4107
Pool 28, 4107 X . Pool 28 x 30, 4098
Pool 28, 4107 X NTR-1, 3947
NTR-1, 3947 X Cateto C, 2032
Cateto C, 2032 X NTR-2, Poland, 4065
NTR-1, 3947 o X Pool 28, 4107
Pool 28, 4107 X Cateto C, 2032
Cateto C, 2032 X ITR, 3862

Pool 28 x 30, 4098 X NTR-1, 3947
NTR-1, 3945 X Pool 28 x 30, 4098

SUSCEPTIBLE X SUSCEPTIBLE?

NTR-2, Germany, 4042 X Cateto C, 2025
NTR-2, Germany, 4042 X NTR-2, Canada, 4081
NTR-2, Canada, 4081 X NTR-2, Canada, 4071"
NTR-2, Canada, 4081 X Cateto C, 2025

RESISTANT X  SUSCEPTIBLE

Pool 28 x 30, 4098 -~ =X Cateto C, 2025

-

a-resistance or susceptibility determined by hydroxamic acid concentrations
in etiolated seedlings (Section 2.2) '
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2.2 PHYTOCHEMICAL STUDIES - HYDROXAMIC ACIDS

2.2.1 EXTRACTION OF HYDROXAMIC ACIDS ' i

A modified Gutierrez et al (1982) extraction waé carried out to determine the

levels of hydroxamic acids in the lines and races studied. Twenty kernels of each line .

or race were disinfected by scalking in a solution of 10% sodium hypochlorite (Javex)
for 30 minutes, after which they were washed several times with distilled water. Each
group -of twenty kernels was then separated into two lots of ten kernels each and
planted in plastic pots containing vermiculite. After being well watered with distilled
water the pots were placed in sealed wooden boxes and the seeés allowed to germinate
in the dark for seven days at 25° C. Shoots were then removed and cut into- small (ap-
prox. 1 cm) pieces. One gram samples of this fresh tissue were taken in triplicate.
Each one gram sample was suspended in 6 ml of distilled water and homogenized in

a Sorval—OmrriMJ-:er for 1 minute (FIGURE 6). The resulting slurry was removed

from the quég and placed in a 50 ml beaker. The apparatus was rinsed to get maxi-

mum yield. Tb facilitate enzymatic hydrolysis of the DIMBOA glucoside the slurry was
incubated at 25° C for 24 hours. After incubation the homogenate was disrupted by
sdnic treafment in a cleaning bath for three minutes then filtered through four layers
of cheesecloth ini:o a.100 ml Erleinheyef flask. The residue was rinsed with distilled
water. The filtrate and rinsings (pH approximately 4.6) was acidified to pH 2 with 2N
HCL. Next the filtrate was heated rapidly to 65° C in a water bath for 1 minute and
then cooled in an ice bath for 10 minutes to coagulate the prﬁteins. The proteins were
removed by vacuum filtration through Whatman No. 42 filter paper in a Buchner fun-
nel and discarded. The farotein-ﬁ'ee filtrate was extracted twice with 10 ml of HPLC
grade ethyl acetate (B.D.H.). The aqueous phase was discarded and the pooled organic
phases were evaporated down to almost complete dryness under vacuum at 40° C.
Final evaporation was carried out under a stream of nitrogen to prevent oxidation and

degradation of the samples. The residue was then resuspended in 1ml of HPLC grade

{
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FIGURE 6

FLOW CHART OE,HYDROXAMIC ACID EXTRACTION
PROCEDURE FOR ONE-WEEK-OLD ETIOLATED CORN
SEEDLINGS
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ethyl acetate , filtered through a 0.5 micron nylon filter, and stored in a freezer for
later analysis by HPLC and GC-MS. This p'q‘ocedure was carried out on all of the lines
and races listed in TABLES 2 to 5 and also on the progeny resulting from the hybridiza-
tion experiments (Section 2.1.7). '

2.2.2 PREPARATION OF EXTRACT SAMPLES FOR ANALYSIS

All extracts were filtered through 0.5 micron nylon millipore filters with a 1.5
ml Luer lock syringe and a Millipore filter holder after resuspension and again before
analysis. For GC-MS analysis 0.5 ml of the extract was filtered and evaporated down
to approximately 15 ul under a stream of nitrogen. For quantitation by HPLC a nne
in ten dilution of each extract was prepared as follows: a 100 ul sample was taken from
each extract, evaporated under nitrogen, resuspended in 1 ml of HPLC grade

methanol, and refiltered. !
'» .

2.2.3 IDENTIFICATION AND QUANTITATION OF EXTRACTS .

2.2.3.1 Gas Chromatography - Mass Spectroscopy

Semples were sent to the Ottawa-Carleton Universities Mass Spectrometry
Center for identification of compounds by Dr. Glement Kasikov. Samples were tri-
methyl silylated using tricyl-BSA then analyzed using a Varian 3300 Gas
Chromatograph equipped with a J&W megabore DBS 30 meter column, column
temperature (150° C) programmed for an increase of 10%min. Mass spectra were ob-
tained with a VG 7070 E medium resclution mass spectrometer and a DEC PDP8a
data system. Resulting mass spectra and GC traces of hydroxamates found were then |
compared to that obtained by Woodward et al (1979a,b).
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2.2.3.2 High Performance Liquid Chromatography

A Beckman HPLC equipped with a Model 165 Variable Wavelength detector, a
Model 110A Solvent Metering Pump System, and a Model 420 System Controller
Programmer was used to \quantitate the hydroxamates found in the extracts. Twenty
microliters of the diluted sample were injected into the system and processed under
the following conditions: Ultrasphere ODS reverse-phase C18 column; isocratic elu-
tion with 40% methanol/58% water/ 2% laceﬁc acid; flow rate 6f 1 ml/min; range=0.100;

detection wavelength= 265 nm; and an online UV scan from 240-400 nm of eluted
. peaks.

Identification of DIMBOA, MﬁOA, and any other compounds was carried out
by comparison of retention times, UV spectra and by peak énrichment of authentic
standards. All standards were synthesized by Jeff Atkinson of the Department of
Chemistry, Um'versity of dttawa, Ottawa, Ont..

Standard curves were used to quantitate DIMBOA and MBOA concentrations
in the extracts. Peak heights of standards were correlated to concentration of
hydroxamates injected. Therefore, concentrations in extracts were determined by

peak height and comparison to standard curves. -

2.2.4\2RECOVERY OF HYDROXAMIC ACIDS FROM EXTRACTS

'

Triplicates of a range of different quantities (0.1-1 mg) of DIMBOA and MBOA
were added to beakers containing 1 g of homogenated corn tissue and water and then
processed as before. The extraction procedﬁre was also carried out in the absence of
tissue, i.e. with solvent alone. The difference between DIMBOA concentrations for the
two methods showed how much DIMBOA was lost by bindjng to the protein thicl groups
of the tissue.
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2.3 RESISTANCE STUDIES

2.3.1 LABORATORY LEAF-FEEDING TESTS

Preliminary feeding tests with corn tissue involved placing small (1-2 cm dia.)
leaf disks of whorl ﬁssﬁe in a sealed vial with two third instar borer larvae for 24 hours.
After this time the disks were examined and the percentage of leaf disk consumed by
the larvae was recorded. This method was found to be ur_lsatisfact,ory since the leaf
disks often dried out very rapidly leaving the larvae with food that was inedible. In
addition, by cutting the leaf disk out of the leaf tissue one was already exposing the
insect to tissue that was excreting various compounds, including hydroxamic acids,
from its cut edges. Feeding results with this method were not statistically significant;
therefore, it was necessary to develop'a more suitable method to evaluate resistance

of a given maize line in the laboratory.

A modified Asi1er and Glotter (1981) method was used. The appararatus con- -
sisted of a system of petri plates (FIGURE-7). Humidity was maintained by placing a
water saturated cottoﬁ wool §quare (B) info an inverted petri dish cover (A). Adisk of
filter paper (C) was then placed over the cotton to create a seal and a more even sur-
face. An approximate 4 X 6 cm strip of corn whorl leaf tissue (D) ,midrib excluded, was
then placed on the filter paper. Preliminary experiments showed that there was
greater consumption on the lower surface of the leaves so the strip of leaf was placed
with the lower surface exposed to the insect. Apetridishbottom with a 2.5 cm diameter
circle cut out of it (E) was placed on the leaf strip. Two early third instar borer larvae
" were then placed on the exposed circular area of leaf. The apparatus was sealed with
another petri dish covgi/(F) and secured with an elastic band. The entire apparatus
- was then placed m an incubator for 48 hours at 27° C and 16:8 hr. L:D.. After this time
the total area consumed was determined by placing the leaf stripona 1 mm2 grid scale

and counting the number of squares made visible by the larvae. This result was used

44

1



FIGURE 7
LABORATORY LEAF FEEDING TEST APPARATUS

A -inverted petri dish cover

B - cotton wool square

C - filter paper

D - whorl corn leaf section excluding midrib

E - petri dish bottom with 2.5 cm diameter central hole
and two third instar European corn borer larvae

¥ - petri dish cover
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to calculate the percent consumption of the exposed circular leaf area by the larvae.
Twenty replicates were carried out for each line or race studied.

European corn borer larvae for this study tame from a iaboratory colony that
was initiated from eggs supplied by Dr. M. Hudon (Agriculture Canada, St. Jean, P.Q.).
The colony was periodically boosted with eggs supplied by Dr. G. McLeod (Agriculture
Canada, London. Ont.) and maintained on a meridic diet according to the method of
Guthrie et al (1971). Larvae were reared in a controlled enviroment chamber (Con-
viron Model E7), with a photoperiod of 16/8 (L/D), at 25° C during the photophase, and
19° C during the scotophase. Relative humidity was kept constant at 85%. All leaf
feeding tests were carried out in thig chamber.

Plants for this part of the study were grown in a plastic outdoor greenhouse in
the summers of 1986 and 1987 at the Plant Research Station, A‘griculture Canada, Ot-
tawa. Five seeds of each line or race were planted in separate 20 cm diameter peat
pots. Normal cultural practices performed at this station were used. Leaf tissue sec-
tions for the consumption study were taken from each line as that line reached its mid-
whorl stage of development (approx. 50 cm high, 8-10 leaves, and 10-12 days before

tassel emergence). Time to reach this stage varied among lines and races.

Differences between means were analyzed by Duncan’s multiple range test
(p=0.05). Linear regression and Pearson’s correlations were used to examine the
relationship between consumption levels and DIMBOA concentrations in the etiolated
seedlings. : -
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2.3.2 FIELD STUDIES

2.3.2.1 PLANTING AND FIELD ARRANGEMENTS

Three seasons of field studies (summers 1985, 1986 and 1987) were carried out
at the Plant Research Station , Agriculture Canada, Ottawa, Ont. Data from the 1985
field season are not included in this study since this season was used as a preliminary
technique-establishing season. All of the inbred lines, pools, controls, Argentine
landraces, and ten of the Mexican landraces populations were studied in the 1986 and
1987 field seasons. Seed for the remaining 53 landrace populations was available only
for the 1987 field season. The successive field seasons were used to evaluate
germplasm showing resistance in the previous season to ensure that this resistance
was real and not apparent as a result of low insect populations or climatic conditions.
Resistant checks (control lines) commonly used at the Plant Research Center of
Agriculture Canada were included to determine the level of borer damage and to act

as a reference for rating and evaluation.

In 1986 the seeds were planted in 3 meter 1ong rows with one row per line or
race. The control line rows were replicated twice and randomly placed among the trial
rows. In 1987 a randomized block design with six replications was used. Each of the
six plots consisted of 104 rows with each row representing a different line or race.
There was a space of 0.5 meters between each 3 meter long row. In mid-May 24 seeds
of each line or race were planted in each of their six replicated rows. After three weeks
all rows were thinned to 16 plants per row. This was done in such a manner that the
front (East) 1.2 meters. of the row contained 6 plants and the back (West) 1.5 meters
contained 10 plants, leaving approx. 0.3 meters of space between the front and back
parts of the row (FIGURE 8). The back 10 plants were then used to study the perfor-
mance of each line or race when exposed to three main experimental stresses simul-

taneously:
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FIGURE 8
ARRANGEMENT OF ROWS FOR THE 1987 FIELD SEASON

Each 3 meter row was subdivided into two 1.5 meter sections.
The front (East) 1.5 meters consisted of 6 plants in the first 1.2 meters
that were used for selfing and observing various morphological and
agronomical traits. The back 1.5 (West) meters consisted of 10 plants
of which the end two were left as border plants and the middle 8 plants
were infested with European corn borer egg masses and inoculated
with stalk rot, Gibberella zeae. Therefore, these 8 plants were exposed -
to three stresses: borer infestation, stalk rot infection, and high
density. Level of overpopulation or high density was 6.7 plants/meter
in the back part of the row compared to 5 plants/meter in the front of
the row. The rows were spaced 0.5 meters apart.
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1. European corn borer infestation.
2. Stalk rot infection by Gibberella zeae.
. 8. High density planting (overpopulation).

Of these ten plants only the middle eight were infested and inoculated; the
remaining two plants were used as border plants (FIGURE 8).

The 6 plants in the fronf 1.2 meters of each row were not experimentally
stressed. These plants were selfed to produce more seed and were used for observing
various agronomic and morphological characteristics such as silking date, leaf num-
ber, and plant height (under non-stressed conditions). Cultivation and fertilizer prac-
tices normal to the area were used throughout the study.

Plant damage was used to measure resistance rather than insect counts because
many factors, including disease, parasitism, and predation can result in the absence
of insects at the time of examination even though extensive plant damage can be ob-
served (Pesho et al, 1965). The timing of infestations, 'moculatiogs, and measurements
or ratings taken throughout the field season is listed in TABLE 7.

2.3.2.2 EUROPEAN CORN BORER INFESTATION

Plants were infested during the mid-whorl stage of development (approx. 50 cm
high, 8-10 leaves, 10-12 days before tassel emergence). White coloured recently laid
egg masses were supplied by Dr. M. Hudon of Agriculture Canada, St. Jean sur
Richelieu, Quebec. Each egg mass was on a 1 cm dia. disk of waxed paper. Disks were

spread out and sorted on a wire mesh then pi ninsect mounting needles, 20 disks
per needle. Ten needles, each with 20 disks, wete placed in glass petri dishes (2.5 cm
deep) with a moistened filter paper at the bottom of the dish to retain humidity. The

eggs were then incubated at 26° C until they reached the black-head stage in approx.
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4 to 5 days and 1/2-1 days before hatching. Field infestation was carried out at this
stage of development to prevent insect pfedation by coccinellids, syrphid, and
chrysopid larvae which attack newly laid corn borer eggs. As a further 'prever_ltive
measure the egg masses were placed deep in the whorl of the plant by means of long
forceps. Each plant was infested with a total of four egg masses (approx. 100 eggé per

plant) in two applications of two egg masses each. The second application was carried
out two days after the first. '

In 1986 alPthe plants in a given row were infested. In 1987 only 1:.he middle 8
plants in the back 1.5 meters of each row were infested. The front part of each row
was left uninfested to observe natural infesta damage (FIGURE 8).

2.3.2.3 EUROPEAN CORN BORER FIELD DAMAGE RATINGS

A nine-class rating scale developed by Guthrie et al (1960) was used to evaluate

damage to whorl leaves resulting from borer feeding. Ratingis based on size and num-; B | _"""

ber of leaf lesions produced by borer larval feeding. In this rating scale (TABLE 81
lines or races with little or no damage are given a rating of 1 or 2, while the heavily
damaged lines are rated 4s an 8 or 9.

Rhtings were taken three weeks after artificial infestation, when the plants
were beginning to tassel and the borer larvae had ended their leaf feeding stage.
Thereforé, this leaf damage rating is a measure of the resistance of the plants to first-
brood borer leaf-feeding damage. At the same time, ratings were also taken on the
uninf%sted plants in the front 1.2 meters of each row to measure natural infestation
damage.

2.3.2.4 STALK ROT INOCULATION

The same plants that were infested with borer egg masses were infected with
Gibberella zeae during the mid to late tassel stage (early August). Plants were first

™~
S~
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TABLE 8

FIELD LEAF DAMAGE RATING SCALE

(Guthrie et al, 1960)
RATING DAMAGE
1 NO DAMAGE OR JUST"A FEW PIN HOLES
5 SHOT-HOLE LESIONS/INJURY ON JUST A FEW LEAVES
3 SHOT-HOLE INJURY ON SEVERAL LEAVES
4 SHOT-HOLE AND ELONGATED INJURY ON SEVERAL LEAVES
5 ELONGATED LESIONS ON SEVERAL LEAVES \
6 LARGER ( 2.5 cm) ELONGATED LESIONS ON SEVERAL LEAVES
7 LONG LESIONS ON HALF OF THE LEAVES
8- LONG LESIONS gN TWO-THIRDS OF THE LEAVES
9 ALMOST ALL LEAVES WITH LONG LESIONS
¥
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wounded by driving a small nail into the first internode of the stalk. Toothpicks in-
oculated with G. zeae spores were then inserted into the wound and pushed across the
entire diameter of the stalk. Inoculated toothpicks were sﬁpplied by Dr. A. Bolton of
the Plgt Research Cenffer, Agriculture Canada, Ottawa. Uiainoculated toothpicks

were used for the first six plants in the front 1.5 m of each row.

2.3.2.56 MEASUREMENT OF PLANT HEIGHT

Plant height (cm) was measured after each line or race had flowered and before
the tassel had dried out. Measurements were taken from soil level to the tip of the ex-
tended tassel. Height measurements began in mid-August and continued until the
end of the season (mid-October) as each line reached maturity{TABLE 7). Most of the
landraces did not flower; however, height measurements for them were taken from soil

lev'jel to the tip of the longest extended leaf.

-

In each row, measurements were taken on both the back middle eight infested
plants and on the front six unstressed plants. The back eight height measurements
were used for tunnelling/height ratios in further resistance ratings and for the
measurement of height variation due to high density stress. '

2.3.2.6 LEAF COUNTS AND DAYS TO SILKING

The front six plants of three replicates were used to obtain total leaf counts and
silking dates of the lines, races, pools, and controls studied. To counter the difficulty
created by the fact that early leaves tend to dry out and fall off, the fifth and tenth
leaves were marked by clipping them with scizzors when the plants were at 5 and 8
weeks of development respectively. At maturity a final leaf count was made by coynt-

ing from the t‘:anth leaf upgvards. For some races that did not flower, 19;af counts were
made at the end gf the season. Days 1_:0 silking were taken as the number of days from
(;}plmﬁng to the date when 50‘? of the plants had silk emerging from é\heir ears.

——

)
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2.3.2.7 SMUT RATINGS

After observing in the 1985 field season that many of the more tropical lines
and esiaécially the landraces were infected with corn smut, Ustilago maydis, all lines
and races were examined for the absence or presence of smut and the number of plants
infected was recorded. Plants that were infected with smut were given a presence

rating of 1.0; those not infected were given an absence rating of 0.0.

2.3.2.8 EUROPEAN CORN ?B@ER DAMAGE RATINGS AT HARVEST

Determination of plant injury was also made after plant maturity or at the latest
possible date for non-maturing landraces. By this time (approx. 60 days after egg
hatch) the larvae had had the opportunity to cause extensive damage to the stalk. Two
measures of resistz}nce were taken at this time: plant bgeaiﬁage and borer tunnelling.

( Infested plants were evaluated to measure their tolerance to plant breakage
until harvest. A rating scale of 1-10 developed by Guthrie et al (1960) was used
(FIGURE 9). A rating of 1 is for a clean plant, 2 or 3 for a broken tassel, 4 or 5 for a

) stalk broken above the ear, and 6 to 10 for plants broken below the ear.

*

The*degree of borer larval tunnelling was determined by taking each infested
plant, removing the leaves, and splitting the stalk down the center. The cumulative
lengths of borer tunnels were then measured in the split stalk. In addition to infested
plants the uninfested front six plants were also dissected and rated.

2.%}2.9 STALK ROT RATINGS
- ¥
|
When the stalks were split to meaém'e the degree of larval tunnelling the resis-
tance of each line or race o stalk rot infection was also determined. A scale of 1-10
was used to evaluate the spréad of the infection in the first internode of the plant

o
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FIGURE 9

PLANT BREAKAGE RATING SCALE
(Guthrie et al, 1960)

Scale is based on the point of stalk breakage due to
larval tunneling.
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(FIGURE 10). A rating of 1 means little spread of infection from the point of inocula-
tion; a rating of 10 was given to infection that had spread to adjacent intérnodes.

Because of the different field planting arrangements and poor climatic condi-
tions of 1986, analysis ofthe field data was kept separate for each yem:. For 1&8?, data
from individual plots were averaged to obtain a plo£ mean for each line. Pearsc?h’s cor-
relations and linear regressions were performed on all ratings and measurements (ex-
cept leaf counts and silking dates). Laboratory leaf feeding ratings and DIMBOA

concentrations were also included in this statistical analysis. -

AN \ T
g

2.4 RESISTANCE OF MAIZE AS RELATED TO THE GEOGRAPHICAL
ORIGIN OF MAIZE GERMPLASM

The relationship between the geographical origin of maize germplasm and resis-
tance of maize to the European corn borer was examined. All of the phytochemical
and resistance data obtaineci for the latitudinal series of inbred lines (TABLE 2) were
combined to see what effect, if any, different geographical latitudes have on resistance.
Similarily, all the data for the almost complete set of the indigenous races of maize of
Mexico were used to examine the relationship, if any, of altitude and resistance. The
races represent populations from various regions of Mexico; therefore, they are adapted

to altitudes ranging from sea level to 2800 meters above sea level (TABLE 9).

2.5 RESISTANCE OF MAIZF AS RELATED TO THE TAXONOMY OF
MAIZE GERMPLASM '

From the work in this study a large data set for the Mexican landraces was ob-
tained, consisting mostly of phytochemical-and resistance data. To examine the
relationship between the taxonomy of maize germplasm and the resistance of maize

to the European .g \_grn borer, the data were subjected to a number of numerical

= .
v ‘ /

f
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FIGURE 10
CORN STALK ROT, Gibberella zeae, RATING SCALE
Longitudinal sections through the first internode of a corn stalk

where inoculated toothpicks were placed. Scale is based on the spread
of infection from the point of inoculation.
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TABLE 9

s

ALTITUDE GROUPINGS OF THE .INDIGENOUS RACES OF
" MAYZE OF MEXICO '
(Wellhausen et al, 19562)

GROUP? ALTITUDEP LANDRAGES
(meters)
1 100 Nal-Tel; Harinoso de Ocho;
Zapalote Chico

2 0-500 Tuxpeno; Vandeno
3 0-600 Tepecintle
4 100-600 Chapalote; Zapalote Grande
5 300-700 Olotillo
6 fl. - 600-1000 Tehua -
7 1000 dala
8 0-1500 Reventador; Tabloncillo
9 900-1500 Bolita

10 1000-1500 Maiz Dulce

11 1100-1500 Comiteco

- 12 1000-1700 Pepitilla

13 1200-1800 Celaya

14 1600-2000 Arrocillo Amarillo

15 1600-2100 Conico Norteno

16 1800-2300 / Chalqueno

17 2000-2400 Oloton

18 2200-2800 Palomero Tolqueno;

Conico;Cacahuacintle

a-groupings determined by ubper altitude limit of race

b-altitude at which the race is commonly found

N\
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taxonomic analyses to find whether they fit into Wellhausen's landrace groupings. To
investigate this the following analytical steps were undertaken:

‘STEP 1

s

A data set for the Mexican landraces was created. It consisted of means for the
following: field leaf damage ratings, plant breakage ratings, stalk rot ratings, pl.';nt
height measurements, smut ratings, tunneling/height ratios,. total DIMBOA con-
centracions and laboratory leaf feeding ratings. It was necessary to use means due to
the inability of some of the taxonomic analyses to handle missing data and unequal
replications. To this data set, one of Wzﬂlhausen’s five major groupings of landraces
was added as label to each observation (TABLE 1). Since there were more variables
than races or populations representing group D, this group was removed ﬁ'om the data
set for those analyses whieh required more individuals than characters.

STEP 2

Stepwise discriminant analysis (Klecka, 1980) was carried out to find a subset
of variables that best revealed the differences among the Wellhausen groups. It was
computed iirst with forward selection then with backward elimination. Forward selec-
tion discriminant analysis picks out those variables that would give the best separa-
tion of Wellhaused’ggroups. A‘ctual selection is based on a series of sequential F tests.
For each test the variable with the higher F value is se};acted in preferenge to the others
with lower values. Backward elimination removes those variables that do not give a

good separation of \yellhausen’s groups, again by a sefries of sequential I tests.

\
STEP 3

#

Classificatory discriminant analysis (Rao,-1973) using a linear model was car-
ried out using the variables selected ir the previous step tl&_at give the best separation
of Wellhausen’s groups . The linear discriminant functions were generated from the

pooled covariance matrix. In addition,/his analysis was carried out using all of the
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variablesin the dataset. A test'})féqua]ity was carried out on the individual covariance

[ _
matrices. If the test indicatgg unequality then step 4 was performed. 8
STEP 4

~ Step 3 was repeated but this time using a quadratic model of clagsificatory dis-
criminant analysis. The results of the variousranalyses were compared in terms of
percent total correct classifications. The one with the lowest misidentifications of races

\.?s selected as best.
STEP 5

The classification function coefficients obtained in the previous steps were used
on the Mexican landraces and the Argentine landraces in an attempt to determine
where these races fit into Wellhausen's classification based upon their resistance
characteristics. The latitudinal series of inbred lines and CEVHVIYT maize pools were

also analyzed in the same manner.
STEP 6

In order to give a better description of Wellhausen’s groups and their resistance
characteristics, a series of univariate summary statistics were computed and most
were expressed in box plots. Variability profiles of each landrace group were then
drawn\from the ‘goefﬁcients of variation. The latter were compp.ted for all variablesin
the data and for all the groups pooled and within each group.

T~

STEP 7
. . ~\\ X
"{ " Toinvestigate the relationsHips among the groups ordination was carried out

‘on the data by means of canonical discriminant analysis (Cooley and Lohnes, 1971).

b
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CHAPTER IIT

RESULTS

3.1 PHYTOCHEMICAL STUDIES - HYDROXAMIC ACIDS
3.1.2 IDENTIFICATION AND QUANTITATION OF EXTRACTS

3.1.2.1 Gas Chromatography - Mass Spectroscopy

GC - MS was used to detect and identify hydroxamic acids in the etiolated corn
seedling extraéts (FIGURE 11). Separation of the silylated hydroxamates ‘and other
compounds revealed the presence of three major hydroxamic acid peaks with reten-
tion times of 7.17 mm, 7.48 min., and 9.17 min. By comparing the spectra of the first
(7.17 min.) and the last peal (9.17 min.) to those of standards, these peaks.were iden-
tified as TMS-MBOA and TMS2-DIMBOA respectively. The second peak (7.4\8\»-\ min.)
wagidentified as TMS2-HMBOA by comparison with mass spectra published by Wood-
ward et al (1979b) since pure standardief this compound were unaveilable at the time
of this study. All extracts contained these three compounds, although in varying

BN amounts. .

\ 3.1.2.2 High Performance Liquid Chromatography

HPLC was used to quantify the levels of DIMBOA and MBOA in the extracts.
As with the GC-MS, three major hydroxamic acids were found in each of the extracts
(FIGURE 12). The three peaks found were HMBOA, DIMB_C@:—;;EMBOA with reten-
tion times of 6.2 min., 7.6 min., and 10.2 min. respectively. These retention times cor-
respond to that Iof standards for DIMBOA and MBOA. On line UV spectra (240-400

nm) obtained for alll three peaks also corresponded to those of standards and litera-
' 4
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FIGURE 11

TYPICAL GAS-CHROMATOGRAM AND MASS SPECTRA FOR—
A HYDROXAMIC ACID EXTRACT FROM ETIOLATED
ONE-WEEK-OLD MAIZE SEEDLINGS
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FIGURE 12

TYPICAL HIGH PERFORMANCE LIQUID CHROMATOGRAM
FOR A HYDROXAMIC ACID EXTRACT FROM ETIOLATED
MAIZE SEEDLINGS '

Ultrasphere ODS reverse-phase C18 column; isocratic elution
with 40% methanol/58% water/2% acetic acid; flow rate of 1 ml/min;
range = 0.100; and a detection wavelength of 265 nm.

i
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ture (Tipton et al, 1967). The order of elution was as expected for reverse-phase |
chromatography in that the most polar compound, HMBOA, eluted first followed by
the less polar compounds DIMBOA and MBOA. The amounts of each compound varied
between each extract; although, not within a given line or race. For all tfle extracts.
thg consistently largest peak and largest concentration was always that of DIMBOA.

Standard curves created from a dilution series (0 ug - 50 ug) of DIMBOA and
MBOA were linear (FIGURE 13). Absorbance units were measured as peak heights
from base line to the top of the peak. Linearity of the curvesindicated that the response

‘\ of the détector to different concentrations of DIMBOA and MBOA was also linear. This

\justiﬁes the use of peak heighfs and standard curves to calculate the concentrations

oo
“of both compounds in the extracts.

.
s

3.1.3 RECOVERY OF HYDROXAMIC ACIDS FROM EXTRACTS

A 76 +/- 5.3% recovery of MBOA added to tiSgue is indicated by the slope of 0.764
+/- 0.053 shown in the plot of added vs. found MBOA (FIGURE 14 and APPENDIX 1).
An approximate 15% increase in recovery, 90 +/- 7.2%, was found when no tissue was
added. Reacﬁon of these compounds to protein thiols is one of the unavoidable
problems in quantitation and a major source of yield loss (Perez and Niemeyer,1985;,
Niemeyer et al, 1982b).

The recovery of DIMBOA when extracted with t#ssue was quite low, only 61 +/-
5.92% (FIGURE 14 and APPENDIX 1); but this decrease in recovery was accounted fo;t '
by an increase in the concentration of MBOA. Attempts were made to decrease this
degradation to a minimum by optimizing pH, reducing extraction times, and stabiliz-
ing temperatures, but some degradation was unavoidable. “A substartial increase
(28%) in recovery was found when extraction was carried out with solvent alone

(recovery of 89 +/- 6.7%). Therefore, with the presence of tissue the degradation to
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FIGURE 13
STANDARD CURVES OF DIMBOA AND MBOA

Dilution series (0 ug- 50 ug) of DIMBOA (A) and MBOA (B) were
injected into the HPLC system. Resulting absorbance units for each
concentration were measured from base line to top of peak (peak
height). Vertical bars represent standard deviations.
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FIGURE 14
-RECOVERY OF MBOA AND DIMBOA FROM EXTRACTS

To test the accuracy of the extraction method, aliquots of MBOA
and DIMBOA were added to homogenated tissue samples and

processed as with the other extracts in triplicate. Plots were made of ~

added vs. found micrograms of MBOA or DIMBOA. In such plots
intercept values with ordinate axes represent the original amounts of
MBOA or DIMBOA present.in the sample. Triplicated aliquots were
also added to solvent alone and extracted without tissue.

A - extraction of MBOA with tissue yielded a 76% recovery while
extraction without tissue yielded a 90% recovery

\ B - extraction of DIMBOA with tissue yieided a 61% recovery of
DIMBOA; remaining DIMBOA was accounted for in an
increase in MBOA concentration. Extraction without tissue

yielded an 89% secovery of DIMBOA with no breakdown to
MBOA.

-
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. .

MBOA is increased, since when extracted with solvent alone no degradation to'MIBOA ‘ |

was found.

/

3.1.4 TOTAL DIMBOA CONCENTRATIONS

Only DIMBOA and MBOA were quantified in the samples. The lactam,
HMBOA, was not quantiﬁégj for two reasons: one, a pure standard could not be ob-
tained; and two, the role of this compound in resistance is unknown and further studies
in this matter were beyond the scope of this study.

T v

Since DIMBOA has beén shown to be the major phytochemical in maize as-
seciated with resistance, and its degradation product, MBOA, has yet to be shown as
a resistance factor, levels of total DIMBOA concentrations were calculated for each
line or race based on a pre-determined conversion factor of DIMBOA to MBOA(see Ap-
pendix 2 for sample calculation). Mean concentrations of calculated total DIMBOA
levels in ug/g fresh weight of etiolated tissue were determined for each line, race, pool,
and control line studied (APPENDIX 3) and summarized in box plots (FIGURE 15).

3.1.4.1 LATITUDINAL SERIES OF INBRED LINES

In the latitudinal series of inbred lines DIMBOA levels ranged from 38.3 +/- 7.04
ug/g for Germany 4042, to 387.0 +/- 54.67 ug/g for NTR-1 3962 (APPENDIX 3). Large

standard deviations of some lines may be due to the heterozygous nature of these lines

Awhich are still undergoing selection. DIMBOA concentration varied both within a

given latitudinal grouping and between groupings. On average the lowes.t concentra-
tions (FIGURE 15) were found in the NTR-2 groups, which is the latitudinal group
adapted fer use only in the Northern 46° - 52° latitudes. The relationship between
latitude and DIMBOA concentrations is further discussed in Section 3.4. '
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FIGURE 15
‘BOX PLOTS OF DIMBOA CONCENTRATIONS

Box plots of the DIMBOA concentrations (ug/g fresh weight of
etiolated tissue) for the major groups of lines and races studied:
latitudinal series of inbred lines; Mexican landraces grouped by
population collection sites; Argentine landraces; CIMMYT maize pools;
Synthetics A, B, and C; control lines; and the multi-borer resistant line
(MBR). Symbols for each box: +, median; notch, mean; top of box, 75th
percentile; bottom, 25th percentile; whiskers (stemming up anc¢ down
of each box) extend to maximum of 1.5 of the range between the 25th
and 75th sample percentiles; dots represent data that go beyond the
former and represent the tail end of the distribution. Concentrations

were determined from HPLC analysis of one-week-old maize seedling
extracts.
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3.1.4.2 INDIGENOUS LANDRACES OF MEXICO

On average le;elg; of DIMBOA were lower in the Mexican landraces than in the
latitudinal inbred lines (FIGURE 15). Landrace levels ranged from as low as 8.4 +/-
2.89 ug/g for Puebla-537 of the landrace Arrocillo Amarillo (the lowest amount found

‘in all the germplasm studied) to 227.1 +/- 18.28 ug/g for Chiapas-52 of the landrace
.Olotn'llo (APPENDIX 3). Concentrations were not consistent between populations for
a gi;én landrace, indicating that geographical collection sites rather than landrace
grouplings may have a greater bearing on DIMBOA levels. This aspect is further dis-

cussed in Sections 3.4 and 3.5.

3.1.4.3 ARGENTINE LANDRACES

The Argentine landraces had much higher levels than their Mexican counter-

parts (FIGURE 15) ranging from 31.4 +/- 10.75 ug/g for Cateto C: 2025 to as high as
460.9 +/- 69.88 ug/g for Cateto C: 2030 (APPENDIX 3). On average, higher levels were
found in the Cateto C group.

3.1.4.4 CIMMYT MAIZE POOLS

All of the CIMMYT pools (27, 28, and 30) had relatively high levels of DIMBOA,
greater than 170 ug/g (FIGURE 15 and APPENDIX 3). Crosses within these pools also
had high levels indicating that perhaps levels of DIMBOA can be increased by cross-
ing two lines with equivalent high levels. -

3.1.4.5 SYNTHETIC LINES A, B, AND C

Synthetics A, B, and C had intermediate to high levels of DIMBOA (FIGURE
15 and APPENDIX 3). Large standard deviations may have resulted from an increase
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. in heterozygousity in the lines due to lack of selection. This is especially true of Syn-

thetic C which is a result of the combination of seventeen inbred lines.

3.1.4.6 CONTROL LINES

‘The control lines had intermediate to high levels of D_IMBOA (FIGURE 15). B73
with a concentration of 471.7 +/- 72.97 ug/g had the highest level of all the germplasm
studied (APPENDIX 3). The multi-borer resistant line (MBR), which has been bred
for resistanrf:e to three major borers had a low level of only 78.9 +/- 11.63 ug/g DIM-

- BOA.

3.1.4.7 HYBRIDIZATION STUDIES

Total DIMBOA concentrations wefe determined for the progeny of crosses be-
tween lines with high DIMBOA levels and equivalent high levels or very low levels.
High levels were taken to be greater than 200 ug of DIMBOA per gram fresh weight
while low levels were 50 ug/g and less. In addition, high levels were assumed to indi-
cate that a given line is resistant while low levels indicate susceptibility. Therefore,
the crosses consisted of those between two resistant lines; a resistant and a suscep-

tible line; and, two susceptible lines. —

The majority of the progeny examined were from crosses between two resistant
lines since crosses with susceptible lines failed to yield sufficient quantities of seed for
study. In all crosses between resistant and resistant lines the resulting progeny had
low to intermediate, 50-200 ug/g, levels of DIMBOA (TABLE 10). None of the progeny
had DIMBOA levels greater than either of the parents.

Tn crosses between two suseeptible lines all of the progeny had higher levels of
DIMBOA then either ;fye susceptible parents. Only one cross between a resistant

parent and a susceptible’parent yielded sufficient progeny for study. Mean DIMBOA
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" TABLE 10

DIMBOA CONCENTRATIONS IN THE PROGENY OF THE
HYBRIDIZATION STUDIES

RESISTANT X RESISTANT CROSS

PARENTAL CROSS DIMBOA CONCENTRATIUN (ug/g fr. wt.)®
CROSS PROGENY

NTR-1, 3945 267.1 +/- 32.59

X 102.3 +/- 33.16
Pool 28,4107 228.1 +/- 56.52
Pool 28 X 30, 4098 392.9 +/- 68.93

X 65.5 +/- 26.05
Cateto C, 2032 (421.6 +/- 72.11
NTR-1, 3945 267.1 +/- 32.59

X ) 52.5 +/- 44.75
ITR, 3862 380.6 +/- 44.95
Cateto C, 2032 421.6 +-72.11

X e 91.5 +/- 26.03
Cateto C, 2030 460.9 +/- 69.88
Pool 28 X 30, 4098 392.9 +/- 68.93

X | 45.24/-33.51
Cateto C, 2030 460.9 +/- 69.88
Cateto C, 2030 460.9 +/- 69.88

X 120.3 +/- 20.69
NTR-1, 3947 256.5 +/- 51.89
Cateto C, 2032 421.6 +/- 72.11

X 108.6 +/- 33.83
NTR-1, 3945 267.1 +/- 32.59
ITR, 3862 ° 380.6 +/- 44.95

X 118.9 +/- 35.23
NTR-1, 3947 ‘ 256.5 +/- 51.89

a- DIMBOA concentrations determined from pmz-week-old etiolated
maize seedlings (Section 2.2.1)
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(DIMBOA CONCENTRATIONS IN THE PROGENY OF THE

HYBRIDIZATION STUDIES - CONT'D) .
~ e v o b
PARENTAL CROSS DIMBOA CONCENTRATION (ug/g fr. wt.)*
CROSS PROGENY

Cateto C, 2030 460.9 +/- 69.88

X - 92.3 +/- 28.83
TTR, 3862 380.6 +/- 44.95
NTR-2, Poland, 4065 320.6 +/- 57.94

X 233.9 +/- 13.89
NTR-1, 3945 . 267.1 +/- 32.59
Cateto C, 2030 = 460.9 +/-69.38

X : 128.6 +/- 60.26
Pool 28. 4107 228.4 +/- 56.28
Pool 28, 4107 228.4 +/- 56.28

X 209.2 +/- 24.02
Pool 28 X 30, 4098 392.9 +/- 68.93
Pool 28, 4107 228.4 +/- 56.28

X 97.5 +/- 73.93
NTR-1, 3947 256.5 +/- 51.89
NTR-1, 3947 256.5 +/- 51.89

X 203.1 +/-31.08
Cateto C, 2032 421.6 +/- 72.11
Cateto C, 2032 421.6 +/-72.11

X 67.9 +/-29.35
NTR-2, Poland, 4065 320.6 +/- 57.94 ,
NTR-1, 3947 256.5 +- 51.89

X 158.1 +/- 95.92
Pool 28, 4107 228.4 +/- 56.28
Pool 28, 4107 228.4 +/- 56.28

X 97.6 +/- 63.64
Cateto C, 2032 421.6 +/- 72.11
Cateto C, 2032 421.6 +/- 72.11

X 122.3 +/-48.f0
[TR 3862 380.6 +/- 44.95
Pool 28 X 30, 4098 392.9 +/- 68.93

X 146.4 +/- 19.54
NTR-1, 3947 256.5 +/- 51.89

a- DIMBOA concentrations determined from one-week-old etiolated
maize seedlings (Section 2.2.1)

™~
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(DIMZBOA CONCENTRATIONS IN THE PROGENY OF THE

HYBRIDIZATION STUDIES - CONT'D)

PARENTAL CROSS DIMBOA CONCENTRATION (ug/g fr. wt.)?
CROSS PROGENY

NTR-1, 3945 267.1 +/- 32.59

X 45.5 +/- 15.11
Pool 28 X 30, 4098 392.9 +/- 68.93
Pool 28 X 30, 4098 392.9 +/- 68.93

X- 92.0 +/- 43.26

Cateto C, 2032

421.6 +/- 72}1,1

SUSCEPTIBLE X SUSCEPTIBLE CROSS

NTR-2, Germany, 4042
X
Cateto C, 2025

NTR-2, Germany, 4042
X
NTR-2, Canada, 4081

NTR-2, Canada, 4081
X
NTR-2, Canada, 4071

NTR-2, Canada, 4081
X
Cateto C, 2025

383 +- 7.04
31.4 +/- 10.75
38.3 +/- 7.04
40.9 +/- 5.97
40.9 +/- 5.97
49.0 +/- 6.21
40.9 +/- 5.97

31.4 4/- 10.75

52.7 +/- 14.82
69.1 +/- 14.81
99.3 +/- 40.24

44,7 +/- 17.08

RESISTANT X SUSCEPTIBLE CROSS

Pacl 28 X 30, 4098
X
Cateto C, 2025

392.9 +/- 68.93

31.4 +/- 10.75

54.5 +/- 18.08

a- DIMBOA concentrations determined from one-week-old etiolated
maize seedlings (Section 2.2.1)
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levels for this progeny were higher than that of the susceptible parent yet much lower
than that of the resistant parent. '

In all crosses the standard deviation of the mean DIMBOA. concentrations of
the progeny was large. .This may be due to the heterozygous nature of the progeny
since they are a result of two widely different lines not all of which are entirely

homozygous themselves.
3.2 RESISTANCE STUDIES

3.2.1 LABORATORY LEAF FEEDING TESTS -

The laboratory leaf feeding test apparatus consisting of a system of petri plates
was found to be quite satisfactory and yielded statistically significant results that dif-
ferentiated between the various lines and races examined. A total of forty different
lines and races were tested using greenhouse grown whorl tissue. TABLE 11 lists the
mean percent leaf consumptions for each line or race. Percent consumptions ranged
from 11.0 +/- 3.98% for NTR-2, Poland: 4065, to 90.5 +/- 2.90% for Nayarit-24 of the

landrace Harosino de Ocho.

A high percent leaf consumption was taken to indicate a low level of leaf feed-
ing resistance. Consumption values greater than 50% for the majority of the landraces
indicates that they have a lower resistance to leaf feeding then many of the inbred
lines which were consumed little, 11.0%. As expected the two control lines, A619 and
OH43, had low consumption values of 29.5% and 21.5% respectively. The multi-borer

‘resistant line (MBR) was also little consumed, rating 16,8%.

Linear regression and Pearson’s correlations were used to examine the relation-
ship between etiolated seedling DIMBOA concentrations and laboratory leaf feeding.
As expected, there was a negative correlation ( r=-0.572, p=0.0001) of the DIMBOA
concentration with percent consumption, FIGURE 16. The landraces (represented by
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TABLE 11

LABORATORY LEAF-FEEDING RATINGS ON GREENHOUSE

GROWN WHORL TISSUE
LINE OR RACE N PERCENT LEAF CONSUMPTION®
. MEAN +/- STANDARD DEVIATION
NAYARIT- 24 20 90.5 +/- 2.90 ‘
MEXICO- 461 20 87.1+/- 177
NAYARIT- 39 20 83.5 +/- 12.89 l
MEXICO- 208 40 81.6 +/- 5.12 l .
- NTR-2, SWITZ., 4034 40 77.3 +/- 2.33 l
MEXICO-212 20 74.5 +/- 19.91
MEXICO-55 20 72.5 +/- 3.30
PUEBLA- 463 20 69.1+- 152 .
MORELOS- 52 20 59.7 +/- 5.24
V-520-C 20 59.3 +/- 5.63
SINALOA- 2 20 58.5 +/- 5.48
CHIAPAS- 236 20 56.0 +/- 8.61
GUANAJUATO- 102 20 55.6 +/- 7.64
CHIAPAS- 218 40 51.7 +/- 6.11
NTR-2, HOLL., 4022 20 50.3 +/- 17.41
NTR-2, GERM., 4042 20 47.7 +/- 3.17
GUANAJUATO- 207 20 46.2 +/- 4.82
OAXACA- 4 20 45.1 +/- 5.10
CATETO E, 2051 20 45.1 +/- 14.50
NTR-2, POL., 4064 20 42,1 +/- 9,51
CATETO C, 2025 20 38.9 +/- 8.95
GUANAJUATO- 101 20 38.3 +/- 3.90
STR, 3802 40 35.6 +/- 9.63
ITR, 3862 20 35,5 +/- 14.32
OAXACA-130 . 20 34.9 +/- 8.95
GUANAJUATO- 93A 20 34.3 +/- 5.20
ITR, 3878 20 33.4 +/- 15,14
OAXACA- 179 20 31.2 +/- 2.01
JALISCO-222 20 30.0 +/- 3.49
A619 40 29.5 +/- 4.88
POOL 28 X 30, 4098 40 28.4 +/- 6.42
POOL 30, 4108 40 24.2 +/- 3.79
CATETO C, 2030 20 24.2 +/- T.47
NTR-1, 3945 20 't 23.3 4/ 4.71
NAYARIT- 72 20 22.0 +/- 4.58
NTR-2,CAN., 4081 40 21.9 +/- 2.98
NTR-1, 5947 40 21.8 +/- 5.48
CATETO C, 2032 40 21.8 +/- 2.14
OH43 40 21.5 +/- 6.21
NTR-1, 3962 20 19.4 +/- 8.67
CHIAPAS- 237 20 17.6 +/- 3.62
YUCATAN- 16 20.| 17.2+- 351
STR, 3823 2 16.8 +/- 6.51
MBR 4 15.6 +/- 2.78
POOL 28, 4107 20 15.4 +/- 3.55
CHIAPAS- 235 20 15.1 +/- 4.80
NTR-2, CAN., 4071 40 14.2 +/- 2.48
NTR-2, POL., 4065 20 11.0 +/- 3.98

a= means opposite continuous lines not significantly different at 5% level of probability using
Duncan’s multiple range test
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FIGURE 16

GRAPH OF LABORATORY LEAF-FEEDING RATING
VS.
ETIOLATED SEEDLING DIMBOA CONCENTRATIONS

Leaf-feeding ratings were taken as percent consumption of a 2.5
cm diameter circular area of whorl leaf tissue by two third instar
Furopean corn borer larvae in a period of 48 hours. DIMBOA
concentrations were quantitated by HPLC analysis on extracts from 1 g
of etiolated one-week-old maize seedlings.
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circles in FIGURE 16) were the most consumedlénd had the lowest levels of DIMBOA.
The inbred lines (represented by squares) varied in their DIMBOA concentrations, but
all had consistently low consumption rates. This difference between the inbred lines
and the landraces is further illustrated in FIGURE 17. When analysed separately from
the inbred lines the landraces had a higher negative (m=-0.257) slope (A) than that
(m=-0.055) of the inbreds (B) suggesting that DIMBOA concentration has a greater ef-

fect on percent consumption in the landraces than in the inbreds.

The control lines (indicated by triangles) all had intermediate to high levels of
DIMBOA and low percent leaf consumptions.

-3.2.2 FIELD STUDIES

3.2.2.1 EUROPEAN CORN BORER FIELD LEAF DAMAGE RATINGS

The resistance of each line or race to first-brood borer damage was determined
by artificially infesting the plants then rating the amount of leaf feeding damage using
the nine class rating scale of Guthrie et al (1960). Ratings were interpreted in the fol-
lowing manner: a line or race with a rating of 1 or 2 (little or no damage) was con-
sidered to be highly resistant; a rating of 3 or 4 was considered resistant; a rating of 5
and 6 indicated intermediate resistance; and, a rating of 7 to 9 was considered to be

highly susceptible. -

Box plots of the field leaf ﬂdamage ratings for the major groups of lines and races
are shown in FIGURE 18 (mean values for each line or race are tabulated in APPEN-
DIX 4, and 5). The latitudinal series of inbred lines ranged from highly resistant to
resistant; Mexican landraces were intcrmediate to susceptible in fesistance; the Ar-
gentine landraces were highly resistant to resistant; the CIMMYT maize pools were
all resistant; Synthetics A, B, and C were highly resistant to resistan_tFand, the con-
trol lines and multi-borer resistant line (MBR) were all resistant. The most significant
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FIGURE 17

GRAPH OF LABORATORY LEAF-FEEDING RATING
VS.
ETIOLATED SEEDLING DIMBOA CONCENTRATION FOR
THE INDIGENOUS LANDRACES OF MEXICO AND THE
INBRED LINES

A - Indigenous Landraces of Mexico
B - Latitudinal Series of Inbred Lines

Leaf-feeding ratings were taken as percent consumption of a 2.5
cm diameter circular area of whorl leaf tissue by two third:instar
European corn borer larvae in a period of 48 hours. DIMBOA
concentrations were quantitated by HPLC analysis on extracts from 1 g
of etiolated one-week-o0ld maize seedlings.
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¢ FIGURE 18 |
BOX PLOTS OF MEAN FIELD LEAF DAMAGE RATINGS

Box plots of the mean field leaf damage rating for the major
groups of lines and races studied: latitudinal series of inbred lines;
Mexican landraces grouped by population collection sites; Argentine
landraces; CIMMYT maize pools; Synthetics A, B, and C; control lines;
and the multi-borer resistant line (MBR). Symbols «for each box: +,
median; notch, mean; top of box, 75th percentile; bottom, 25th
percentile; whiskers (stemming up and down of each box) extend to
maximum 0f~1.5 of the range between the 25th and 75th sample
percentiles; dots represent data that go beyond the former and
represent the tail end of the distribution. Ratings were made using the
1-9 rating scale developed by Guthrie et al (1960). Larger ratings
indicate increased damage and susceptibility.
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results from this study is the fact that the Mexican landraces as a group differed from

the rest of the lines and races and were the most susceptible overall.

The uninfested six plants in the front 1.2 m of each row were rated to see what
the level of natural infestation damage was. All of these plants rated 1 to 2 (APPEN-
DIX 6) on the scale of leaf damage and were therefore rated as highly resistant, due
to lack of infestation. '

3.2.2.2 PLANT HEIGHT MEASUREMENTS

TABLE 12 lists the mean plant heights for stressed (high density) and non-
étressed plants of each major group of lines and races studied. In all cases the stand-
ard deviations of the mean heights for stressed plants are much higher than those of
the non-stressed plants. Therefore, a larger range in plant height was found when the
plants were stressed. The mean heights were not significantly different between

stressed and non-stressed plants.

FIGURE 19 is a box plot of mean plant heights of the major groups of lines and
races studied (actual values are tabulated in APPENDIX 4 and 5). The tallest groups
were the Mexican landraces and the CIMMYT maize pools (2.0 to 3.0 m). All other
lines and races were of normal height, 1.5 - 2 meters. |

3.2.2.3 LEAF COUNTS AND DAYS TO SILKING

The latitudinal series of inbred lines, Argentine landraces, CIMMYT maize
pools, synthetic lines, and control lines all had 15 to 18 leaves per plant (TABLE 13);
mean values for each line and race are tabulated in APPENDIX 7. The Mexican
landraces had on average 16 to 22 leaves. It was noted that not only do these races
have more leaves, but they were much tailer plants with generally thicker densely
pubescent stalks (3-5 cm dia.), and often have more than three large tillers. The multi-

borer resistant line had a mean number of 23 leaves.
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TABLE 12 |
PLANT HEIGHTS FOR STRESSED AND NON-STRESSED
. PLANTS
LINE OR RACE GROUPING MEAN PLANT HEIGHT +/- S.D.
NON-STRESSED® STRESSED®
LATITUDINAL INBREDS <L
STR 148.4 /- 9.63 152.8 +/- 38.73
ITR " 153.2 +/-2.18 153.3 +/- 34.60
NTR-1 150.5 +/- 8.53 146.9 +/- 31.73
NTR-2 -
HOLLAND 147.1 +/-9.13 154.3 +/- 34.67
SWITZERLAND 155.1 +/- 8.97 159.1 +/- 23.41
GERMANY 134.7 +/- 8.86 144.7 +/- 26.55
POLAND 144.7 +/- 2.68 147.7 +/- 25.65
CANADA 135.4 +/- 6.59 135.7 +/- 28.67
MEXICAN LANDRACES®
SONORA 215.4 +/- 1.41 208.1 +/- 20.50
SINALOA 213.6 +/- 3.96 ™~ 185.5 +/- 12.39
NAYARIT 231.4 +/- 8.91 222.9 +/- 15.24 -
JALISCO 194.3 +/- 8.42 205.2 +/- 10.29
GUANAJUATO 207.7 +/- 5.01 221.7 +/- 17.13
MICHOACAN 278.0 +/- 6.41 240.0 +/- 8.15
MEXICO 201.8 +/- 7.67 207.1 +/- 17.44
PUEBLA i 199.1 +/- 4.28 218.1 +/- 17.55
GUERRERO 199.0 +/- 8.65 170.2 +/- 18.65
MORELOS 200.0 +/- 6.85 255.4 +/- 19.56
QAXACA 216.4 +/- 4.83 211.5 +/-23.21
V-520-C 207.6 +/- 8.66 261.9 +/- 10.85
CHIAPAS 200.8 +/- 5.48 237.3 +/-28.78
YUUCATAN 200.0 +/- 1.41 v 183.3 +/- 18.21
ARGENTINE LANDRACES
CATETO C 149.4 +/- 5.58 147.3 +/- 23.04
CATETO E 157.6 +/- 9.26 159.4 +/- 25.75
CIMMYT MAIZE POOLS
POOLS 27,28,30 148.3 +/- 9.87 170.8 +/- 28.43
POOL CROSSES 203.7 +/- 4.94 185.3 +/- 23.40
SYNTHETIC LINES 132.1 +/- 5.54 144.3 +/- 33.07
CONTROL LINES
OH43 138.4 +/- 6.27 138.2 +/- 21.49
A619 152.8 +/- 3.63 132.3 +/- 28.21
B73 146.6 +/- 2.81 170.2 +/- 36.73
MBR LINE 153.0 +/- 8.74 171.0 +/- 45.10

a= front six plunts grown in the front (East) 1.5 meters of each row (4 plants/meter)

b= back ten plants grown in the back 1.5 meters of each row and exposed to high density
planting (6.7 plants/meter), borer infestion and stalk rot infection

¢== Mexican landraces grouped by collection sites
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FIGURE 19
BOX PLOTS OF MEAN PLANT HEIGHTS

Box plots of the mean plant heights (cm) for the major groups of
lines and races studied: latitudinal series of inbred lines; Mexican
landraces grouped by population collection sites; Argentine landraces;
CIMMYT maize pools;, Synthetics A, B, and C; control lines; and the
multi-borer resistant line (MBR). Symbols for each box: +, median;
notch, mean; top of box, 75th percentile; bottom, 25th percentile;
whiskers (steraming up and down of each box) extend to maximum of
1.5 of the range between the 25th and 75th sample percentiles; dots
represent data that go beyond the former and represcat the tail end of
the distribution. Plant height was measured frem soil level to the tip of
the extended tassel or the tip of the longest «xtended leaf in those lines
or races that did not flower. These measurements were used in
calculating the tunneling/height ratios as a measure of resistance to
borer tunneling.
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TABLE 13

MEAN LEAF COUNTS AND DAYS TO SILKING
FOR THE MAJOR GROUPS OF LINES AND RACES STUDIED

LINE OR RACE GROUPING MEAN NUMBER DAYS TO
OF LEAVES PER SILKING®
PLANT
~LATITUDINAL INBREDS P N
STR 17.8 +/- 0.79 94 \
ITR" 15.8 +/- 1.38 .81
NTR-1 16.6 +/- 0.83 91 s~
NTR-2
HOLLAND 15.8 +/- 0.85 84
SWITZERLAND 15.5 +/- 1.22 85
GERMANY 16.2 +/- 1.39 84
POLAND 15.6 +/- 1.11 83
CANADA 14.5 +/- 1,73 76
MEXICAN LANDRACES?
SONORA 20.9 +/- 3.06 -
SINALOA 21.1 +/- 4.38
NAYARIT 21.9 +/- 4.50
JALISCO 292.3 +/- 2.40. —
GUANAJUATO 19.9 +/- 1.35
MICHOACAN 20.8 +/- 0.84 —
MEXICO 16.4 +/- 1.18 98 to -
PUEBLA 16.9 +/- 1.84
GUERRERO 15.4 +/- 0.89 -
MORELOS 20.6 +/- 1.52
OAXACA 20.6 +/- 1.22 90 to —
V-520-C 22.0 +/- 1.00 -
CHIAPAS 19.1 +/- 4.32 83 to ---
YUCATAN 19.8 +/- 2.83 —
ARGENTINE LANDRACES
CATETO C 15.0 +/- 0.63 80
CATETO E 13.4 +/- 2.51 83
CIMMYT MAIZE POOLS _
POOLS 27,28,30 18.1 +/- 2.27 92
POOL CROSSES 16.7 +/- 1.03 83 ™
SYNTHETIC LINES 14.3 +/- 1.63 78
CONTROL LINES
OH43 17.2 +/- 0.84 95
A619 18.0 +/- 2.71 92
B73 19.8 +/- 0.45 95
MBR LINE 23.0 +/- 1.00 83

a= days to silking when 50% of the plants were showing silk

b= Mexican landraces grouped by collection sites
---= no silking date available since plants did not flower before harvest, 149 days



.

In the latitudinal series of inbred lines the earliest group to silk was NTR-2,
Canada (76 days), while the latest was the STR group (94 days),(TABLE 13 and AP-
PENDIX 7). Days to sillking were not obtained for the Mexican landraces except for
populations Oaxaca-179, México~55, Chiapas-140, Mexico-212, Mexico-208, Mexico-5,
and Chiapas-133. The Argentine landraces showed silk at 80 days for the Cateto C
group and 83 days for Cateto E. The CIMMYT maize pools showed silk at 92 days and
their F'1 hybrids at 83 days. The syntheticlines showed silk at 76 days. All of the con-
trol lines, OH43, A619, and B73, showed silk at three of the latest.dates obtéjned, 85,
92 and 95 respectively. Finally, the multi-borer resistant line showed silk at 83 days.

3.2.2.4 SMUT RATINGS

Means of the number of plants infected with smut ( rating of 1.0) were calcu-
lated for each line or race (APPENDIX 4 and 5) then averaged for each major group of
* lines or races si:udied. A box plot of the latter (FIGURE 20) shows that the majority
of the lines and races studied had smut ratings below 0.300; therefore, out of the eight
plants examined in the back 1.5 m of each row three or less were infected with smut
(approximately 38% infected).

\
Abroad range of smut ratings was found for the latitudinal series of inbred lines

and for some of the Mexican landrace populations (Mexico, Puebla, Oaxaca, and
Chiapas). Both of these groups had lines and races with little or no smut infection
while others had a 20-30% infection. The Argentine landraces had almost 0% infec-
tion along with the control lines, the multi-borer resistant line, and most of the CIM-
MYT maize pools. The six uninfested and low density plants in the front 1.2 m of each
row had 0% inf'ectiop for almost every line or race studied (APPENDIX 6).

84



i

FIGURE 20
BOX PLOTS OF MEAN SMUT RATINGS

Box plots of the mean smut ratings for the major groups of lines
and races studied: latitudinal series of inbred lines; Mexican landraces
grouped by population collection sites; Argentine landraces; CIMMYT
maize pools; Synthetics A, B, and C; control lines; and the multi-borer
resistant line (MBR). Symbols for each box: +, median; notch, mean; top
of box, 75th percentile; bottom, 25th percentile; whiskers (stemming up
and down of each box) extend to maximum of 1.5 of the range between
the 25th and 75th sample percentiles; dots represent data that go
beyond the former and represent the tail end of the distribution. Plant
were rated on absence or presence of smut, then total counts were
averaged for each line.
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| 8.2.2.56 EUROPEAN CORN BORER DAMAGE RATINGS AT HARVEST

Two measures of resistance to European corn borer stalk damage were taken:
plant breakage and borer tunneling/height rdtio. The tunneling of borer larvae often
results in stalk or plant breakage thereby rendering a plant unharvestable. FIGURE
91 is a box plot of the mean plant breakage ratings obtained for the major groups of
lines and races studied (actual values are tabulated in APPENDIX 4 and 5).. Overall,
the Mexican landraces exhibited the greatest degree of resistance with mean ratings
of 2.0 and less with the exception of those from the state of Mexico. The latitudinal
geries of inbred lines were less resistant (mean ratings of 3.0 to 4.0) and had wider
ranges of ratings within a given latitudinal ‘group. The Argentine landraces with
ratings similar to those of the latitudinal series were less resistant than their Mexican
counterparts. The CIMMYT maize pools were highly resistant with mean ratingé of
2.0. Synthetics A, B, and C with ratings between 3.5 and 5.0 were less resistant, while
the control lines varied in their resistance (13to 4.0) with B73 being the most resis-
tant of the three (1.3). The multi-borer resistant line was rated as resistant with a
rating of 2.3.

Measurements taken on the uninfested six plants in the front 1.2 m of each row
showed that almost all plants had breakage ratings of 1.0 to 1.5 as a result of little or
no damage (APPENDIX 6).

A box plot of mean tunneling/height ratios for each major.group of lines and
races (FIGURE 22) shows that the most resistant group, indicated by the lower ratios,
was the Mexican landraces with mean ratios no higher than 0.075 (APPENDIX 4 ahd
5). The Argentine landraces were much more susceptible with ratings 0.125 to 0.150,
almost two times higher than the Mexican races. The latitudinal series of inbred lines
also had high ra%ios, but were more variable, ranging from mean ratios of 0.80 to 0.15.
The CIMMYT mzize pools were resistant (0.050). The synthetic lines (0.075) and the
control (0.060 to 0.100) lines were less resistant than the Mexican landraces. The
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FIGURE 21
BOX PLOTS OF MEAN PLANT BREAKAGE RATINGS

Box plots of the mean plant breakage ratings for the major
groups of lines and races studied: latitudinal series of inbred lines;
Mexican landraces grouped by population collection sites; Argentine
landraces; CIMMYT maize pools; Synthetics A, B, and C; control lines; -
and the multi-borer resistant line (MBR). Symbbls for each box: +,
median; notch, mean; top of box, 75th percentile; bottom, 25th
percentile; whiskers (Stemming up and down of each box) extend to
maximum of 1.5 of the range between the 25th and 75th sample
percentiles; dots represent data that go beyond the former and
represent the tail end of the distribution. Plants were rated on a scale
of 1-10 developed by Guthrie et al (1960). Larger ratings indicate
greater breakage and increased susceptibility.
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FIGURE 22
BOX PLOTS OF MEAN TUNNELING/HEIGHT RATIOS

Box plots of the mean tunneling/height ratios for the major
groups of lines and races studied: latitudinal series of inbred lines;
Mexican landraces grouped by population collection sites; Argentine
landraces; CIMMYT maize pools; Synthetics A, B, and C; control lines;
and the multi-bdrer resistant line (MBR). Symbols for each box: +,
median; notch, mean; top of box, 75th percentile; bottom, 25th
percentile whiskers (stemming up and down of each box) extend to
maximum of 1.5 of the range between the 25th and 75th sample
percentiles; dots represent data that go beyond the former and
represent the tail end of the distribution. Cumulative lengths of
tunnels (cm) were measured from stalks split down the center. Larger
ratios indicate increased susceptibility.
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mlji‘ui-borer resistant line was resistant (0.060). Uninfested plantsin the front of each
row all had ratings of less than 0.05 for every line and race studied (APPENDIX 6).

3.2.2.6 STALK ROT RATINGS

A box plot of the mean stalk rot ratings for each major group of lines and races

(FIGURE 23) shows that for almost all the groups a wide range in resistance was found.
| Overall, the most resistant groups were the Mexican landraces and the CIMMYT
maize pools with mean ratings ranging from 1.75 to 3.50 (APPENDIX 4 and 5). The
latitudinal series of inbred lines h::d large ranges of resistance, 4.00 to 6.50, as did the
Argentine landraces, Synthetics A, B, and C, and the control line A619. The multi-
borer resistant line had a mean rating of 3.8. Ratings taken on the front six plants of
each row that were wounded but not infected, were all 1.0 to 2.0 for every line and race
studied (APPENDIX 6).

3.2.3 CORRELATIONS AMONG PHYTOCHEMICAL AND
RESISTANCE VARIABLES

To ex:amine whether or not any of the phytochemical or resistance variables
studied zre interdependent or covary, data obtained on each were combined and sub-
jected to tests of correlations using Pearson’s product moment correlation. No distine-
tion was made between independent and dependent variables, only the degree to which

any of the variables vary together was estimated.

For the 1986 field data the following variable pairs were correlated with each
other (TABLE 14): field leaf damage raiing and plant height; field leaf damage rating
and tunneling/height ratio; field leaf damage rating and DIMBOA concentration in
etiolated seedlings; field leaf damage rating and lab leaf-feeding rating; plant breakage
and stalk rot; plant breakage aﬁd plant height; plant breakage and mnneling/}ieight

ratio; stalk rot and plant height; stalk rot and tunneling/height ratio; plant height and
lab leaf rating; and as discussed in Section 3.2.1, DIMBOA concentration in etiolated
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FIGURE 23
BOX PL.OTS OF MEAN STALK ROT RATINGS

Box plots of the mean stalk rot ratings for the major groups of .
lines and races studied: latitudinal series of inbred lines; Mexican
landraces grouped by population collection sites; Argentine landraces;
CIMMYT maize pools; Synthetics A, B, and C; control lines; and the
multi-borer resistant line (MBR). Symbols for each box: +, median;
notch. mean; top of box, 75th percentile; bottom, 25th percentile;
whiskers (stemming up and down of each box) extend to maximum of
1.5 of the range between the 25th and 75th sample percentiles; dots
represent data that go beyond the former and represent the tail end of
the distribution. Ratings were based on the spread of infection from
the point of inoculation. “Larger ratings indicate greater infection
spread from the point of inoculation and increased susceptibility. -
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TABLE 14

PEARSON CORRELATIONS FOR 1986 FIELD DATA

Plant Stalk | Plant | Smut | Tunneling | DIMBOA |Lab Leaf
Breakage | Rot | Height | Rating | /Height (ug/g) |Rating
Feld Leaf| -0.101 -0.232 0.473b 0.146 -0.2942 " .0.235% 0.581%
Rating .
n=30
Plant 0.497°| -0.269* | 0.173 | 0.388* | -0.172 | 0.021
Breakage ‘
n=30
Stalk Rot .0.346% | -0.157 | 0481® | -0.098 |-0.330
n=30
Plant : 0.139 -0.184 | 0.410°
Height
n=30
Smut -0.004 -0.296 0.355
Rating
- n=30
Tunneling -0.153 -0.102
/Height
n=30
- IDIMBOA -0.641P
(ugig)
g{ I _ n=30

a=r values significant at p < 0.05

b= r values significant at p < 0.0001

N.B.: n=68 unless otherwise stated
-higher r values indicate greater correlation
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" seedlings and lab leaf ratings. More correlations were found in the 1987 field data
(TABLE 15) as highly significant at p.0001, The additional correlations for 1987 were:
field leaf rating and stalk breakage; field leaf rating and stalk rot; plant height and
DIMBOA. concentration in etiolated seedlings; and tunneling/height ratio and DIM-
BOA concentration in etiolated seedlings. Part of this difference in field seasons is due
to the smaller number of lines used in 1986 (n=68) as opposed to 1987 (n=102).

In many of the correlated pairs of variables it can be assumed that not only do
the two variables correlate, but one is dependent upon the other. Therefore, for each
of the pairs of correlated variables linear regression was carried out. FIGURES 24 to
37 are regression plots for these variables (only 1987 plots are shown for purposes of

simplicity).

Relationships were apparent between the three major grou'ps of data: DIMBOA
concentrations; laboratory leaf feeding ratings; and field data. Results of DIMBO.\
concentration and lab leaf rating correlations are presented in Section 3.2.1. Three
correlations were found between DIMBOA concentration and field data; DIMBOA con-
centration correlated with field leaf damage ratings, plant height, and the tunnel-
ing/height ratio (FIGURES 24, 25, and 26). The first two are negative correlations
while the third is a positive correlation. In all three regression plots the landraces
(circles) and the inbred lines (squares) are separated into two groups due to b}oth vari-
ables, not just DIMBOA concentrations. Therefore, DIMBOA is not the only variable

differentiating the two major germplasm groups.

Two correlations were found_between lab leaf feeding ratings and field data.
Lab leaf feeding was positively correlated to both field leaf damage ratings (FIGURE
27) and plant height (FIGURE 28). Again, the response of the landraces and inbred

lines are distinct from one another.

The remaining nine 1987 correlations were between the field variables them-

selves. When field leaf damage rating was taken to be the independent variable, nega-
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TABEE 15

PEARSON CORRELATIONS FOR 1987 FIELD DATA

Plant Stalk | Plant Smut |Tunneling {DIMBOA |Lab Leaf
Breakageg Rot Height |Rating | /Height (ug/g) Rating

Field Leaf |1-0.300% | -0.467°] 0.680P |-0.048 | -0.564° |-0.463° | 0.3862
Rating ' '

n=48
Plant 0.792°|-0.505° | 0.020 0.575P 0.1016 | 0.023
Breakage '

n=48
Stalk Rot -0.735° |-0.043 0.756° | 0.176 [-0.872

n=48
Plant 0.034 e .0.387 | 0.2932
Height

n=48
Smut 0.029 -0.128 0.120
Rating

n=48
Tunneling 0.319% |-0.170
/Height

n=48
DIMBOA -0.572P
(ug/g) '

n=48

a=r values significant at p < 0.05
b= r values significant at p < 0.0001
N.B.: n=102 unless otherwise stated
-higher r values indicate greater correlation
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r FIGURE 24
GRAPH OF DIMBOA CONCENTRATION AND FIELD LEAF
DAMAGE RATING

.,\.‘,

(see FIGURE 15 and FIGURE 18)

FIGURE 25
GRAPH OF DIMBOA CONCENTRATION AND PLANT HEIGHT
(see FIGURE 15 and FIGURE 19)
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FIGURE 26

GRAPH OF DIMBOA CONCENTRATION AND THE
TUNNELING/HEIGHT RATIO '

(see FIGURE 15 and FIGURE 22)

FIGURE 27

GRAPH OF LABORATORY LEAF FEEDING RATING AND
FIELD LEAF DAMAGE RATING

(see FIGURE 16 and FIGURE 18)
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FIGURE 28

GRAPH OF PLANT HEIGHT AND LABORATORY LEAF
FEEDING RATING

(see FIGURE 19 and FIGURE 16)

W

FIGURE 29

GRAPH OF FIELD LEAF DAMAGE RATING AND PLANT
BREAKAGE RATING

(see FIGURE 18 and FIGURE 21)
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tive correlations were found with plant breaxage, stalk rot, and the tunneling/height
ratio (FIGURES 29, 30, and 31). The latter two were highly significant with p=0.0001.
'i‘he tunneling/height ratio, when taken to be the independer;t variable, was found to
have highly significant (p=0.0001) positive correlations to plaht breakage (FIGURE
32) and to stalk rot (FIGURE 33). Stalk rot itself accounted for some piaut breakage
with a positive correlation (FIGURE 34). When plant height was taken as the inde-
pendent variable it was found to have a positive correlation with field leaf damasge
rating (FIGURE 35) and two highly significant (p=0.0001) negative correlations with
stalk rot and plant breakage (FIGURES 36 and 37). ’

3.3 RESISTANCE OF MAIZE AS RELATED TO THE GEOGRAPHICAL
ORIGIN OF MAIZE GERMPLASM

3.3.1 LATITUDINAL SERIES OF INBRED LINES

The latitudinal series of inbred lines was used to examine the relationship be-
tween the latitudinal origin of maize germplasm and resistance to the European corn
borer. Means of 2ach variable (DIMBOA concentration, laboratory leaf feeding rating,
field leaf damage rating, plant height, smut rating, plant breakags, tunneling/height
i-atio, and stalk rot) for each latitudinal group were summarized in bar graphs
(FIGURES 38 to 45).

The latitudinal groups differed in their DIMBOA cgncentrations (FIGURE 38)..
The greatest difference for DIMBOA levels was between the first three groups (STR,
ITR, and NTR-1) and the five groups making up the NTR-2 group. The former all had
levels above 200 ug of DIMBOA per gram fresh weight of tissue, while the NTR-2 levels
_were all below 100 ug/g. There was no significant cifference between the levels of DIM-
BOA for the STR, ITR, and NTR-1 groups.
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FIGURE 30

GRAPH OF FIELD LEAF DAMAGE RATING AND STALK ROT
RATING

(see FIGURE 18 and FIGURE 23)

FIGURE 31

GRAPH OF FIELD LEAF DAMAGE RATING AND THE
TUNNELING/HEIGHT RATIO

(see FIGURE 18 and FIGURE 22)
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i FIGURE 32

GRAPH OF THE TUNNELING/HEIGHT RATIO AND PLANT
' BREAKAGE RATING

(see FIGURE 22 and FIGURE 21)

S

FIGURE 33

GRAPH OF THE TUNNELING/HEIGHT RATIO AND STALK
ROT RATING

(see FIGURE 22 and FIGURE 23)
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FIGURE 34

GRAPH OF STALK ROT RATING AND PLANT BREAKAGE
RATING

(see FIGURE 23 and FIGURE 21)

FIGURE 35 -

GRAPH OF PLANT BEIGHT AND FIELD LEAF DAMAGE
RATING

(see FIGURE 19 and FIGURE 18)
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FIGURE 36
GRAPH OF PLANT HEIGHT AND STALK ROT RATING
(see FIGURE 19 and FIGURE 23)

FIGURE 37
GRAPH OF PLANT HEIGHT AND PLANT BREAKAGE RATING

(see FIGURE 19 and FIGURE 21)
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FIGURE 038

BAR GRAPH OF DIMBOA CONCENTRATICN FOR THE
LATITUDINAL SERIES OF INBRED LINES

(see FIGURE 15)

Latitudinal Groupings:

A= Southern Temperate Region (STR), 34-40° N-S
B= Intermediate Temperate Region (ITR), 40-46° N-S
C= Northern Temperate Region-1 (NTR-1), 46-52° N-S

Northern Temperate Region (NTR-2), 46-52° N
D= Holland
E= Switzerland
F= Germany
G=Poland -
H= Canada

FIGURE 39

BAR GRAPH OF LABORATORY LEAF-FEEDING RATINGS
FOR THE LATTTUDINAL SERIES OF INBRED LINES

(see FIGURE 16)
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There was no trend in laboratory leaf feeding ratings and latitudinal groupings
(FIGURE 39). NTR-2, Switzerland (E) was the most consumed and therefore least
resistant, followed by Holland, Germany, ITR, Poland, STR, NTR-1, and Canada.
Similarily, no trend was found with field leaf damage ratings (FIGURE 40). All groups
were classified as either highly resistant or resistant. '

All groups were of almost equal height ranging from 1.3 meters to 1.6 meters
(FIGURE 41). Smut varied tremendously between the groups (FIGURE 42). The most
infected group was NTR-1 followed by STR, ITR, Holland, Poland, Canada, Germany,
and the least infected, Switzerland. Therefore, the NTR-2 group had the lowest smut
ratings overall. '

Susceptibility to plant breakage, borer tunneling, and stalk rot increased with
latitude (FIGURES 43, 44, and 45). In all cases the most heavily damaged by harvest
and therefore most susceptible groups were those of the NTR-2 group, the most Nor-
thern of all groups. The most resistant group in all cases was STR, the most Southern
of ail groups. In summary, with increasing latitude there was a decrease in DIMBOA

concentrations and an increased susceptibility to damage by borer tunneling and stalk
rot infection.

3.3.2 INDIGENOUS LANDRACES OF MEXICO

There was no correlation of. the geographical state of origin of landrace
germplasm with resistance. Therefore, since altitude is another major fact?or
segregrating the landraces of Mexico.and Wellhausen et al (1952) used altitude one of
their taxonomic characters, the relationship between altitude and resistance to the

European corn borer was examined.

Altitude ranges for each landrace were taken from Wellhausen et al (1952) and
ranked accordirg to the maximum altitude in which a given landrace is commonly

found, i.e. the upper altitude limit of each landrace (TABLE 9, Section 2.4.1). Pearsqn’s
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FIGURE 40

'BAR GRAPH OF FIELD LEAF DAMAGE RATINGS FOR THE
‘LATITUDINAL SERIES OF INBRED LINES

(see Figure 18)

Latitudinal Groupings:

A= Southern Temperate Region (STR), 34-40° N-S
B= Intermediate Temperate Region (ITR), 40-46° N-S
C= Northern Temperate Region-1 (NTR-1), 46-52° N-S

Northern Temperate Region (NTR-2), 46-52° N
D= Holland
E= Switzerland
F= Germany
G= Poland
H= Canada

FIGURE 41

BAR GRAPH OF PLANT HEIGHT MEASUREMENTS
FOR THE LATTTUDINAL SERIES OF INBERED LINES

(see FIGURE 19)
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FIGURE 42

BAR GRAPH OF SMUT RATINGS FOR THE LATITUDINAL
' SERIES OF INBRED LINES . -

(see FIGURE 20)

Latitudinal Groupings:

A= Southern Temperate Region (STR), 34-40° N-S
B= Intermediate Temperate Region (ITR), 40-46° N-S
C= Northern Temperate Region-1 (NTR-1), 46-52° N-S

Northern Temperate Region (NTR-2), 46-52° N
D= Holland
E= Switzerland
F= Germany
G= Poland
H=Canada

FIGURE 43

BAR GRAPH OF PLANT BREAKAGE RATINGS
FOR THE LATITUDINAL SERIES OF INBRED LINES

(see FIGURE 21)
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FIGURE 44

BAR GRAPH OF THE TUNNELING/HEIGHT RATIOS
FOR THE LATTTUDINAL SERIES OF INBRED LINES

(see FIGURE 22)

Latitudinal Groupings:

A= Southern Temperate Region (STR), 34-40° N-S
B= Intermediate Temperate Region (ITR), 40-46° N-S
C= Northern Temperate Region-1 (NTR-1), 46-52° N-S

Northern Temperate Region (NTR-2), 46-52° N
D= Holland
E= Switzerland
. F= Germany
G= Poland
H= Canada

FIGURE 45

BAR GRAPH OF STALK ROT RATINGS FOR THE
LATITUDINAL SERIES OF INBRED LINES

(see FIGURE 23)




LATITUDINAL GROUP

1

N

I 1 I I E _ I i 1

G

D e F

c
LATITUDINAL GROUP

o

@ ~ w N 9T M N - O

N 1Y Ok

106



product moment correlation was used to see if these altitude rankings covaried with
any of the phytochemicél and resisténce data on the landraces. Correlations were
found with the following variables: DIMBOA concentration in the etiolated seedlings
(r=-0.601); laboratory leaf feeding rating (r= 0.464); field leaf damage rating (r=0.230);
plant breakage (r= 0.525); and, tun.neling/height ratio (r=0.377).

Taking a;ltitude to be the independent variable, regression plots were made for
each correlating variable. The correl\ation with DIMBOA concentration was highly
significant, p=0.0001 (FIGURE 46). The negative slope of the line indicates that DIM-
BOA concentration decreases with increasing altitude. The correlation with
laboratory leaf feeding rating (FIGURE 47) was not as significant as that for DIMBOA
concentrations; but, as éxpected, increasing altitude led to increased consumption of
the whorl leaves and therefore less resistance. The correlation to field leaf damage
ratings (FIGURE 48) was less significant although a positive correlation like that of
the laboratory rating was obtained. A strong correlation was found for plant breakage
ratings and altitude (FIGURE 49). With increasing altitude more of the plants were
susceptible to stalk breakage. This is also reflected in the correlation with the tunnel-
ing/height ratio (FIGURE 50) where susceptibility again increased with altitude. To
sumnarize, with increasing altitude DIMBOA concentrations decreased and suscep-

tibility to borer damage by both leaf feeding and tunneling increased.

3.4 RESISTANCE OF MAIZE AS RELATED TO THE TAXONOMY OF
MAIZE GERMPLASM '

"

To examine the relationship between resistance of maize to the Furopean corn
borer and the taxonomy of maize, phytochemical and resistance data were subjected
to various numerical taxonomic analyses tegee how they fit into the existing classifica-

tion of maize landraces by Wellhausen et al (1952).
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FIGURE 46

GRAPH OF LANDRACE ALTITUDE GROUPINGS
AND DIMBOA CONCENTRATIONS

(see FIGURE 15)

~

Altitude Groupings:

1= 100 meters 10= 1000-1500 meters
2=0-500 meters ~ 11=1100-1500 meters
-600 meters 12=1000-1700 meters
-§= 100-600 meters 13= 1200-1800 meters
= 300-700 meters 14= 1600-2000 meters
6= 600-1000 meters 15=1600-2100 meters
7= 1000 meters 16= 1800-2300 meters
8= 0-1500 meters 17= 2000-2400 meters
9= 300-1500 meters 18= 2200-2800 meters
/

FIGURE 47

GRAPH OF LANDRACE ALTITUDE GROUPINGS
AND LABORATORY LEAF FEEDING RATINGS

(see FIGURE 16)
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e e

k FIGURE 48

GRAPH OF LANDRACE ALTITUDE GROUPINGS
AND FIELD LEAF DAMAGE RATING

(see FIGURE 18)

-

Altitude Groupings:
1= 100 meters 10= 1000-1500 meters
2=0-500 meters 11=1100-1500 meters
3= 0-600 meters 12=1000-1700 meters
4= 100-600 meters 13= 1200-1800 meters
5= 300-700 meters 14= 1600-2000 meters
6= 600-1000 meters 15= 1600-2100 meters
7= 1000 meters 16= 1800-2300 meters
8= 0-1500 meters 17=2000-2400 meters
9= 900-1500 meters 18=2200-2800 meters
FIGURE 49

GRAPH OF LANDRACE ALTITUDE GROUPINGS
N’D PLANT BREAKAGE RATINGS

4 (see FIGURE 21)
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FIGURE 50

GRAPH OF LANDRACE ALTITUDE GROUPINGS
AND THE TUNNELING/HEIGHT RATIO

(see FIGURE 22)
Altitude Groupings:

\,  1=100 meters 10= 1000-1500 meters
2= (0-500 meters . 11=1100-1500 meters
3= 0-600 meters 12= 1000-1700 meters
4=100-600 meters 13=1200-1800 meters
5= 300-700 meters 14=1600-2Q00 meters

6= 600-1000 meters 15= 1600-2100 meters
7= 1000 meters 16= 1800-2300 meters
8= 0-1500 meters 17=2000-2400 meters

9=900-1500 meters 18=2200-2800 meters
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3.4.1 STEPWISE DISCRIMINANT ANALYSIS

Of all the variables only one was selected as important in the forward selection,
- the tunneling/heighf ratio. In backward elimination the variables smut rating, plant
breakage, and stalk rot were removed since they had the lowest sequential F values.
Unlike the forward selection, backward elimination selected field leaf damage, DIM-
BOA concentration, and plant height in addition to the tunneling/height ratio as those
variables that give the best separation of Wellhausen’s groupé..

3.4.2 CLASSIFICATORY DISCRIMINANT ANALYSIS

This analysis was used to see which landraces would be classified into their
"proper’ Wellhausen group based upon their resistance characteristics. Two glodels

were used: a linear model and a quadratic model.

3.4.2.1 Linear Model

The linear discriminant functions were generated from the pooled covariance
matrix. Analysis was first carried out using only the four variables selected by the
backward elimination stép\yise discriminant analysis. Only 50% of the landracss were
reclassified into Wellhausen’s groups. The remaining 50% of misclassified races were
classified into different groups then those that they were originally placed in by
Wellhausen et al.

Due to this low level of reclassification, the analysis was repeated using all of
the variables in the data set. Some improvement was found since there was a 60.4%
reclassification. Moreover, the test of equality of the covariances revealed that they
were unequal. This indicates that the data is more suited to classificatory analysis
using the quadratic discrimant functions rather than the linear functions.
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3.4.2.2 Quadratic Model

This model, unlike the linear model, assumes that the covariances are not equal.’ "
The quadratic discriminant functions are computed from the individual covariance

matrices.

By using only the variables selected by the backward elimination an even lower
percent reclassification (44%) then the linear model was found. But, when all the vari-
ables in the data set were used a 78.6% reclassification was found. Of a total of nine
landraces originally classed by Wellhausen et al into group A, eight (77.7%) were again
classified into group A based upon analysis of the resistance data (TABLE 16). Fifty
percenf of the landraces first classified into group B were again classified into this
group. Of a total of sixteen group C landraces, thirteen or 81.2% were again classified
into C. Ten (90.9%).of the eleven group E landraces were grouped into E once raore.
By adding together the to’tal number of races that were reclassified into their original
groups and dividing by the total number of landraces examined, the percent reclas-
sification was calculated as 78.6% (33/42). This leaves a total of 21.4% or 9 landraces
that were misclassified, i.e. the same races that were initially identified as A, C, or E
were assigned to other groups based onfthe analysis of the resistance data. TABLE
17 summarizes these landraces, the groups they were reclassified into, and the prob-

ability of that reclassification.

 3.4.3 CLASSIFICATION OF THE ARGENTINE LANDRACES,
LATITUDINAL SERIES OF INBRED LINES, AND CIMMYT
MAIZE POOLS

Now that it has beeh shown that Wellhausen’s groups are justified with respect
to resistance to the European corn borer, the next step was to classify the remaining
races and lines used in this study into Wellhausen’s groups. TABLE 18 summarizes

the classification of the Argentine landraces, the latitudinal series of inbred lines, and
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TABLE 16

SUMMARY OF CLASSIFICATORY DISCRIMINANT ANALYSIS

USING THE QUADRATIC MODEL

WELLHAUSEN'S

NUMBER OF OBSERVATIONS AND PERCENTS
CLASSIFIED INTO WELLHAUSEN'S GROUPS

GROUP A B C E Total
A 7 0 0 2 9
77.7 0.0 0.0 22.2 100.0
B 0 3 0 3 6
0.0 50.0 0.0 50.0 100.0
C 1 0 13 2 16
6.2 0.0 81.2 12.5 100.0
E 0 0 1 10 11
‘ 0.0 0.0 9.1 90.9 100.0
Total 8 3 14 17 42
Percent 19.1 7.1 33.3 40.5 100.0
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SUMMARY OF MISCLASSIFIED LANDRACES

TABLE 17

LANDRACE CLASSIFICATION PROBABILITY OF MEMBERSHIP IN
RECLASSIFIED GROUPING
WELL.Y RESIST. -
A B C E
Mexico-55, Palomero A E 0.302 0.000 0.257 0.440
Puebla-463, Arrocillo A E 0.303 0.000 0.276 0.421
Mexico-182, Conico C A 0.546 0.211 0.244 0.000
Guanajuato-93a(red),
Maize Dulce B E 0.364 0.034 0.158 0.444
Chiapas-237, Olotillo C E 0.009 0.005 0.422 0.564
Chiapas-124, Oloton B E 0.018 0.000 0.084 0.899
Nayarit-24, B E 0.027 0.000 0.029 0.944
Harinoso de Ocho
Chiapas-236, Zapalote C ‘B 0.004 0.000 0.290 0.710
Grande
Soneora-139, Onaveno E C 0.038 0.024 0.514 0.424

a= classification according to Wellhausen et al (1952)

b= classification according to the analysis of the resistance data
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TABLE 18

CLASSIFICATION OF ARGENTINE LANDRACES,
LATITUDINAL SERIES OF INBRED LINES, AND CIMMYT
MAIZE POOLS INTO WELLHAUSEN'S.GROUPINGS BASED

ON RESISTANCE DATA
LINES/RACES CLASSIFICATION PROBABILITY
ARGENTINE LANDRACES
Cateto C
2026, 2030, 2032 and 2025 A 100.0
2027 B 67.2
Cateto B ‘
2044, 2045, 2047 and 2051 A 100.0
2048 BE 81.3
LATITUDINAL SERIES
STR ‘
3794, 3802, 3805, 3815 and 3823 A 100.0
3790 E 99.7
ITR
3853, 3857, 3872 and 3878 A 100.0
3862, 3865, 3877 E 100.0
NTR-1
all lines A 100.0
NTR-2
" Holland
4018 A 91.6
4019, 4022 A 100.0
4020 E 96.4
4021 C 94.3
Switzerland
4034, 4035 A 100.0
4036 C 100.0
Germany
all lines A 100.0
Poland .
4064, 4065 A 100.0
4066 A 96.8
Canada
4071 A 100.0
4072 A 88.4
4077 E 100.0
4081 A 88.6
CIVMIMYT MAIZE POOLS
Pool 27 A 8%.8
Pool 28 A 99,7
Pool 30 A 100.0
Pool 27 X 28 A 78.4
Pool 27X 30 C 95.2
Pool 28 X 30 A 100.0
\v‘
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the CIMMYT moaize pools. Of all the lines and races, 84.6% were classified into group
A; 0% in group B; 7.7% in group C; and the remaining 7.7% in group E.

3.4.4 SUMMARY STATISTICS

Statistics showing the range of variation of each character for each Wellhausen
group are summarized in box plots (FIGURE 51). Group C had the largest mean con-
centrations of DIMBOA in the etiolated one-week-old seedlings, followed by groups E,
B, D, and A. For laboratory leaf feeding ratings group C was the most resistant fol-
lowed by groups B, D, and A (no data was available for group E). Almost all groups
had equal mean field leaf damage ratings ranging only from 4.0 to 5.0, and were there-
fore all intermediate in resistance. Plant height varied between groups with group C
being the tallest followed by groups D, B, E, and A. Smut ratings were low (below
0.200) and almost equal for all groups; although, group D had the smallest range of
ratings of all five groups. Group A was the most susceptible to plant breakage due to
borer tunneling followed by groups B, E, C, and D in order of increasing resistance.
Subsequently, group A was also the most susceptible to borer tunneling having the
largest tunneling/height ratio of all the groups, followed by groups D, B, E, and the
most resistant group, C. Group A was the most susceptible to the spread of stalk rot

infection followed by groups E, B, D, and C in order of increasing resistance.

To furtherillustrate the differences between the groups, variability profiles were
plotted from the coefficients of variation (FIGURE 52). The characters smut rating
and DIMBOA concentration are the most notably different hetween the five groups.
This is especially true for the DIMBOA character and group B, which has the lowest
coefficient of variation of the all the groups. Ofall five groups no two variability profiles
are close to each other with respect to all characters.

o
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FIGURE 51
SUMMARY STATISTICS OF WELLHAUSEN'S GROUPS

Statistics on the phytochemical and resistance data obtained for
the five Wellhausen groups is summarized is box plots. The groupings
include: A, Ancient Indigenous Races; B, Pre-Columbian Exotic Races;
C, Prehistoric Mestizos; D, Modern Incipient Races; and E, "Poorly
Defined Races”. Symbols for each box: +, median; notch, mean; top of
box, 75th percentile; bottom, 25th percentile; whiskers (stemming up
and down of each box) extend to maximum of 1.5 of the range between
the 25th and 75th sample percentiles; dots represent data that go
beyond the former and represent the tail end of the distribution. See
FIGURES 15 to 23 for variable descriptions.
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FIGURE 52 7

VARIABILITY PROFILES OF THE FIVE WELLHAUSEN
GROUPS -

Profiles are based on the eight phytochemical and resistance
characters measured (horizontal axis), and their coefficients of
variation expressed in percent (vertical axis).
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3.4.5 CANONICAL DISCRIMINANT ANALYSIS

Cagnonical discriminant analysis was carried out to investig'eme the relationships
between the five Welli.ausen groups formed from the phytochemical and resistance
data. Mahalanobis distances were computed between the means of each group
(TABLE 19). Larger values indicate a greater distance between the groups. Groups
D and E are the furthest apart followed by groups C and D, Aand C, C and E, B and
C,Aand D, Aand B, B and D, B and E, and A and E. Therefore, groups Aand K are
closer to each other than to any other group on the basis of Mahalanobis distances.

A three dimensional ordination graph was plotted to visua}ize the relationships
between the groups (FIGURE 53). Because this ordination is caf'ried out on the pooled
cbvaxd'iance matrix it is therefore somewhat distorted as the group covariances are un-
equal. The mean of each group is plotted in FIGURE 54. From both plots it can be
seen that group A (flags) is fairly broad and also high on axis-3. Group B (circles) is
characterized by short needles and is therefore much lower in the three dimensional
stratum than g'roép A. Group C (diamonds) is at the oppbsite end of the plot to group
A and is also high on axis-3. The mean of group D (hexagons) is the highest of all
groups on asis-3; although, this is the group consisting of only a few individuals. Final-
ly, group E (squares) somewhat bridges the overlap between groups A and C.

The total canonical structure obtained determines the relative magnitude of
contribution of the variables to the three axis on the ordination plot (TABLE 20). Those
variables with the highest values for each axis have the greatest' mmfluence on that par-
ticular axis. For axis-1 the tunneling/height ratio is the strongest character and has
the greatest influence on this axis followed by plant height, DIMBOA concentration,
stalk rot, plaI;'t) breakage, smut rating, and the weakest charactief, field leaf rating.
For axis-2 stalk rot contributes the most followed by field leaf rating,smut rating,
plant height, DIMBOA concentration, plant breakage, and the tunne]ir}g/height ratio.
Fi}l&lly, for axis-3 the strongest &nd most influencing character is the s'aEr}e as that for

}
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THE ANALYSIS OF THE RESISTANCE DATA

TABLE 19

GROUPS FORMED FROM

MAHALANOBIS DISTANCES BETWEEN THE MEANS OF THE

A B C D E
— 1.519 1.941 (1536 1.278
1.647 1.371 1.358
2.105 1.687
2.210

¥ /

» <

yr
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FIGURE 53

THREE-DIMENSIONAL ORDINATION PLOT OF
WELLHAUSEN'S GROUPINGS FORMED FROM THE
ANALYSIS OF THE PHYTOCHEMICAL AND RESISTANCE
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FIGURE 54

THREE-DIMENSIONAL ORDINATION PLOT OF THE MEANS
OF WELLHAUSEN'S GROUPINGS FORMED FROM THE
ANALYSIS OF THE PHYTOCHEMICAL AND
RESISTANCE DATA
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- TABLE 20
TOTAL CANONICAL STRUCTURE
VARIABLE AXIS-1 AXTIS-2 AXTS-3
field leaf
damage rating 0.056 -0.447 -0.206
plant
breakage -0.237 0.126 -0.124
o o
S—

stalk rot 0.444 0.458 -0.125
plant height -0.562 -0.231 ',0‘032
smut rating 0.120 0.392 4.399
tunneling/
height ratio 0.664 -0.019 0.532
DIMBOA
concentration -0.557 0.191

0.201
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axis-1, the tunneling/height ratio, followed by smut rating, field leaf damage rating,
DIMBOA concentration, stalk rot, plant breakage, and plant height.
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CHAPTER IV

DISCUSSION

4.1 PHYTOCHEMICAL STUDIES - HYDROXAMIC ACIDS

4.1.1 ADVANTAGES OF EXTRACTION METHOD

The DIMBOA extraction procedur;( used in this study was found to be rapid,
sensifive enough to detect microgram quantities and to distinguish between the
varipus hydroxamates, and suitable for screening a number of germplasm types at
once. Tne most useful feature of t_his method is that seedlings can be used. This not
only reduces the time required for growth of the plants but allows for easier extrac-
tion with less tissue to handle. The use of etiolated tissue avoids the presence of
chlorophyll and therefore the steps necessary to remove it before hydroxamates can
be assayed and also produces plants of nearly uniform size despite the diversity of
germplasm used in %he study. Long et 21 (1977) have demonstrated that DIMBOA
levels in seedlings are significantly correlated to that of mature plants. Therefore
measurements of seedling DiLJBOA concentrations can be expected to give a

reasonable estimate of the relative hydroxamate concentration in the more mature tis-
Pl

J
<

4.1.2 DIFFERENCES BEFWEEN GERMPLASM GROUPS l

sues where insect attack occurs.

. "The wide difference between the Mexican landraces and today’s modern cul-
tivars of maize has led some researclr{ers to queétion how clesely related these two
germplasm types are (Wilkes, '1982; Wellhdusen et al, ‘1\952;"Randolf, 1976). It was
found in this study that all of theugermp‘lasm contained three major ilydroxamates:
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HMBOA, DIMBOA, and MBOA, The only difference that existed among the inbred

lines and the landraces was inktf/lé concentrations of the compounds. The range of co \
(o

" maize (Gutierrez et al, 1982; Argandona and Corcuera, 1985; SﬁJ]ivan et al, 1974;
Rojanaridpiched et al, 1984). These findings indicate that, at least with regards to

centrations are comparable to those found by other researchers in various lines o

hydroxamic acids, the Iaﬁdraces and the modern inbreds share a similar genetic back-
ground since no new or different compounds were found. This situation reflects the
g?;erally .held view that the landraces and the modern cultivars all belong to one
species, Zea mays, with significant gene flow between distinct populations. However,
in different species of the Gramineae, such as wheat and rye, there are low levels of
DIMBOA and high levels of the additional hydroxamate 2,4-dihydroxy-1,4- ben-
zoxazin-3-one (DIBOA), which is rarely found in maize (Argandona, 1980, 1981).

The findings of this study indicate that there exists significant differences in
the total DIMBOA concentrations among the germplasm t&pes. Most significant was
that the Mexican landraces had the lowest concentrations of all the groups studied.
This is the same result that Scriber et al (1975) found when @orking with tropical
lines. Sullivan et al.(1974) also found lower levelsn in exotic maize lines as compared

to the higher levels in modern cultivars.

Unlike their Mexican counterparts, the Argentine landraces had very high DIM-

.BOA concentrations. If these races are indeed derived from the Mexican ones (Good-
man and Mcl;, Bfird, 1977), then they may be further removed than first thought.
Perhaps they have undérgone more selection for resistance and are much younger than

the Mexican races. “
1

- Thelatitudinal series of irfi)\i%il lines had DIMBOA levels higher and more vari-
able than those of the Me:cican landraces. These hikher levels may be the uninten-
tional result of repeated selection for resistance to sew}eral pests carried out both at
CIMMYT and the countries or latitudes of origin of each germplasm group. Many of

today's resistant cultivars may well have been created by such a mechanism since 11.1"}gh
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levels of DIMBOA are found in: the first-brood borer resistant control lines A619, OH43,

_and B73 and in the Canadian synthetic lines A, B,and C. An exceptioh is the low level
of DIMBOA in the multi-borer resistant line which has been bred for resistance against
three species of tropical stem borers. The low levels lmay be éxplained as a result of
selection for resistance to stalk boring insects rather than to leaf-feeding ones, since
DIMBOA has been é.hown to confer resistance only to leaf feeding.

The CIMMYT maiZe pools, all intended for sub-tropical to temperate areas, had
relatively high levels of PIMBOA. Again, these lines have alréady undergone a great
deal of selection especially for resistance to leaf diseases. The crosses, which were car-

_ried out at CIMMYT, between thése pools yielded progeny with even higher levels of
DIMBOA. This result suggests that the inheritance of DIMBOA is primarily additive.

Inheritance of DIMBOA was further examined in the hybridization studies. The
resultsindicate that inheritance is partially dominant since crosses between lines with
high rimd low levels result in progeny with intermediate levels. These resw.ﬂiis are the
same as that of Long et al (1977) who suggested that resistance is inherited multigeni-

‘cally Many more crosses including re@g:‘ocal, backcross, and others will be required
to further elucidate thenode of inheritance.

4.2 RESISTANCE STUDIES

4.2.1 LABORATORY LEAF FEEDING TESTS

The method used,} consisting of a newly developed system using petri plates,
was found to be quite satisfactory and gave results that sho ignificant differen-
ces among the germplasm types. There were three major advantages of this method:
one, it tests the actugl site of insect aftack without exposing the insect to excised or
dessicated tissue; two, field trials and seasonal restraints are aveided; and three, it

permits a number of lines to be screened at one time.

127 -



The Mexican landraces were shown to be the most susceptible to leaf feeding as
expected from their low content of DIMBOA. Unexpectedly, the multi-borer resistant
line also with low DIMBOA levels was not consumed. This line is an example of non-
conventional resistance. No lines or races with high DIMBOA levels were susceptible
to leaf feeding, yet the multi-borer resistant line and a few of the inbre'd. lines have low
DIMBOA yet high resistance. This result inciicates that factors other than
hydroxamic acids play a role in j:_he resistance of these lines. Perhaps these factors
are of a morphological nature or perhaps other phytochemicals such as phenolics may
be involved. Analysis of silica and lignin contents of these lines may prove useful
(Rojanaridpiched et al, 1984). The other gerﬁplasm groups, all with high.er DIMBOA

levels, were much less consumed and thereforé more resistant as expected.

4.2.2 FIELD STUDIES

Field studies carried out over two seasons revealed differences aﬁong the
germplasm in their resistance to European corn borer infestations, stalk rot infection,

and high d_en?sity planting.

4:2.2.1 SUCCESS OF THE ARTIFICIAL INFESTATION OF EUROPEAN
CO]RN BORERS o

The six uninfested maize plants at the front (East) of each row in the field weré
all rated highly registant, i.e. largely undaxﬁaged, to leaf feeding, plant breakage, and
borer tunneling.\%\i.\r\t{icates that there was little natural borer infgstation. This
could also suggest that the lines that rated highly resistant after an artificial infesta- ¢
tion may have done so because the artificial infestation was not successful. Evidencef/.
that such was not the case is provided by the consistent results with infested ptants
over two field seasons and the fact that borers were found to inflict heavy harvest
damage on the plants. This means that lines rated resistant to borer damage/feeding

were indeed resistant and tHat artificial infestation was successful.
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4.2.2,2 INDIGENOUS LANDRACES OF MEXICO - IMPLICATIONS OF
THEIR DIFFERENT MORPHOLOGY '

The Mexican laﬁdracés grew the tallest of all the germplasm. Under t}ie long

photoperiod of an Ottawa summer their flowering was probably reducednfr/ith con- -

comitant increased vegetative growth. A different response to a different climate is
nbt uﬁusual (Hudon and Chiang, 1985; Hartman et al, 1981) and was even somewhat
expected (Bockholt, 1979). Nevertheless, it is necessary to evaluate all germplasm in-
~ tended for a Canadian breeding program under Cénadian conditions. Tall plants are
not niecessarily a desirable characteristic with regard to European corn borer resis:
tance since it has been shown that the adult moths prefer taller plants for oviposition
(Patch, 1946; Andrew and Carlson, 1376).

-

Leaf counts were vsed to examine the relative vegetative growth of the different
lines and races. Wide variations in leaf number and number of tillers was found be-
tween the Mexican landraces and the inbred lines. There are no studies indicating

any correlation of the number of leaves and resistance to insect feeding, although it

can be expected that the number of leaves could play a role in the shape of plants and .

host-selection by the insects (Feeny, 1976). The large amount of vegetative growth in

* the landraces is not beneficial since it often results in a decrease in grain production.
. i)

The resistance of the Mexican landraces to plant breakage, borer tunneling, and
stalk rot may be related to their thick, solid stalks, often as much as four times t‘:hick-
er than stalks of the average inbred line. A thick stalk has been found to be a source
of resistance in wheat to the wheat stem fly, Cephus cinctus, where stem solidness
. results in damaged, desiccated eggs and impaired larval movements and also in sugar-

cane where the hardness of rind and fiber content of stalks increases resistance to

Diatrea saccharalis larval boring (Norris and Kogan, 1980). The thicker stalks and ,

numerous leaves of the Mexican races were densely pubescent by harvest. It has been

shpwﬁ that the preéence of plant hairs interferes with insect oviposition, attachment
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to the plant, feeding, and ingestion (Norris and Kogan, 1980). Mutant lines of soybeans
differing only in pubescence have been shown to have leafhopper, Empoasca fabae, in-
festations directly related to hair density (Singh et al, 1971). J

4.2.2.3 HIGH DENSITY STRESS AND RESISTAN CE

Competition for resources, especially light, was severe among plants stressed
— 'by high density planting as shown by their widely varying heights. Seeds"slow to ger-'
-minate failed to reach maturity it most cases. Overcrowding often resulted in lodg-
ing pafticularily if there was a strong wind or rain. Shorter plants that can withstand
high density planting yet still give high yields are one of the aims of the CIMMYT

maize program.

The Mexican landraces were the most uniform in height whether stressed.or
not by high density planting. The greatest deg'rhee of variation in stressed plant heights
was found with the 'mbrgd lines. This suggests that the inbred lines are not as tolerant
of overcrowding since the natural height variability of the unstressed plants was quite
low for the majority of the inbred lines. This result would indicate that between these
lines and the Mexican races there is a difference in their response to high density plant-
ing with the landraces being able to tolerate it better. Many more studies carried out

at differing densities need to be performed before any definitive conclusions can be

made in this regard.

A high incidence of smut infection (up to 30%) was found in the stressed plants.

There are two possible reasons for this: one, very few of the germplasm types have
been selected for resistance to this pathogen; and two, high density stressed plants are
particularily susceptiblg to fungal infection. The latter seems most probable since
nearly all of the unstressed plants were uninfected. This clearly indicates the disad-
vantage of stressful environments especially high density planting. However, removal

of this stress is not always possible due to the need to maximize yields, so another al-
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. ternat:we is to develop lines of maize either resistant to the ﬁ.mgus or to increase res;s-
tance by having lines better able to tolerate high density stress. S1m11ar11y, with re31s-
tance to stalk rot infection all unstressed plants were rated as resistant to stalk rot.
This result indicates that the level of fungal inoculum in the field was low and those
plants rated resistant after artlﬁcial infection were indeed resis\,tant'. It would be use-
ful to'repeat this study but to remove the other two stresses to see what the effect of
borer infestation and hlgh density planting have on a plants resistance. In the long
run, for a successful crop, the plants must be able to withstand all three stresses

4.3 THE MAJOR GERMRLASM GROUPS AND THEIR POTENTIAL FOR
USE IN GANADIAN MAIZE BREEDING PROGRAMS AIMED AT
RESISTANCE TO THE EUROPEAN CORN BEORER

!’

One of the lﬁost important factors determining the pgtential use of the
germplasm in a Canadian breeding program is the maturity or dags to silking. Lines
that take more than 96 days to silk are considered too late under Quebec growing con-
ditions (Hudon and Chiang, 1983). All of the germplasmistudied, with the exception
of most of the Mexican landraces, had silked by 95 days and thus can be integrated
into a Canadian bfeeding program.. Soree, such as the Argentine'landraces and syn-
thetic lines which silked by 85 days may have even more potential since it has been
shown that European corn borer meths lay more eggs on later meturing lines (Andrew
and Carlson, 1976). Later maturing lines have a higher proportion of plants at the
preferred whorl stage at the time eggs are laid. |

FIGURES 55 to 61 are suite of character graphs summarizing the phytochemi-
cal and resistance data obtained for eagh major germplasm group in this study. The
latitudinal series of inbred lines (FIGURE 55) had intermediate to high levels of DIM-
BOA; was resistant to borer leaf feeding and smut infection; but, was susceptible to -
borer tunneling and stalk rot. This result indicates that these inbreds are potential-

L
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FIGURE 55

THE MEAN PHYTOCHEMICAL AND MEAN RESISTANCE
CHARACTERISTICS OF THE LATITUDINAL SERIES OF
INBRED LINES ’

\

DM-= relative concentration of DIMBOA in one-week-old etiolated
maize seedlings; 1= low, 2= intermediate, 3= high

HT= relative plant height; 1= short, 2= average, 3=tall
LF= relative laboratory leaf-feeding rating;

l=resistant, 2= intermediate resistance, 3=susceptible
FL= relative field leaf damage rating;

1=resistant, 2= intermediate resistance, 3=s usceptible
SM-= relative smut rating;

1=resistant, 2= intermediate resistance,3= suscept1b1e
BR= relative plant breakage rating;

1=resistant, 2= intermediate resistance, 3=susceptible
TU= relative tunneling/height ratio;

l=resistant, 2= intermediate resistance, 3=susceptible
SR=relative stalk rot rating;

1=resistant, 2= intermediate resistance, 3=susceptible

&=

' FIGURE 56

THE MEAN PHYTOCHEMICAL AND MEAN RESISTAN CE
CI—'IARACTERISTICS OF THE INDIGENOUS LANDRACES OF
MEXICO
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ly good sources of first-brood resistance and, combined with their early silking dates,
are good candidates for further study and integration into Canadian germplasm.

-~

~ The indigenous landraces of Mexico (i“IGURE 56) with low concentrations of
DIMBOA and susceptibility to leaf-feeding borers do not have much potential in a
breeding program for leaf-feeding resistance. But, this does not mean that they should
be discarded espécialiy since they are highly resistant to borer tunneling and stalk rot.
It is important to note that FIGURES 55 and 56, the inbred lines and the Mexican
races, are mirror images of eépb. ot:.her. This indicates that-two different selectipn pres-
sures were acting on these two germplasm groups. The inbred lines were selécted for
leaf-feeding resistance while the races ere selected for borer tunneling resistance.
Unfortimately, failure to silk of the Mexican landraces puts a severe limitation on their
potential use in a Canadian breeding program. These races were also most suscep-
tible to smut. This is not surprising since these races are growing in a completely dif-
ferent climate than what they have been adapted to or bred for. They may not have
developed any form of resistance to Northern strains of smut. Aline with a too high
incidence of smut is not worth the time and effort for a Canadian breeder to work with
(Dr. R. Hamilton, Agric;.ilture Canada, Personal communication). Their use will be
limited until a great deal of breeding is carried out unless the gene-s that condition
their borer tunneling resistance can be located and utilized. Such a prospect is limited

until further advances in genetic engineering are made.

The Argentine landraces had some of the highest levels of DIMBOA (FIGURE
57). They were resistant to leaf-feeding, intermediate in resistance to borer tunnel-
ing, but susceptible to stalk rot. Since they were average in height and had early silk-
ing dates they show promise of being godd germplasm for a Canadian breeding
program. Their only drawback is that being more of an "exotic” variety the integra-

tion of their germplasm into commercial lines may take some time.

The Canadian synthetic lines A, B, and C (FIGURE 58) have previously been

bred for resistance to the European corn borer. This was evidenced in their inter-
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FIGURE 57

THE MEAN PHYTOCHEMICAL AND MEAN RESISTANCE
_ CHARACTERISTICS OF THE ARGENTINE LANDRACES

1

DM= relative concentration of DIMBOA in one-week-old etiolated
. maize seedlings; 1= low, 2= intermediate, 3= high
HT= rélative plant height; 1= short, 2= average, 3= tall .
" LF=. relanve laboratory leaf-feeding rating; R
'1=résistant, 2= intermediate resistance, 3=susceptible
FL= relative field leaf damage rating;
1=resistant, 2= intermediate resistance, 3= susceptible
SM-= relative smut rating;
1=resistant, 2= intermediate resistance 3-suscept1b1e
BR-= relative plant breakage rating;
‘ l=resistant, 2= intermediate resistance, 3=susceptible
TU= relative tunneling/height ratio;
\ l=resistant, 2= intermediate resistance, 3=susceptible
SR= relative stalk rot rating;
]=resistant, 2=.intermediate resistance, 3=susceptible

-
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FIGURE 58 R |

o A
THE MEAN PHYTOCHEMICAL AND MEAN RESISTAN CE
CHARACTERISTICS OF THE CANADIAN SYNTHETIC LINES
A, B, AND C
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mec|1iate to high resistance to both leaf feeding and tunneling borers. Coupled with
their early silking dates, average heights, and intermediate to high DIMBOA levels,
further studies and integration of these lines should be encouraged, especially with
respect to improving their stalk rot resistance. An important point to emphasize with
these lines is that their increased borer tunneling resistance may be a result of their
high leaf-feeding resistance. This means that control of the borer by eliminating the
first-brood leaf feeders may be quite feasible.

As expected the resistant control lines A619, OE{43, and B73 were all resistant
to the first-brood borers (FIGURE 59) and agrees with results obtained by Guthrie et
-al (1985). This was also reflected in their high levels of DIMBOA. Resistance of these
Hﬁes to borer tunnelingand stalk rot needs to be improved as evidenced by their in-
termediate to suséeptible ratings. o B,

The CIMMYT maize pools and the multi-borer resistant line (FIGURES 60 and
61) have both proven to be good sources of first-broed resistance along with inter-
mediate resistance to stalk rot. Both are also early matﬁring and resistant to corn
smut. Use of these germplasm in Canadian breeding programs should be epcouraged.
In addition, further studies on the multi-borer resistant line should be carried out to
discern what other factors condition its first-brood resistance since DIMBOA levels are
extremely low. Once elucidated, breeding programs to incorporate these resistance

factors into more commercially desirable varieties of maize should be implemented.

4.4 CORRELATIONS AMONG PHYTOCHEMICAL AND RESISTANCE
VARIABLES

The use of eticlated seedling DIMBOA concentrations to predict resistance to
leaf-feeding was validated by the highly significant negative correlations of DIMBOA
levels with both laboratory and field leaf-feeding ratings. Seedling extractions avoid

2

- difficult, time consuming extractions of whorl tissue, although it does not eliminate
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FIGURE 59

THE N[EANPHYTOCHEMICAL AND MEAN RESISTAN CE
CHARACTERISTICS OF THE RESISTANT CONTROL LINES
A619, OH43, AND B73

DM= relative concentration of DIMBOA in one-week-old etiolated
maize seedlings; 1= low, 2= intermediate, 3= high

HT= relative plant height; 1= shori, 2= average, 3= tall
LF= relative laboratory leaf-feeding rating;

1=resistant, 2= intermediate resistance, 3=susceptible
FL= relative field leaf damage rating;

l=resistant, 2= intermediate resistance, 3=susceptible
SM= relative smut rating;

1=resistant, 2= intermediate resistance,3=susceptible
BR= relative plant breakage rating;

1=resistant, 2= intermediate resistance, 3=susceptible
TU= relative tunneling/height ratio; '

1=resistant, 2= intermediate resistance, 3=susceptible
SR= relative stalk rot rating;

1=resistant, 2= intermediate resistance, 3=susceptible

FIGURE 60

THE MEAN PHYTOCHEMICAL AND MEAN RESISTANCE
CHARACTERISTICS OF THE CIMMYT MAIZE POOLS

f
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FIGURE 61

THE MEAN PHYTOCHEMICAL AND MEAN RESISTANCE
CHARACTERISTICS OF THE MULTI-BORER RESISTANT
' LINE

DM= relative concentration of DIMBOA in one-week-old etiolated
maize seedlings; 1= low, 2= intermediate, 3= high
HT= relative plant height; 1= short, 2= average, 3= tall
LF=relative laboratory leaf-feeding rating; .
1=resistant, 2= intermediate resistance, 3=susceptible
FL= relative field leaf damage rating;
1=resistant, 2= intermediate resistance, 3J=susceptible
SM-= relative smut rating;
1=resistant, 2= intermediate resistance,3=susceptible
BR= relative plant breakage rating;
1=resistant, 2= intermediate resistance, 3=susceptible
TU= relative tunneling/height ratio; '
1=resistant, 2= intermediate resistance, 3=susceptible
SR= relative stalk rot rating; .
1=resistant, 2= intermediate resistance, 3=susceptible
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the need to perform resistance tests as evidenced by the unexpected results with the
multi-borer resistant line. The p‘osiﬁve correlation of laboratory and field leaf-feeding '
ratings indicates that evaluation of resistance need not be in the field. This means
that seedling DIMBOA concentrations along with laboratory leaf-feeding tests will
give reliable predictions of the performance of a giveh maize line in the field with |
regards to first-brood leaf feeding resistance. One important point to emphasize is
that the Mexican landraces had a larger negative correlatinu.and slope for DIMBOA
concentration and leaf-feeding correlations than the inbred lines. This result indicates
that DIMBOA plays a larger role than other possible resistance factors for these races.
The significance of these results is that the DIMBOA/]leaf-feeding correlation, long ob-

served in North American germplasm, obviously extends to a much broader tropical
\

and subtropical collection.
The negative correlation of DIMBOA concentration with plant height is a result
of dilution since biosynthesis of DIMBOA remains constant with plant age even though
tissue mass increases (Reimann and Byerrum, 1964; Tipton et al, 1973). The dilution
of DIMBOA is greatest in the Mexican races due to their extensive vegetative growth.
This taken together with theifr low initial DIMBOA content may account for their in-
creased susceptibility to leaf-feeding larvae. Positive correlations of both laboratory
leaf-feeding ratings and field leaf damage ratings with plant height may also reflect
DIMBOA dilution. If we had relied on natural infestation the same correlation might.-
have been found but this time it may have been due to the oviposition preference of
borer moths for taller planis. This preference for taller plants may be because the in-
sects instinctively know that the taller plants are more edible because of DIMBOA
dilution or it is just a preference for the morphology and apparency of taller plants.

One would expect that heavy field leaf damage by the borers would result in a
large population of larvae that would tunnel into the stalks and result in greater plant
breakage. However, the negative correlations of field leaf damage with plant breakage
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and the tunneling/height ratio suggests that some other resistance mechanism(s) must

come into play to make the plants resistant to borer tunneling (Klenke.et al, 1986).

A ﬁegative correlation of field le‘af damage with stalk rot resistance was also
obtained. Again one would expect susceptibility to first brood larvae to lead to an in-
creased insect population and subsequently more wounds for pathogens to enter into
the plant. As with borer tunneling the restlts 1nd1cate7¢;hat this is not the case and
suggests that resistance to leaf feeding, borer tunneling, and stalk rot must involve a

number of genes which operate independently.

.

The question of whether or not plant breakage is a result of borer tunneling or
stalk rot was examined by observing the positive correlations fom‘zd among these three
variables. These correlations suggest that plant breakage may be due to both borer
tunneling snd stalk rot, with a major role attributed to borer tunneling because of the
more significant correlation. Plants susceptible to borer tunneling were al_so more sus-
ceptible to the spread of stalk rot infection. This result indicates that the probability
of existance of similar mechanisms of resistance to borer tunneling and stalk rot is
greater than the probability of similar mechanisms between field leaf feeding and borer
tunneling or stalk rot. All of these results emphasize the need to select for resistance
to both insects and pathogens. However, further studies will have to be carried out to
further test the relationship between borer resistance and stalk rot resistance. It has

been shown that with regards to first-brood borer resistance and Northern corn leaf~

blight, selection cannot be made for one and expect to have resistance to the other
(Guthrie et al, 1985). '

3

L4
Plant height was found to be negatively correlated with both plant breakage

and stalk rot such that an increase in height led to a decrease in both plant breakage
and st_all«: rot infection. The décrease in plant breakage is most likely due to the thick-
er, stronger stalks found on the taller plants, especially the Mexican landraces. In-
creased plant height would also result in longer internodes which, combined with

thicker stems, would tend to suggest a morphological resistance to stalk rot infection.
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Again, 1f this is s0, 11: is not necedsarily a desirable mechanism of resistance for a grain

crop plant since too much of the plant’s energy would be put into vegetative growth
rather than grain production.

Compariéon of many of the correlations found to those already rep.orted by other
researchers was not possible dus to the wide range of methods used to evaluate resis-
tance and the different parts of ;e maize plant that were used for DIMBOA analysis.
In addition, many of the corr¢lations have just been assumed to exist and have not
been rgally tested or published as of yet. '

o

4.5 RESISTANCE OF MAIZE AS RELATE(D TQ THE GEOGRAPHIC

ORIGIN OF MAIZE GERMPLASM ~ °
|

The purpose of this part of the study was to take the results obtained with the
two major germplasm groups, the latitudinal series of inbred lines and the almost com-
plete set of the indigenous landraces of Mexico, and to examine the relaﬁionship be-
tween geographical origin of germplasm and resistance to the European corn borer.
Speciél emphasis was made on latitudinal and altitudinal origins. Such studies of
sources of resistance are few (Wellhausen et al, 1952), even though such an approach
is a logical one in the face of the extensive sources of germplasm in the world today.
This study s the first to examine world germplasm resources of maize and has revealed

definite global trends in the resistance of maize to the European corn borer.

The latitudinal series of inbred lines developed by CIMMYT for use in specific
latitudinal ranges wasidealy suited for this study. All of these lines have been selected
and bred for optimal agronomic characters such as yield. The resul_lts of this study in-
dicate that there are definite trends between the Iatzi.tudinal origi; and DIMBOA con-
centrations, plant breakage ratings, tunneling/height ratios, and stalk rot ratings.

None o the latitudinal groups has been selected for either borer resistance or

DIMBOA concentrations. Thus the trend to increased DIMBOA concentrations ob-
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served in the lines from more Southern latitudes is significant and expected. Studiés
on plants other than maize have revealed ecological and geographical patterns in the
toxicity of plant alkaloids, another major group of secondary metabolites. - Levin and
York (1978) have shown that tropical plaJits have higher concentrations of, and more
toxic, alkaloids than temperate plants. These authors hypothesize that this difference
is due to more intense herbivory in the tropics and the superior ability of tropical pests

to develop resistance.

Although latitudinal trends in DIMBOA concentrations were noted, no similar
trends were found for resistance to leaf-feeding borers. This is unexpected since DIM-
BOA levels and leaf feeding resistance have already been shown to be closely corre-
lated in the present study. Part of the reason for the lack of correlation may be that, |
at least for field leaf damage, the lines are almost equal in their resistance. This result
indicates that althoﬁgh there is a decrease in DIMBOA concentrations in the more
Northern latitudes, these lines compensate for lower DIMBOA levels by having other
factors to bring their levels of resistance up to that of their Southern counterparts.

The most pronounced results were found for borer tunneling resistance and
stalk rot resistance with increased susceptibility to both in higher latitudes. Previous
results indicate that morphological resistance may be the key factor. Southern and
tropical plants are exposed to many more insects, and since an adult plant is the
chronologically largest portion of the corn plant’s life cycle, those lines requiring a

longer growing season will be exposed to more insects at all stages of their lives. In

addition it is known that the number of generations of borers per year increases with

decreasing latitude (Hudon and LeRoux, 1986). Thus the mature plants would be ex-
posed to possibly three or more major attacks by a multi-voltine strain of barer, a cir-
cumstance that could lead to the development of morphological resistance features

such as thicker, more pubescent stalks.

The more humid, hot climates of the tropics would promote greater fungal
growth. This would mean that Southern plants would have to develop greater resis-
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tance. It is interesting at this point to emphasize that the Mexican landraces are also
the most resistant to borer tunneling and stalk rot.

‘Since the majority of indigenous races of maize are found in Central America
and since this is believed to be the center of origin of maize, it stands to reason that
practically all natural genetic variability for adaptations to all latitudes and altitudes,
in addition to germplasm for special and general purposes, can be obtained in this area
(Hal_lauer, 1978). Thus the Mexican landraces were examined for any correlations be-
tween their resistance and geographic origin. The lack of correlation of resistance and
latitude is not surprising since in Mexico neither latitude nor longitude has much in-
fluence on the environment. Instead, altitude has a major influence and is
predominantly associated with changes in precipitation, length of the growing season,
and temperature The result is hot, moist low altltudes and cooler, drier high altitudes
with a shorter growing season (Doebley et al, 1985)

The highly significant negative correlation found between total DIMBOA con-
centrations end altitude means that the landraces adapted for growth in the lower al-
titudes have higher concentrations of DIMBOA. There are a number of possible
reasons for increased levels in lower altitudes, the major one being that the longer
growing season at lower altitudes would expose the plants to longer periods o% attack;
and possibly more generations of insects per year. Two positive correlations of altitude
with laboratory leaf-feeding ratings and field leaf damage ratings show that higher al-
titude races were much more heavily damaged. Similar positive correlations were
found between altitude and harvest damage. Therefore, the higher altitude landraces
were less resistant to atts\ick by both leaf feeding and tunneling borers. This suggests
that if breeders are to choose sources of resistance from the Mexican landraces they

should start with those adépted to conditions prevailing at lower altitdes.

One other reason could account for the increased resistance of the lower altitude
races. All of these races are well adapted for use in primitive, traditional agriculture.

Although low yielding, they are tough, as evidenced by their morphological charac-
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teristics. It stands to reason that those races adapted for growth in lower altitudes
where most farming occurs would be preferred over the others for fai-ming. This would
mean that once selected in farming the races would undergo continuous selection by
the farmers for resistance along with other desirable agronomic characters. Selection

‘would in time increase their resistance levels and perhaps their DIMBOA levels.

No study other than the present one has been carried out on the Mexican
landraces with regard to their resistance characteristics and geographic origin.
However, a few studies have been made of isozyme variation and geographic origin in
an attempt to further classify these races. The most intensive isozyme study was car-
ried out by Doebley et al (1985) using 1sozymes to determine the variation among thir-
ty-four Mexican races. They found that the races originating from Northern Mexico
were much more variable than those from the South. Even stronger correlations were

found between isozyme alleles and altitudinal origin.

N :
4.6 RESISTANCE OF MAIZE AS RELATED TO THE TAXONOMY OF -
MAI_ZE GERMPLASM

‘ It has already been shown in this study that the indigenous landraces of Mexico
exhibit some promise as potential sources of resistance to the tunneling larval stage
of the European corn borer. Since there are a number of major and sub-races of maize
from Mexico it is a formidable task to decide which races to select for intensive studies.
Most of the races have already been classified into major groups by Wellhausen et al
(1952) and their’s is still the most widely accepted classification. For this reason it
seems reasonable to use the existing taxonomy of this large group of germplasm to at-
tempt to produce a more systematic outlook on the resistance of maize to the European

corn borer,
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4.6.1 STEPWISE DISCRIMINANT ANALYSIS

Of all the phy;tochemical and resistance variables:. only four (DIMBOA concentra-
tions, field leaf damage ratings, plant height, and the tunneling/height ratio) weré
selected by stepwise discriminant analysis as the most useful in sepérating' out -
Wellhausen et al’s existing groups of lar\xd:aces. This selection was expected since all
these variables, exéept field leaf damage ratings, were the most variable among the
races studied. '

4.6.2 CLASSIFICATORY DISCRIMINANT ANALYSIS

&

Best results of classificatory dis¢riminant analysis were obtained with the quad-
ratic model. This is because the covariances were not equal and therefore more suited
to the quadratic function. Using this model it was found thaf': 38 out of a total of 48
(79%) landraces examined were reclassified into their original labeled races following
Wellhausen et al. Therefore, based upon the resistance data alone and from this
analysis, it can be assumed that Wellhausen et al’s groups are justified. Given their
classification and the observations made on resistance there is a good indication that
Wellhausen et al's taxonomy predicts resistance. It is therefore justifiable to use this
taxonomy when studying resistance to the European corn borer, although it must be
remembered that even with a 79 % reclassification the "goodness” of fit has yet to be

verified, ie. by simulation studies and the collection of more data.

- With _Wellhausen et al’s classification jllstiﬁed with respect to resistance, it was
of int,eresf to see how some more fodern lines fit into their scheme. Almost 85% of all
the remaining germplasm in this study (latitudinal series-of inbred lines, CIMMYT
maizé pools, and Argentine landraces) were classified into Wellhausen’s group A.
. Group A, the Ancient Indigenous races, is believed to have arisen from primitive pod
corn. This theosy of origin is significant since many theories propose that our modern

cultivars are descended from such pod corn along with some introgression with teosinte
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(Mangelsdorf et al, 1964). It is not surprising that the diverse amount of germplasm

studied falls into this group since the major factor differentiating the races of this group
. 1

is their inde_pendent developmentin different localiﬁeg and environments (Wellhausen .

et al, 1952). In addition these landraces are the earliest maturing.

4.6.3 SUMMARY STATISTICS

Summary statistic results allowed for two major coD}y\}erijout the various
races. The races are best distinguished by their DIMBOA le?els, plant height, and
resistance to plant breakage and borer tunneling. This agrees with the results of the
stepwise discriminant analysis; The second major conclusion is that group A, the group
that 85% of the latitudinal series of inbred lines, Argentine landraces, and CIMMYT
mailze pools were grouped into, was the most susceptible of all to both leaf feeding and
tunneiing. This susceptibility indicates that although continued selection and breed-
ing may have increased the levels of DIMBOA and first-brood resistance, it failed to
increase levels of borer tunneling and stalk rot resistance. Further selection for resis-
tance to both leaf feeding and tunneling should be made from g:ermplasm material
~ from the much more resistant group C, the Prehistoric Mestizos, rather than group A.

.’I‘he races of group C are believed to be a result of hybridization between group
Aand groui) B, the Pre-Columbian Exotic races, and through the hybridization of these
two with teosinte (Wellhausen et al, 1952). Groups A and B both lack high levels of
resistance yet they have given rise to a highly resistant group when hybridized with
teosinte. This indicates that teosinte may have imparted‘ some degree of resistance to
these groups. The high levels of DIMBOA found in group C most likely did not come
from teosinte, which has low DIMBOA levels, but most likely resulted from continued
selection for resistance. Field analysis of teosinte was not available due to insufficient

b

seed material for analysis. .
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4.6.4 CANONICAL DISCRIMINANT ANALYSIS

Canonical discriminant analysis revealec.i further differences among the five
Wellhausen et al groupings based on the analysis of' phytochemical and resistance
data. Mahalanobis distances between the means of each gropup indicated that group
D, the Modern Incipient races, is the most distinguishable from group E, the "Poorly
Defined" races, while group A, the Ancient Indigenous races, is much less distinguish-
able from group E. This indi-cates that many of the races that Wellhausen et al had
difficulty in classifying, i.e. group E, due to a lack of data are mest probably part of
group A and least likely part of group D based on the analysis of resistance data.

The relationship among the groups was further illustrated with three-dimen-
sional ordination plots. These results indicate there is overlap among the groups and
that phytochemical and resistance data alone can not cof:upletely separate them al-
" though some degree of distinction was obtained. It is crucial at this point to emphasize
that this ordination was carried out using the pooled covariance matrix. Since best
results were obtained using the quadratic model of classificatory discriminant
analysis, and it was shown that the covariances are not equal, this ordination plot is
somewhat distorted since it assumes that the covariances are equal. Better results
_ would have been obtained if this assumption could have been avoided.

-~ .

The total canonical structure, also based on the linear model, indicated that for
the ordination plots the borer harvest resistance variables, especial]y‘ the tunnel-
ing/height ratio, and the stalk rot variable had the greatest influence on the separa-
tion of the groups. This agrees with previous results that also indicated that these

were the most important variables in the analysis of the Mexican landraces.
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CHAPTER YV

CONCLUSIONS

s

5.1 MAIN CONCLUSIONS

(1) Using a rapid extraciiion method developed for the analysis of total DIMBOA
concentrations in etiolated maize seedlings significant differences in DIMBOA

levels exist among the maize germplasm types.

(2) Seedling DIMBOA concéntratioﬁs, when combined with laboratory evaluation
of resistance, give a reliable prediction of the performance of a given maize line
in the field with respect to first-brood borer leaf-feeding resistance, thus the
need to perform time consuming field trials when screening large sources of

gerraplasm for resistance is eliminated.

(3) The Mexican landraées, when grown in the field, differ markedly in morphol-
ogy and resistance characteristics from the\other germplasrﬁ groups. These
races are the most susceptible to leaf-feeding borers yet are the most resistant
to borer tunneling and stalk rot. Morphological factors rather than

phytochemical factors are‘believed to be responsible for this resistance. -

(4) High density planting in the field increases the plant height variability and
the susceptibility to corn smut and stalk rot.

-

(5) For Canadian breeding programs g:-liméd at resistance to the European corn_
borer, all of the inbred lines and control lines are good sources of germplasm
for first-brood leaf-feeding resistance. The Mexican races are potential sour-
ces of borer tunneling resistance although their failure to flower under
Canadian conditions creates a barrier to their integration imnto a breeding

program. The Argentine races and the Canadian synthetic lines all have high

”~
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resistance to leaf feeding and intermediate resistance to borer tunneling. The
lines with the greatest potential are those of the CIMMYT maize pools and the
_ multi-borer resistant line. These lines are the most resistant to both leaf-feed-

ing and tunneling borers.

(6) Of the many correlations existing among the phytochemical and resistance -
«.variables, the _most significant is a negative correlation of leaf feeding resis-
tance and borer tunmeling resistancé. This means that very few lines are resis-
tant to both. DIMBOA concentrations are not correlated to borer tunneling
resistance or restsStance to stalk rot and corn smut. |
\
(7) There are global trends in European corn borer resistance. Inbred lines from
the more Southern latitudes have higher DIMBOA levels and increased resis-
tance to borer tunneling and stalk rot. Mexican landraces adapted to lower
altitudes have higher DIMBOA levels and incgeased resistance to both leaf-
feeding and tunneling borers.

(8) Taxonomic analyses reveals that ﬁhe resistance of the Mexican landraces to
the European corn borer is reflected in the existing taxonomy of maize
developed by Wellhausen et al (1952). Almost all of the inbred lines used in
this study are classified into the Ancient Indigenoué group which is one of the
most susceptible groups of all.

5.2 FUTURE WORK

The presence of HMBOA in all of the extracts indicates that the role of this com-

pound, if any, in resistance should be elucidated. Further studies on the inheritance
of DIMBOA need to be carried out.

The implications of pianting density and its relationship to European corn borer,

stalk rot, and corn smut resistance needs to be further elucidated.
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Lines of maize exhibiting non-conventional resistance, such as the multi-borer
resistant line, should be further studied to determine what other factors besides DIM-
ROA condition this resistance to the European corn borer. The levels of phenolic acids
in the leaves of these plants should be quantified and the interaction between these
factors should be deterrﬁined. The basis of the proposed morphological resistance of
the Mexican races needs to be elucidated by carrying out analyses s{m_h.as content of

silica and lignin.

All lines exhibiting resistance shctld be further studied with respect tointegrat-
ing these resistant sources of germplasm into Canadian breeding progrards.- Par-
ticular emphasis should be placed on those lines originating from the more Southern
latitudes and those adapted for growth at lower altitudes.

The integration into breeding programs of indigenous maize germplasm exhibit-
ing high resistance to borer tunneling should be expanded with the goal of increasing
the genetic base of modern cultivars in mind. All ofthe germplasm should be examined

for resistance to other major pests of maize such as the corn rootworm, Diabrotica

Gl

spps., and factors conditioning such resistancé should be elucidated.

’
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APPENDIX 1

'RECOVERY OF MBOA FROM ETIOLATED CORN TISSUE EXTRACTIONS

MILLIGRAMS RECOVERY
MBOA ADDED WITH TISSUE® WITHOUT TISSUE®
0.00 0.021 +/- 0.0051 0.000
0.05 0.038 +/- 0.0091 0.039 +/- 0.0056
0.10 0.076 +/- 0.0106 0.089 +/- 0.0091
0.20 0.180 +/- 0.0046 0.183 +/- 0.0021
0.25 0.200 +/- 0.0298 0.238 +/- 0.0329
0.50 0.361 +/- 0.0461 0.463 +/- 0.0481
0.75 0.562 +/- 0.0682 0.718 +/- 0.0714
1.00 .0.781 +/- 0.0786 0.932 +/- 0.0962
MILLIGRAMS RECOVERY
DIMBOA WITH TISSUE® WITHOUT TISSUE®
ADDED mg DIMBOA mg MBOA mg DIMBOA
0.00 0.398 +/- 0.0276 | 0.021 +/- 0.0051 0.000
0.05 0.428 +/- 0.0323 | 0.027 +/- 0.0009 0.041 +/- 0.0076
0.10 0.449 +/- 0.0291 | 0.031 +/- 0.0011 0.087 +/- 0.0089
0.20 0.527 +/- 0.0415 | 0.063 +/- 0.0018 0.165 +/- 0.0146
0.25 0.548 +/- 0.0384 | 0.081 +/- 0.0076 0.273 +/- 0.0193
0.50 0.691 +/- 0.0581 | 0.177 +/- 0.0098 0.428 +/- 0.0583
0.75 0.848 +/- 0.0694 | 0.243 +/- 0.0198 0.677 +/- 0.0612
1.00 0.978 +/- 0.0561 | 0.031 +/-0.0214 0.891 +/- 0.0261

N.B. no MBOA
detected

a= extra tion carried out with 1 gram of etiolated corn tissue
b= extraction carried out with solvent alone
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APPENDIX 2

SAMPLE CALCULATION OF TOTAL DIMBOA CONCENTRATION

DIMBOA concentrations in one-week-old etiolated maize seedling extracts were
quantified using HPL.C. Twenty microliters of a 1/10 diluted sample were injected into
the HPLC system and the peak height in absorbance units was measured.

eg. -a 20 ul injection of sample gives a peak height of 39.5 absorbance units

-a 20 ul injection of 0.1 mg/ml (2 ug) of DIMBOA standard gives
a peak height of 90.0 absorbance units

2.0 ug/90.0 = x ug/39.5
Ny x = 0.878 ug DIMBOA

Y -therefore, 39.5 a.u. for the sample is equivalent to 0.878 ug of DIMBOA for
~ the 20 ul injection of the saraple

: The samyple was redissolved after final extraction in 1 ml of ethyl acetate;there-
fore, for the total sample there is an equivalent of 0.878 ug(1000 ul/20 ul=43.89 ug in
the 1/10 dilution or 438.9 ug of DIMBOA in the undiluted extract

Recovery experiments showed that during extraction, degradation of DIMBOA
to MBOA was unavoidable; therefore total DIMBOA concentrations were determined
by calculating MBOA concentrations in the same manner ag that of DIMBOA, then
using a conversion factor obtained from the recovery experiments to calulate the total
DIMBOA concentration which included that degraded to MBOA.. Total DIMBOA con-
centration cannot be determined simply by adding DIMBQOA and MBOA concentra-
tions because the degradation of DIMBOA to MBOA is not stoichometric. Therefore,
to determine total DIMBOA a conversion factor for MBOA may be calculated from the
DIMBOA recovery in the absence of tissue when no degradation to MBOA takes place.

-eg. when 1 mg of DIMBOA was added to 1 g tissue and extracted,
0.610 mg of DIMBOA was recovered along with 0.284 mg of MBOA,;
when extracted without tissue, 0.890 ;g of DIMBOA was recovered

0.610 mg DIMBOA + a( 0.284 mg MBOA) = 0.890 mg DIMBOA

where a= conversion factor of DIMBOA to MBOA
= 0.986

-therefore, total DIMBOA concentration = ug DIMBOA obtained + 0.986
(ug MBOA obtained}
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APPENDIX 3 -
TOTAL DIMBOA CONCENTRATION IN ETIOLATER SEEDLINGS

LINE OR LANDRACE DIMBOA CONCENTRATION
(ug/g fresh weight)
mean +/- S.D,
LATTTUDINAL SERIES
OF INBRED LINES

3790 177.7 +/- 51.89

3794 220.7 +/- 42,88
STR 3802 ) 225.1 +/- 39.93
3805 225.2 +/- 43.73
3815 159.1 +/- 35.77

3823 379.1 +/-715.77
' 3853 282.7 +/- 32.61
3857 197.0 +/- 58.11
3862 380.6 +/- 44.95
ITR 3865 160.8 +/~ 17.92
3872 150.4 +/- 28.02
3877 198.9 +/- 38.65

3878 97.2 +/- 14,28
3945 267.1 +/- 32.59

3946 79.2 4+/- 15.58
NTR-1 3947 256.5 +/- 51.89
3962 387.0 +/- 54.67
3971 274.4 +/- 28.64
3983 163.4 +/- 28.83
NTR-2 4018 100.9 +/- 13.02
4019 74.3 +/- 11.54

HOLLAND 4020 ‘ 93.1 +/- 13.05

4021 59.6 +/- 9.26

4022 67.9 +/- 7.41

4034 50.2 +/- 5.26
SWITZERLAND 4035 130.5 +/- 38.44
4036 63.0 +/- 21.05

4042 38.3 +/- 7.04 “'\

GERMANY 4046 114.6 +/- 17.46
4050 137.5 +/- 20.09

4064 42.5 +/- 4060
POLAND 4065 320.6 +/- 57.94
4066 109.1 +/- 21.48

4071 49.0 +/- 6.21
CANADA 4072 100.4 +/- 17.93

, 4077 87.3 +/- 14.25

4081 40.9 +/- 5.97
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(TOTAL DIMBOA CONCENTRATION IN ETIOLATED SEEDLING

CONTINUED...) ’
LINE OR LANDRACE DIMBOA CONCENTRATION
(ug/g fresh weight)
mean +/- S.D.
MEXICAN LANDRACES?
26 223.7 +/- 49.48
156 51.1 +/- 2.52
133 31.1 +/- 6.47
218 45.8 +/- 15.75
235 131.2 +/- 27.02
236 T1.7 +/- 20.00
237 191.1 +/- 46.55
CHIAPAS 239 226.8 +/- 36.19
124 50.6 +/- 8.95
. 236 71.7 +/- 20.00
46 103.0 +/- 23.93
140 45.2 +/- 8.32
52 227.1 +/- 18.28
78 150.5 +/- 36.13
224 103.2 +/- 27.34
159 53.2 +/- 2.10
SONORA 32 65.9 +/- 14.71
139 166.2 +/- 4G6.87
35 107.1 +/- 19.90
SINALOA 2 443 +/- 16.02
66 162.1 +/- 18.69
15 111.8 +/- 23.17
72 92.4 +/- 18.31 *
39 83.6 +/- 16.26
NAYARIT 24 36.5 +/- 3.82
222 15.7 +/- 5.47
185 53.1 +/- 7.44
59 126.0 +/- 24.61
43 146.5 +/- 40.43
JALISCO GP-12 36.8 +/- 5.07
222 62.0 +/- 12.53
78 102.7 +/- 26.49
22 25.2 +/- 5.31
93A 36.0 +/- 6.50
GUANAJUATO 102 75.5 +/- 13.87
207 169.8 +/- 33.78
101 63.6 +/- 13.94
MICHOACAN GP-13 49.5 +/- 13.50

a= Mexican landraces grouped by collection sites
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(TOTAL DIMBOA CONCENTRATION IN ETIOLATED SEEDLINGS

CONTINUED...)
LINE OR LANDRACE DIMBOA CONCENTRATION
SR ¢ (ug/g fresh weight)
. . mean +/- S.D.
MEXICAN LANDRACES® (CONT)
46 4.7 +/- 3.76
5 5.3 +/- 4.42
212 27.8 +/- 3.94
MEXICO 55 10.8 +/- 2.10
208 , 6.1 +/- 5.21
182 16.1 +/- 2.10
461 40.2 +/- 9.39
6 143.1 +/- 38.37
PUEBLA 463 14.3 +- 2.52
. 537 , , 8.4 +/- 2.89
QUERRERO 168 70.7 +/- 20.98
NA 130 . 28.3 +/- 10.48
MORELOS 52 31.0 +/- 11.57
17 113.4 +/- 34.17
40 ' 25.8 +/- 5.79
179 80.0 +/- 25.63
OAXACA 130 99.1 +/- 25.83
4 73.1 +/- 2.10
48" 155.5 +/- 13.82
139 43.2 +/- 2.10
V-520-C 94.3 +/- 21.92
VERACRUZ 39 83.3 +/- 13.26
YUCATAN 16 196.4 +/- 43.93
7 20.5 +/- 2.10
Teosinte 37.2 +/- 10.00
/]

a= Mexican landraces grouped by collection sites
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(TOTAL DIMBOA CONCENTRATION IN ETIOLATED SEEDLINGS .

, CONTINUED...)
LINE OR LAN DRACE DIMBOA CONCENTRATION
(ug/g fresh weight)
mean +/- S.D.
ARGENTINE LANDRACES
2044 230.2 +/-77.34
2045 295.4 +/- 57.97
CATETO: E 2047 187.2 +/- 38.18
‘ 2048 139.1 +/- 25.68
2051 175.1 +/- 41.35
2025 314 +-10.75
2026 324.8 +/- 65.21
CATETO: C 2027 213.4 +/- 62.18
2030 460.9 +/- 69.88
2032 421.6 +/- 72.11
~ .
CIMMYT MAIZE POOLS
POOL 27 4106 188.4 +/- 38.72
POOL 28 4107 228.4 +/- 56.52
"POOL 30 4108 172.4 +/- 40.03
POOL 27 X 28 4094 2295 +/- 54.97
POOL 27 X 30 4095 153.9 +/- 32.87
POOL 28 X 30 4098 392.9 +/- 68.93
SYNTHETIC A 247.7 +/- 55.37
SYNTHETIC B 120.0 +/- 28.42
SYNTHETIC C 194.0 +/- 10.68
CONTROL LINES
A619 170.4 +/- 31.14
QOH43 243.0 +/- 54.89
B73 471.7 +/- 72.97
MULTI-BORER
RESISTANT LINE 78.9 +/- 11.63
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LIST OF LINES AND RACES USED IN

APPENDICES 4, 5, AND 6

LINE LINE
0055 Canadian Synthetic Line A 0104 Morelos-52 (PEPT)
0056 Canadian Synthetic Line B 0105. Nayarit-39 (REVE)
0057 Canadian Synthetic Line C 0106 Jalisco-222 (TABL)
0058 Mexico-5 (PALT) 0107 Nayarit-24 (HARO)
0059 Mexico-212 (CATL) 0108. Guanajuato-207 (TETL) .
0060 Mexico-55 (PALT) 0109 Guanajuato-191 (CYLA)
0061 Puebla-463 (ARRO) 0110 V-520-C (TUXP)
0062 Mexico-208 (CHAL) 0111 QOaxaca-4, (VAND)
0063 | Mexico-182 (CONT) 0112  |'Qaxaca-179 (ZAPC)
0064 Puebla-537 (ARRO) 0113 Chiapas-236 (ZAPQ)
0065 Mexico-461 (CONT) 0114 Guerrero-168 (CONEJO)
0066 Chiapas-218 (OLOT) 0115 Jalisco-GP-12 (CSERJ)
0067 Gaunajpato-93Ar (MADU) 0116 Sonora-32 (MABL)
0068 Gaunajuato-93Ay (MADU) 0117 Sonora-139 (ONAV)
0069  {"Mexico-6 (PALT) 0118 | Sonora-159 (DULN)
0070 Sinaloa-2 (CHAP) 0119 Nayarit-222 (BOFO)
0071 Yucatan-7 (NALT) 0120 Nayarit-185 (TABO)
0072 Sinaloa-66 (HARO) 0121 Michoacan-13 (ZAMO)
0073 Jalisco-78 (MADTU) 0122 Chiapas-140 (GORD)
0074 Mexico-3 (CONI) 0123 Chiapas-166 (APAC)
0075 Nayarit-15 (REVE) 0124 Chiapas-133 (AZUL)

1 0076 | Jalisco-43 (TABL) 0125 Resist. cont. line, B73
0077 Chiapas-78 (THUA) 2025 Cateto C, 2025
0078 Chiapds-26 (TETL) 2026 Cateto C, 2026
0079 Chiapas-46 (COMI) 2027 Cateto C, 2027
0080 Nayarit-55 (JALA) 2030 Cateto C, 2030
0081 Oaxaca-48 (ZAPC) 2032 Cateto C, 2032
0082 Chiapas-224 (ZAPG) 2044 Cateto E, 2044
0083 Morelos-17 (PEPT) 2045 Cateto E, 2045
0084 Chiapas-52 (OLTT) 2047 Cateto E, 2047
0085 Veracruz-39 (TUXP) 2048 Cateto E, 2048
0086 Guerrero-130 (VAND) 2051 Cateto E, 2051
0087 Mexico-46 (CHAL) 3790 STR, 3790
0088 Guanajuato-71 (CYLA) 3794 STR, 3790
0089 Guanajuato-22 (CONN) 3802 STR, 3802
0090 Oaxaca-40 (BOLID) 3805 STR, 3805
0091 Teosinte 3815 STR, 3815
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(LIST OF LINES AND RACES CONTINUED...)

LINE . LINE
0092 Resistant control line, A619 3823 STR, 3823
0093 Resistant control line, OH43 3853 ITR, 3853
0094 Multi-borer resistant line 3857 ITR, 3857
0095 Qaxaca-130 (BOLI) 3862 ITR, 3862
0096 Sinaloz-35 (CHAP) 3865 ITR, 3865
0097 Chiapas-235 (COMI) 3872 ITR, 3872
0098 Guanajuato-102 (CONN) 3877 ITR, 3877
0099 Nayarit-72 (JALA) 3878 ITR, 3878
0100 Yucatan-16 (NALT) 3945 NTR-1, 3945
0101 Chiapas-237 (OLTI) 3946 NTR-1, 3946
. 0102 Chiapas-239 (OLTI) 3947 NTR-1, 3947
0103 Chiapas-124 (OLOT) 3962 NTR-1, 3962
3971 NTR-1, 3971 4064 NTR-2, Poland, 4064
3983 NTR-1, 3983 4065 NTR-2, Poland, 4065
4018 NTE.-2, Holland, 4018 4066 NTR-2, Poland, 4066
4019 NTR-2, Holland, 4019 4071 NTR-2, Canada, 4071
4020 NTR-2, Holland, 4020 4072 NTR-2, Canada, 4072
4021 NTR-2, Holland, 4021 4077 NTR-2, Canada, 4077
4022 NTR-2, Holland, 4022 4081 NTR-2, Canada, 4081
4034 NTR-2, Switz., 4034 4094 Pool 27 X 28
4035 NTR-2, Switz., 4035 4095 Pool 27 X 30
4036 NTR-2, Switz., 4036 4098 Pool 28 X 30
4042 NTR-2, Germany, 4042 4106 Pool 27
4046 NTR-2, Germany, 4046 4107 Pool 28
4050 NTR-2, Germany, 4050 4108 Pool 30
£
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I

VARIABLE ABBREVIATIONS USED IN
APPENDICES 4, 5, AND 6

FLLF= mean field leaf damage rating;q.
BR= mean plant breakage ratings
ROT= mean stalk rot ratings
HT= mean plant heights (cm)
SMUT= mean smut ratings

TUHT= mean tunneling/height ratios

Iy
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Line

20258
2026
2027
2030
2032
2044
2045
2047
2048
2051
3790
3794
3802
330s
3815
3823
3853
3857
3862
3865
3872
3877
3878
3945
3946
3947
3962
3971
3983
4018
4019
4020
4021
4022
4034
4035
4036
4042
4046
4050
4064
4065
4066
4071
4072
4077

1986 MEAN FIELD RESULTS

FLLF

1.500
1.533
1.333
1.714
1.700
1.667
1.200
7.125
3.200
1.938
7.182
4.818
4.812
6.143
3.875
4.583
4.143
2.500
2.769
2.688
1.400
1.500
4.267
1.062
1.400
2.438
3.533
4.500
5.867
4.667
1.312
2.818
1.231
6.417
1.500
5.778
1.786
6.201

4.583
3.152
3.000
2.714
1.000
4.250
1.875

APPENDIX 4

BR

2.917
3.667
2.833
3.786
3.100
3.867
2.600
4.000
2.500
3.562
3.364
3.818
2.688
2.286
3.062
1.750
3.438
2.688
3.077
2.333
3.267
2,125
2.133
2.750
3.267
1.812
2.200
3.000
2.500
4.833
3.688
6.286
3.364
2.923
4.077
6.364
2.214
3.947

+ 9.999

2.333

6.000°

3.750
1.714
7.500
2,875
4.500

ROT

6.083
2.533
4.333
3.000
4.800
2.533
3.600
2.500
3.312
2.688
2.454
2.000
4,125
1.929
4.000
4.250
3.938
3.812
4.154
2.867
4.267
5.562
6.733
3.125
4.133
3.562
2.800
3.846
4.000
4.667
3.812
8.143
3.364
3.615
5.077
4.454
2.857
4.526
8.000
3.667
5.667
4.250
4,714
8.000
4.250
3.500

177

HT

163.417
178.800
193.727
169.929
143.800
187.800
167.800
164.500
171.000
158.000
171.091
150.400
191.733
205.285
191.438
147.917
155.286
148.467
185.000
165.800
125.533
146.875
198.600
172.438
190.467
184.500
245.933
177.077
193.714
183.000
150.562
174.750
141.273
140.538
157.154
188.091
147.429
155.421
141.000
179.454
131.667
162.875
156.286
181.000
208.148
107.875

SMUT

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.091
0.273
0.062
0.000
0.188
0.000
0.062
0.062
0.000
0.125
0.000
0.000
0.067
0.000
0.000
0.000
0.000
0.143
0.200
0.167
0.062
0.083
0.077
0.461
0.071
0.091
0.000
0.060
0.000
0.083
0.091
0.125
0.000
0.000
0.125
0.000

TUHT

0.212
0.113
0.118
0.073
0.171
0.153
0.128
0.096
0.170
0.218
0.095
0.087
0.091
0.072
0.071
0.097
0.120
0.096
0.113
0.068
0.200
0.099
0.094
0.102
0.121
0.059
0.041
0.119
0.088
0.140
0.117
0.204
0.145
0.188
0.129
0.133
0.100
0.157
0.126
0.110
0.231
0.096
0.176
0.218
0.085
0.382



4081
0059
0060
0061
0062
0063
0064
0065
0066
0067
0068
0055
0056
0057
0092
0093
4094
4098
4102
4106
4107
4108

2.500
7.875
5.500
5.000
9.000
3.333
3.800
5.667
7.182
4.857
2.500
1.000
1.000
1.000
1.333
1.688
4,250
4.250
2.714
2.375
2.250
6.143

2.800
5.600

4.667

2.000
1.000
4.667
2.250
2.000
1.750
2.286
2.000
3.000
3.500
3.667
2.950
2.906
1.750

2,750

3.143
3.000
1.500
2.000

5.400
3.600
1.667
3.571
1.000
1.333
2.500
2.333
2.917
2.000
3.000
2.667
1.000
3.167
3.200
3.938
2.250
2.750
2.571
4.125
2.250
4.143

178

109.800
216.167
183.333
250.571
240,000
243.333
275.000
268.000
305,000
223.571
182.500
139.333
159.000
159.667
163.850
153.094
191.000
199.000
205.429
174.875
190.375
207.429

0.000
0.167
0.667
0.000
0.000
0.333
0.250
0.000
0.083
0.000
0.000
0.000
0.000
0.000

1"0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.242
0.046
0.156
0.071
0.053
0.016
0.038
0.043
0.023

0.019 =i

0.027
0.055
0.048
0.120
0.107
0.124
0.070
0.027
0.041
0.051
0.047
0.053



Line

2025
2026
2027
2030
2032
2044
2045
2047
20438
2051
3790
3794
3802
3805
3815
3823
3853
3857
3862
3865
3872
3877
3878
3945
3946
3947
3962
3971
3983
4018
4019
4020
4021
4022
4034
4035
4036
4042
4046
4050
4064
4065
4066
4071
4072
4077

FLLF

2.071
3.000
1.522
3.000
1,000
2.200
1.500
2.429
2.381
2.312
2.729
2.255
1.792
2.083
1.750
2.762
2.000
2.193
2.182
1.958
2.068
2.729
2.000
2.089
1.896
2.787
2.583
2.230
1.732
1.000
2.380
1.850
3.435
3.714
1.930
2.000
1.738
1.875
2.047
2.032
1.917
2.206

2.219
5.000

BR

4.062
6.104
2.354
2.958
4.792
2.938
3.521
2.925
2.604
2.583
1.723
1.771
1.688
1.708
2,833
1.114
3.396
3.417
3.000
1.312
2.708
1.417
2.062
1.604
3.625
2.062
2.000
2.062
4.000
2.604
3.896
4.042
2.417
3.688
2.667
4.438
1.896
3.083
3.761
2.229
4.812
2.708
2.681
2.750
2.458
3.042

APPENDIX 5
. 1987 MEAN FIELD RESULTS

ROT

9.3%1
9.021
7.042
6.809
9.354
8.681
7.848
6.923
8.250
5.932
6.575
3.864
3.432
4.745
6.125
6.047
5.087
7.646
8.302
5.457
7.479
8.261
4.938
5.312
6.830
5.200
4.565
5.167
6.489
6.370
8.851
8.422
5.422
8.958
8.958
8.362
4,104
7.532
8.395
6.021
9.125
6.511
6.064
8.341
6.644
9.128

L‘I’YQ

HT SMUT

154.979
146.104
164.625
128.708
142.271
166.771
163.270
149.225
150.104
166.188
150.106
167.083
168.583
162.596
148.375
118.630
178.000
153.521
164.833
159.688
108.021
128.375
181.000
112.167
161.854
149.812
155.404
147.787
154.583
145.562
187.062
165.146
131.500
142.191
155.542
175.146
146.542
154.917
120.319
158.375
143.104
151.688
148.425
126.771
171.250
123.771

0.062
0.000
0.000
0.000
0.000
0.042
0.021

0.021

0.000
0.000
0.188

0.042
0.000
0.064
0.125
0.021

N.042

0.021

0.021

0.104
0.021

0.021

0.292

0.000
0.042
0.042
0.021

0.625
0.188
0.021

0.104
0.021
0.062
0.062
0.021
0.000
0.021
0.000
0.042
0.021
0.042
0.021
0.085
0.083
0.021
0.062

0.08
0.09
0.09
0.11
C.11
0.07
0.08
0.06
0.0%
0.09
0.11
0.08
0.09
0.10
0.12
0.11
0.07
0.07
0.08
0.07
0.18
0.08
0.08
0.06
0.10
0.08
0.08
0.10
0.09
0.09
0.05
0.08
0.10
0.13
0.09
0.07
0.05
0.09
0.12
0.11
0.13
0.12
0.08
0.09
0.08
0.07



4081
0058
0059
0060
0061
0062
0063
0064
0065
0066
0067
0068
0070
0071
0096
0097
0098
0099
0100
0101
0102
0103
0104
0105
0106
0107
0108
0109
0110

0111

0112
0113
0114
0115
0116
0117
0118
0119
0120
0121
0122
0123
0124
0055
0056
0057
0092
0093
0094
0125
4094
4095
4098
4102

2.555
2.571
4.354
3.917
3.480
3.521
4.188
4.104
5.312
5.596
3.438
3.7
4.854
4,225
4.083
4.583
3.125
4.271
4.625
5.125
4.458
5.000
4,812
3.229
3.729
3.229
3.646
4,229
4.925
4771
2.064
3.350
3.229
3.292
3.979
4.125
3.739
4.458
5.229
5.000
3.555
3.667
2.884
3.000
7.000

2.062
1.723
2.900
1.854
2.372

2.535 -

1.787
2.765

2.271
2.812
3.083
3.458
2.083
3.312
2.104
2.083
2.250
1.396
1.604
1.604
1.208
1.500
1.875
1.000
1.188
1.188
1.075
1.000
1.000
1.614
1.354
1.500
1.500
1.521
1.438
1.083
1.275
1.250
2.292
1.650
3.104
1.917
1.000
1.175
1.146
1.146
1.229
1.521
4.550
4,104
2.438
5.812
5.083
3.708
4.583
2.562
2.250
1.562
1.979
1.625
2.792
2.229

8.250
6.234
4,227
5.222
3.867
5$302
3.891
5.681
3.488
3.022
3521
3.978
4.021
3.743
4,227
2.098
2.979
2.319
2.538
2.417

2.167.
4,068

1.787
3.104
3.409
4.489
3.128
2.583
2.487
2.848
3.630
4.210
6.875
4.044
2.729
3.564
3.745
1.681
2.562
2.422
6.769
7.783
4.133
9.304
9.375
8.914
6.239
4.711
3.743
4.630
4.523
4.089
4.130
6.085

180

120.702
192.872
221.851
193.894
205.717
188.277
228.886
230.542
217.021
255.819
205.354
210.085
204.333
194.575
186.783
256.512
214.812
291.667
192.000
285.000
246.667
215.727

255.425 .

201.833
206.167
200.864
231.438
246.792
261.900
227.957
195.130
249.436
170.250
204.340
206.292
229.850
188.167
249.542
239.375
240.000
208.400
200.125
213.646
129.617
148.667
154.583
132.324
138.222
171.000
170.188
185.362
181.896
188.729
167.271

0.021
0.188
0.083
0.083
0.167
0.021
0.021
0.028
0.042
0.000
0.062
0.042
0.042
0.050
0.000
0.000
0.000
0.021
0.000
0.000
0.021
0.023
0.000
0.021
0.083
0.000
0.167
0.042
0.150
0.021
0.188
0.150
0.188
0.083
0.042
0.083
0.021
0.083
0.062
0.021
0.200

. 0.125

0.186
0.062
0.000
0.000
0.044
0.021
0.042
0.000
0.042
0.062
0.062
0.000

0.11

- 0.07

0.06
0.06
0.05
0.08
0.04
0.07
0.06
0.04
0.05
0.04 .
0.04
0.04
0.06
0.02
0.04
0.02
0.01
0.01
0.00
0.04
0.02
0.03
0.03
0.05
0.03
0.02
0.03
0.02
0.04
0.03
0.08
0.05
0.02
0.03
0.04
0.02
0.02
0.03
0.06
0.07
0.04
0.11
0.11
0.10
0.08
0.07
0.06
0.07
0.06
0.06
0.06
0.08



4106 2.341 2.188
4107 2.792 2.333
4108 2.182 2.208

~f

4.542
3.721
5.458

181

174.583 0.083
161.104 0.042
176.646 0.000

0.06
0.06
0.07

-



. APPENDIX 6
1987 MEAN FIELD RESULTS ON NON-STRESSED CONROL DATA

Line FLLF BR ROT - HT SMUT THUT

0055 . 4.600 2.126 120.400 0.000 0.024
0056 . 6.600 1113 135.200 0.000 0.007
0057 . 2,400 1.812 140.800 0.000 0.040
0058 1.000 1.000 206.250 0,250 0.006

0059 1.400 2.000 1.000 201.200 0.200 0.036
0060 1.800 3.000 1.000 201.200 0.200 0.047
0061 2.000 1.000 1.000 225.000 0.200 0.031
0062 1.000 1.600 1.000 170.600 0.000 0.049
0063 1.200 1.000 1.000 225.250 0.000 0.005
0064 1.000 3.200 1.000 169.200 0.000 0.028
0065 1.200 1.000 1.000 206.000 0.000 0.038
0066 1.400 1.000 1.000 210.000 0.200 0.009 ,
0067 1.000 1.000 1.000 170.000 0.000 0.000
0068 1.000 1.200 1.000 194.400 0.000 0.044
0070 1,200 1,000 1.000 216.400 0.000 0.012
0071 1.000 4.000 1.000 201.000 0.600 0.013
0085 . 1.000 1.000 204.000 0.000 0.012
0092 1.000 1.007 1.268 152.800 0.000 0.022
0093 1.000 1.C00 1.48% 138.400 0.000 0,018
0094 1.400 1.000 1.899 153.000 0.000 0.024
0095 1.000 1.000 1.000 266.500 0.000 0.000
0096 1.600 1.000 1.000 210.800 0.000 0.018
0097 1.000 1.000 1.000 200.000 0.000 0.000
0098 2.000 1.000 1.000 213.400 0.000 0.012
0099 1.000 1.000 1.000 300.000 0.000 0.003
0100 1.500 1.000 1.000 199.000 0.000 0.01%
0101 1.800 1.000 1.000 200.000 0.000 0.018
0102 1.000 1.000 1.000 200.000 0.000 0.000
0103 1.400 1.000 1.000 200.000 0.000 0.000
0104 1.000 1.000 1.000 200.000 0.000 0.003
0105 1.000 1.000 1.000 168.200 0.000 0.014
0106 1.000 1.000 1.000 214.400 0.200 0.000
0107 1,200 1.200 1.000 208.600 0.000 0.000
0108 1.000 1.000 1.000 231.600 0.200 0.003
0109 1.400 1.000 1.000 229.200 0.000 0.007
0110 1.625 1.000 1.000 207.625 0.125 0001
0111 1.000 1.000 1.000 180.000 0.000 0.006
0112 1.000 1.000 1,000 202.800 0.000 0.004
0113 1.000 1.800 1.000 184.600 0.200 0.008
0114 1.000 1.600 1.000 199.000 0.000 0.013
0115 1.200 1.400 1.000 174.200 0.000 0.029
0116 1.200 1.000 1.000 246.600 0.000 0.000
0117 1.0060 1.000 1.000 211.400 0.000 0.005
0118 1.000 1.000 1.000 188.200 0.000 0.008
0119 1.000 1.000 1.000 250.000 0.000 0.002
0120 1.400 1,000 1.000 230.000 0.000 0.004
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e

0121
0122

. 0123

0124
0125
2025
2026
2027
2030
2032
2044
2045
2047
2048
2051
3790
3794
3802
3805
3815
3823
3853
3857
3862

3865 .

3872
3877
3878
3945
3946
3947
3962
3971
3983
4018
4019
4020
4021
4022
4034
4035
4036
4042
4046
4050
4064
4065
4066
4071
4072
4077
4081
4094
4095

1.600

1.200
1.000
1.000
1.800

1.000

1.000

1.000
1.400
1.000
1.200
1.000
1.200
1.000
1.000

1.000
1.000
1.000
1.000
1.400
1.000
1.000
1.000

- 1.200

1.000
1.000
1.800

1.600
1.000

1.000

2.000
1.000
1.200
2.000
1.000
1.600

1.000
1.000

1.200
2.000

1.000
1.200
2.000
1.200
1.000
4.400
2.800
1.200
1.200
2.800
1.000

'1.000

1.800
1.200
1.400
1.000
1.400
1.000
1.000
2.400
2.400
2.400
4.000
1.200
1.000
1.000
1.000
1.400
1.000
1.400
1.400
1.000
1.600
1.200
1.400
1.200
1.200
1.200
2.600
1.600
1.800
1.000
1.800
1.600
1.600
2.000
1.000
1.400
1,200
1.000
1.400
1.000
1.000
1.000

1.000
1.000
1.000
1.000
1.000
1.112
1.456
1.000
1.000
1.000
2.380
1.000
1.000
1.310
2.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.113
1.456
1.000
1.118
1.000
1.000
1.000
1.000
1.000
2.566
2.000
2.100
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
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278.000
225.600
173.000
214,200
146.600
127.800
136.400
191.000
135.200
156.400
163.600
170.000
124.000
170.200
160.000
134.400
118.000
165.600
167.600
159.800
145.000
168.800
160.200
158.800
159.200
107.600
144.200
174.000
133.600
165.600
130.600
176.400
156.400
140.400
121.800
187.400
148.400
116.600
161.200
148.800
165.400
151.200
148.600
113.200
142,200
125.200
166.400
142.600
112.400
189.600
114.000
125.800
175.000
219.800

0.200
0.000

0.000 .

0.000
0.000
0.000
0.000
0.000
0.000
0.200

- 0.000

0.000
0.00C
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.0Cc0
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.800
0.400
0.000
0.200
0.000
0.200
0.000
0.000
0.200
0.000
0.000
0.200
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.009
0.006
0.006
0.013
0.017
0.000
0.000
0.027
0.008
0.029
0.000
0.031
0.000
0.024
0.007
0.028
0.078
0.013
0.086
0.013
0.038
0.040
0.028
0.073

0.000 -

0.004
0.007
0.000
0.008
0.076
0.076
0.059
0.053
0.019
0.007
0.020
0.100
0.026
0.018
0.023
0.010

0.020

0.028
0.047
0.034
0.040
0.024
0.060
0.054
0.020
0.017
0.000
0.000
0.018



£

. 4098

4102
4106
4107
4108

1.200
1.400
1.200

- 1.400

1.000

1.000
1.000
1.000
2200
1.800

1.000
1.000
,1.000
1.000
1.000

184

. 216.400

212.400
141.600
141.200
162.000

0.000
0.000
0.000
0.000
0.000

0.007
0.000
0.013
0.056
0.003



APPENDIX 7 '

MEAN LEAF COUNTS AND DAYS TO SILKING FOR ALL

LINES AND RACES
LINE OR RACE MEAN NUMBER DAYS TO
OF LEAVES PER SILKING?
PLANT
LATITUDINAL INBREDS
' 3790 18.2 +/- 0.84 94
3794 18.0 +/- 0.00 94
STR 3802 16.2 +/- 1.30 95
3805 18.0 +/- 0.71 94
3815 18.2 +/- 0.84 95
3823 18.2 +/- 0.45 95
3853 172 +/- 1.64 81
3857 15.2 +/- 1.10 77
3862 14.7 +/- 0.58 77
ITR 3865 15.0 +/- 0.00 . 83
3872 14.0 +/-0.71 - 83
3877 17.4 +/- 0.89" 81
3878 17.0 +/- 1.22 85
3945 18.0 +/- 1.00 94
3946 15.8 +/- 0.84 94
NTR-1 3947 16.2 +/- 1.10 92
3962 16.6 +/- 0.55 88
3971 17.2 +/- 3.03 94
- 3983 16.0 +/- 0.71 98
N . .
NTR-2 4018 15.4 +/- 1.82 85
4019 15.0 +/- 1.00 74
Holland 4020 15.4 +/- 1.67 85
4021 17.2 +/- 1.30 92
4022 15.8 +/- 1.64 83
4034 14.2 +/- 1.10 83
Switz. 4035 15.8 +/- 0.45 88
4036 16.6 +/-1.14 83
4042 17.8 +/- 0.45 84
Germany 4046 15.4 +/- 0.89 86
4050 15.4 +/- 0.89 83
: 4064 14.4 +/- 1.14 83
Poland 4065 16.6 +/- 1.52 84
4066 15.8 +/- 1.30 83
4071 13.8 +/- 1.64 76
Canada 4072 16.6 +/- 1.67 76
4077 12.6 +/- 0.55 76
4081 15.2 +/- 1.30 77

a= days to silking when 50% of the plants were showing silk
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(MEAN LEAF COUNTS AND DAYS TO SILKING CONTINUED...)

LINE OR RACE MEAN NUMBER | DAYSTO
OF LEAVES PER SILKING?
PLANT
MEXICAN LANDRACES®
32 . 24 .4 +/- 0.89 —
SONORA 139 19.2 +/- 2.49 —
159 19.0 +/- 1.00 —
SINALOA 35 18.0 +/- 0.71
2 24.2 +/- 0.45 —
72 26.6 +/- 0.89
' 39 18.4 +/- 1.14
NAYARIT 24 18.4 +/- 1.67
222 19.0 +/- 0.71 -
185 27.0 +/- 1.41
% JALISCO GP-12 20.6 +/- 0.55 -
222 24.0 +/- 0.71 —
93A . 20.6 +/-1.02 -—
GUANAJUATO 102 18.0 +/- 0.71
207 21.4 +/- 0.89
101 19.2 g/- 0.84 —
MICHOACAN  GP-13 20.8 +/- 0.84
5 14.8 +/- 1.30 94
212 184 +/-1.14 92
MEXICO 55 16.0 +/- 0.00 92
208 16.2 +/- 0.96 98
182 16.8 +/- 1.10 94
461 16.2 +/- 0.45 ——-
PUEBLA 463 15.6 +/- 0.89 —
- 537 18.2 +/- 1.30
GUERRERO 168 15.4 +/- 0.89 —
MORELOS 52 20.6 +/- 1.52
4 21.4 +/- 0.55
OAXACA 179 19.2 +/- 2.05 90
130 21.2 +/- 1.30
V-520-C 22.0 +/- 1.00
YUCATAN 16 21.8 +/- 1.48
i 17.8 +/- 0.84 —_

a= davs to silking when 50% of the plants were showing silk
b= Meuxican landraces grouped by collection sites
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(MEAN LEAF COUNTSAAND DAYS TO SILKING CONTINUED...)

MEAN NUMBER

LINE OR RACE DAYS TO
: OF LEAVES PER SILKING?
PLANT :
MEXICAN LANDRACES?
166 14.2 +/- 1.30 —
133 14.8 +/- 1.40 94
218 22.4 +/- 1.52 -
235 22.8 +/- 0.84 —
CHIAPAS 237 23.6 +/- 1.14
239 23.0 +/- 1.00
124 13.6 +/- 0.55
236 21.8 +/- 0.45 -
140 16.0 +/- 1.00 83
ARGENTINE LANDRACES
2044 9.4 +/- 2.61 83
2045 15.0 +/- 1.22 85
CATETO: E 2047 12.6 +/- 2.30 83
2048 15.4 +/- 0.55 83
2051 14.8 +/- 0.45 83
2025 14.4 +/- 0.89° 74
2026 15.2 +/- 0.84 83
CATETO: C 2027 14.6 +/- 1.82 76
2030 16.0 +/- 1.22 92
| 2032 14.8 +/- 1.30 77
CIMMYT MAIZE POOLS
POOL 27: 4106 17.0 +/- 1.41 85
POOL, 28: 4107 17.6 +/- 0.55 83
POOL 30: 4108 15.6 +/- 1.95 83
POOL 27X 28: 4094 20.6 +/- 0.89 92
POOL 27X 30: 4095 16.2 +/- 1.10 92
POOL 28 X 20: 4098 174 +/-1.95 92
SYNTHETIC A 15.0 +/- 0.71 83
SYNTHETIC B 15.4 +/- 0.89 76
SYNTHETIC C 12.4 +/-1.14 76
CONTROL LINES
A619 18.0 +/- 2.71 92
OHA43 17.2 +/- 0.84 95
B73 19.8 +/- 0.45 95
MULTI-BORER ‘
RESISTANT LINE 23.0 +/- 1.00 83

a= days to silking when 50% of the plants were showing silk
b= Mexican landraces grouped by collection sites
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