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ABSTRACT

-

" Factors contributing to resistance of maize to infestation by Sitophilus zeamais were

invc:;tigatcd in J0 populations of indigenous races from Mexico, and 4 indigenous races

—

from Belize. Kesistance was related to the antifeedant profmrtiw of grain as well as hard-

ain extracts of maize significantly reduced insect feeding on treated artificial dlie'ts*‘
-~ when comparcgl to contro‘l diets. Consumption of ‘Lreatcr':l diets 'was negatively correlated
with phenolic content of the gram extract. An analysis by GC-MS ihdica.ted‘tha:t ferulic
acid and p-coumaric acid vycré the ﬁr'mcipal pi;[cnol_ics present in the extracts, and igsect

feeding was strongly deterred when pure substances were added to insect diets. The rela-

tionships among a number of variables connected to susceptibility in grain (Index of sus-
ceptibility, stability parameter, weight loss of seed, percent mortality of insect population,
emergence of insects, preference in choice test) and characteristics of the grain (hardness, .
content of phenolics at surface of grain, cbnccn_tration of ferulic acid and moisture content
of grain), were aﬁalyzcd through canonical correlation analysis. The better resistance char- .
acteristics of some indigenous races were linked to the presence of ferulic acid as a chemi-
cal deterrent to oviposition and feeding. A taxonomic study was, in addition, performed
to develop a comprehensive resistance map of maize germplasm which suggested that the

ancient indigenous group was the most resistant.



RESUME
Certains facteurs contribuant & la résistance du mzﬁs 3 l'in.fcstation -par Sitophilus zeamais

ont &¢& analysés chez 10 populnuons indxgéncs du Mexique et 4 populations indigénes du

" Belize. La résmtancc a été associée ﬁ la rcrmeté ¢t aux propriétés phagoréprcssivcs du

grain. L'aﬁmeqtation des insectes a &t€ sensiblement réduite p:u' des extraits de grain app-
liqués 3 la nowrriture artificielle, par comparaison avec celle des insectes ayant regu un
régime normal. Une correlation négative entre la consommation dc:; régimes et le contenu
des produits phéno}iquw.dll. grain a é&té observée.. Comme '3 indiqué l'analyse GC-MS,
1’acidc_ férulique et l'acide p-coumarique é&taient les principaux agents phénoliques des
extraits. De plu;q, I'addition de ces substances 4 une diéte artificielle a scnsibl.cmcnt dimi-

nué l'alimentation des insectes. Les relations entre certaines variables associées & la suscep-

tibilité du grain et certaines cdractéristiques du grain ont été etudiées grice & la méthode

.d’ana.lysc de correlation canbnique. Les meilleurs traits de résistance chez quelques races

indigénes de mals ont £té relies au contenu en acide férulique qui intervient comme agent
phagorepresseur et comme antagoniste de l'o{riposition des insectes. En outre, une étude
taxonomique a été realisée pour déveloper une carte de résistance des races de mais. Cette

carte a suggéré que l'ancien groupe des mais indigénes éiait le plus résistant.

—
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INTRODUCTION

1.1  The Grain Storage Problem

Losses of grain due to infestation by insects is an ever present problem all over the
world, even in countries having well equipped storage f'acilities (CIMWI‘,. 1970-1971;.
Dobie, 1977; Hardman, 1978; MacGregor, 1980). However, .this problem is especially
severe for less developed countries (LbC) where post-harvest losses of grain to insects and
pathogens remain one of the most serious of all agricultural problems. The magnitude of
losses of stor§d_ gram to insects is sometimes catastrophic frequegtly representing up to 30
% of the total harvest per year. A successful program to reduce the losses during storage
may be expected to increase the food for human consumption by 10 to 20 per cent in less

developed countries (Ramirez, 1981).

Within the realm of management, improvement and use of germplasm of maize by
i;ti:rnational organizations such as the International Center for Improvement of Maize and
Wheat (Centro Internacional de Mejoramiento de Maiz y Trigo, CIMMYT), there are many
research progranis for the enhancement of productivity, protein quality, insect and disease

resistance, etc. It is the role of international organizations such as CIMMYT to improve

maize gérmplasm for use in the less developed countries.

There are two main breeding approaches currently in use for the management and uti-
lization of maize germplasm. The developed countries have focused their main research

effort on investigating and developing hybrid maize. On the other hand, CDMMYT has
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taken the initiative for the 'lcss- developed countries by turning its attention to the
improvement of populations and the development of open pollinated varietl’;es (synthetics).
This seems to be the best approach for less developed countries, since small farmers cannot
afford aul the mechanical and chemical requirements of large scale farming needed for
growing high yielding hybrid cultivars. of corn, and because the lack of resistance to
insects of -n-nany of these cultivars limits their advantages (Fortier ef aI.-,‘ 1982; Salamini ét

al., 1970).

The priority stressed in almost all the programs of improvement of maize is the selec-
tion of resistance to pathogens and pests of vegetative tissues growth (Ullstrup, 1978;
Vasal et al, 1983). There is a large amount of information on m@y pests of corn:
Ostrinia nubilalis, Spodgprcra frugiperda, Heliothis zea, Diatrea grandiosella, and Diabro-
tica spp which commonly attack the maize plant in the field (Ullstrup, 1978). Resistance
of the vegetative growth to imsects can with some species be related to secondary com-
pound content - o'f leaves. For -  example, PIMBOA '
(2,4—Dihydroxy~7—methoxy-1,4~bcnzoxazin;3-one) concentration correlates with resistance

io the European corn borer, Ostrinia nubilalis.

However, the study of grain resistance to storage insects has lagged behind research on
resistance of ‘the vegetative grov‘n-h‘ to herbivores. Many aspects of the maize-corn weevil
(Sitophilus zeamais Motsch. Coléoptera:Curculionidae) interaction remain obscure, especial-
ly with respect to the physiology and behaviour of the insect in the gramas well as .thé
study of the chemical mechanisms of defense which the grain may possess (Baker and
. Mabie, 1973; Baker, 1982; Brown and Chippendale, 1975; Dobie, 1974 and 1977; MacGre-

-

gor, 1980; Sinha and Watters, 1985).

[

Given the lagk of information on many aspects of the grain storage problem, the

resent project was initiated in collaboration with CIMMYT to investigate the germplasm
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resources of Mexico' from the point of view of the mechanisms of resistance in grain to .

attack by the major storage pest, Sitophilus zeamais.



1.2 Races of maize(Zea mays ssp. mays)

Maize is the fundamental element of ‘cu_l.ture for all the ancient cwillzanons of Ameri-
ca. Twenty five hundred years ago corn constituted a primary source of food in Ccmm}
and South America. Among othcrs, the Nahuat.ls -and Mayas-Quiches of -Central Ame::
and the Incas-Qucchuas of South America shared a common culture a.nd agroccmm ny
which was based on maize growth and improvement. It can be smd that the developritit
of these sophisticated ;mcicnt cultures was made possible by the discovery, domcsti(;;ni A

and improvement of maize (Bird, 1980; Mah‘gcldoff, 1959; Mangeldorf, 1974; Wellhiauran

et al., 1952; Wilkes, 1977).

— pre—

In addition to the world wide importance of corn as a food plant and as a principal
source of food to millions of people, the study of maize has been a fascinating area of
research covering almost every field of bxology {(Bird, 1980; Hernandez, 1973; Harrison et

al.,, 1977; 1ltis, 1983; Kato, 1976; Ma.ngeldorf, 1974; Marx, 1983; Strommer et al., 1982),

The selection of experimental maize germplasm to study mmzc can be a difficult task
since its genetic ;omposition is intimately linked to related species like Tripsacum siap. |
and Teosinte (Zea mcxican-a) (Bird, 1980; Mastenbroek et al., #981; Smith et al., 1982;
Smith et al, 1984). Thus, an unc{crstanding of the systematics of Zea would help to -
improve the testing, the reliability of techmiques and the selection of the great diversity
found in this spcciesl(Bird, 1980). The classification of maize has been quite informzl (o
date (Bird and. Goodman, 1977; Goodman and Bird, 1977), and an incomplete hicrarchy
based on land races has been used. There have been some attempts to formalize a system
of classification and for most races of maize of Latin America this goal has been accom-

plished (Hernandez, 1973). However, the known array of ca. 300 races cannot yet be ana-

lyzed as a bedy ;c.tincc there is a critical lack of informatiofi for many of the races of Afri-

[

ca, Agia and Europe (Bird and Goodman, 1977). ;

- = — N .o
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Three types of approaches to the systematics of maize have, so far, been used. The
analysis of ear morphological characteristics has become the classic approach for grouping
races of maize (Bird and Goodman, 1977; Goodman and Bird, 1977; Smith et al, 1981).
 The disadvantagc' of these characteristics is that they are highly influenced i)y environmen-
~ tal factors. The other two approacha,'which seem qﬁitc promising, are:
1. The s;udy of patterns of position, sizes and frequencies of chromosome knobs
(Kato, 1976; Kato and Blumenschein, 1967; McClintock c:r al., 1981; Smith and
Goodman, 1981), and

2. The use of biochemical analysis of coleoptile isoenzymes, cytoplasmic DNA, and

seed proteins (Doebley, et al., 1985; Smith and Lester, 1980)

High yielding E@iic'oftcn does not have any advantage over poor Yielding maize

. when resistance is"'ijrought into consideration (Betanzos, 1980a and 1980b; Dobie, 1977;
Fortier et al.; 1982). Since traditionally used varieties of maize have been replaced by
improved omes, in which resistance has been compromised for better yield and protein

quality, an increase in the severity of storage problems has been observed (Fortier et al,

1982).

»

&

Therefore, the importance of studying exotic indigenous maize is obvious since, on the
one hand, these are the basis of maize germplasm from which all selections must be made
and on the other hand the identification of resistant ling in the maize gene pool will per-

mit an understanding of the mechanisms of such rmistzi_nce and focus attention on stable

N

~

heritable traits for breeding programs.
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1.2.1  The infesting insect (Sitophilus zeamais (Motsch):Calandra oryzae=).

" About 30 species of weevils {Curculionidae) have been Gccordcd in. stored products in’

various parts of the world. They are distinguishable by hz{ving the head in front of the

eyes to form a well-defined snout, the antennae.clbowed and clubbed and. all tarsi four-

segmented. | y

The larvae have no legs, and are stout and slightly curved; they are white with a pale
brown or yellowish head; they live eatirely within the kermel, and producc.w'hitc pow-
' dery excreta which, in large quantities, makes the grain unpalatable for human co"risump-

tion (Freeman, 1980).

Sitophilus zeamais (the corn weevil) has a length of 2.3 to 4.5 mm, short elytra and

8-segmented antennae. The elytra usually show four reddish spots and hindwings are

always present (Figure 1).

The aﬁﬂm of the corn weevil have a long life span, living a average of about 30
weeks for- males and about 25 weeks for females under opti.mux;l conditions (27 °C and 70
% R.ﬁ.). The female excavates a hole in the grain where she lays the eges. The presence
of eggs can be detected by the plug that is placed to block the hole containing the eggs.
Eggs are quite resistant to chemically-induced mortality, the duration of this stage being
about 6 days. It is known that eggs may be laid anywhere in the gram but it bas besn
noted that few are laid in the embryo and, in the case of wheat, the majority are plazed 1t

the end farthest. from the embryo (Richards, 1947 in Longstaff, 1981).

Another characteristic of the egg-laying process is that females tend Ito avoid laying
more than one egg \#hcn the population is dense. C‘:mnibalism is known in this species.
The rate of growth is influenced byh temperature, moeisture content of the grain, oxygen
conmn&aﬁon and population density. The s;tage most susceptible to mortality induced by

environmental changes is the newly hatched larva (Hardman, 1978; Longstaff, 1981).

*
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~ Nothing has been -rcport;_d with respect to the effect '6f ‘secondary plant substances on
the growth of weeyils, neither at tﬁc individual level nor at .thc population level, altﬁough
some indirect evidence in this matter can be found in Dolﬁc (1974), Fortier et al., (1982),

Ivbijaro (1983) and Russell (1962).

" Ninety percent of the total mortality occurs during the first instar but if conditions
are favorable for the survival of this stage then the survival of subsequent stages is virtu-
ally 100 %. The total larval stage lasts for about 20 days with the fourth instar being
the one of longest duration. Pupae have a.duration of approximately 6.5 days and the

il

pre-adult stage lasts for about S days.

»

Although the biology of S. zeamais is well documented (Howe, 1952; Longstaff, 1981;
Segrove, 1951), knowledge of the physiology and metabolism of the immatilre stages’ is

somewhat lacking (Baker, 1982; Brown and thippcndnle, 1975; Yetter et al.,, 1979).

To be able to achieve an understanding of the dﬂrnamics of the grain-insect relation-
ship more information is. neccied regarding the physiological and biochemical aspects of this
| interaction.
1.3 Resistance in Maize to Weevils
S. zeamais causes damage to stored maize grain, tﬁrough its vital activities both by
the adults and by the dcvclopmcﬁt of the larval stages within the kernel {Betanzos, 1980h;
Longstaff, 1981). The damage to the grain is of such magnitude that S. zeamais has becn
considered as a major primary pest of stored grain (Hill, 1983). It is well kaown that S
zeamais is able to infest the grain even in the field (Brauer and Ramirez, 1960; Dabie,
1977; Fortier ¢t al., 1982; Ramirez, 1981) and a2 number of studies have been made in this
atea (Eden, 1952; Hill, 1983; Quintana et al., 1960; Ramirez, 1960; Kamirez, 1980; Wilbur

et al., 1961).
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Several methods have been described for evaluating maize weevil resistance in stored

- grain. The relative number of weevils in free-choice experimpnts (McCain et al., 1964) ‘

oviposition and adult emergence rates (Russell and Rink, 1965) and no-choice and free-

choice tests (VanderSchaaf et al, 1969), are some of the methods currently and most
widely used. An appraisal of t.hc_ above mentioned methods has been made elsewhere
‘ {Betanzos, 1980a; Schoonhoven et al., 1976; Widstrom et al:. 1972; Widstrom et al,

1978).

Some observations have been made in r.clation to the effect of the maize gram charac-
teristics on the preference of weevils and the susceptibility of the grain (que. 1952; Ibvi-
ljaro. 1981; Russell axfd Rink, 1965; Ségrove, 1951; Schoonhoven et al, 1976). Among
these characteristics, hardness of the grain has received the most attention in attempts to
explain the different susceptibilities to insect infmtation' in the different types of maize
material. Certainly the hardness of the kernel is the characteristic which has most often
been. cited as a factor of resistance (Betanzos, 1980b; Dobie,I 19'77; Eden, 1952; Gomez et
al, 1983b; Russell, 1962; Schoonhoven et al, 1976; Singh and McCain, 1963; VanDer-
Schaaf et al, 1.969) but in many cases the results obtained have shown ‘that some grain
types have certain degrees of susceptibility even when they are hard (Dobie, 1977; Fortier
et al, ;‘982; Ivbijaro, 1981; Russell, 1962). The hypothesis that the chemical constitﬁentS'
of the maize kernel may be componcnts. of susceptibility of the grain has been primarily
studied by determining the major nutritional characteristics of the kernel (Betanzos, 1980;
Gomez et al, 1983a; Singh and McCain, 1963). "I'nmd, Gomez ¢t al. (1983a) found that

_the efficiency of food utilization was increased with high protein levels in populations of
S. oryzae growing on selected corn genotypes. Schoonhoven et al (1976), have proposed
that the main factor driving the susccptibﬁity of corn grain may be the presence of an
assumed feeding stimulant in grain. Furthermore, Dobie (1977) has suggested the -existence
of an oviposition stimulantl which would explain-the preference of females to lay in cer-

tain types of grain.
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1.4 Plan of Study

The resistance .of the ma.lze grain to infestation by Sitophilus zeamais has been
described as a process where the interaction between insect and gr/a.tn is driven by the
characteristics of the grain as fqu and habitat and wl;ich correspondingly determine two
basic. behavioural rcsponsc; of the insect, namely, feeding and oviposition.

The feeding behaviour of the insect on maize grain has been a.nn.lyz;&in the past, pri-
marily as a response to the nutritional content of the seed, undoubtely the emphasis has
been put on how attractive the grain is to the insect. Several authors {Dobie, 1977;
Gomez et al., 1983a; Schoonhoven, et al, 1976; Singh and McCain, i963), have suggested
that a feeding or ovipols.ition stimulant may be present in the seed which would explain
the Prefercncc of the inmsect for certain maize materials or the suitability of. the latter for
the success of the former. Instead of addrwsﬁ.ng the question of how attractive the grain is
to the weevil, in the present thesis the question of how unsuitable the grain is to the
insect was addressed. In particular the possibility was 'mvcstig’gted as to whether or .not
there may be chemical deterrent factors in the seed which could be involved in its mecha-
nism of resistance. In order to answer that question the present study has examined the
effect of phenelic acid compounds present in the maize grain to feeding activity of Sitophi-
lus zeamais. Also, an attcmpt.h'a_s been made to describe the relationship of these chemi-
cal factors to other grain characteristics such as hardness which may be involved in the
mechanism of thc interaction of the grain-insect system. Another aspect of the study was .
the investigation of rare germplasm. One reason for using this material was the previous
discovcry of exceptional resistance in land races from Belize (Fortier et al., 1982). It was

. also felt that a study of rare germplasm rwou.fcw would provide the variability which
could assist in identifying resistance factors. Finally, the goal of establishing 2 taxonomic
resistance map so that breeders might choose future lines more selectively was a part of

the present-work.



MATERIALS AND METHODS

2.1 Madze material .

AN

Seven indigenous races of maize (a total of 10 collections) were used in this study and
were supplied from the Germplasm Bank at CIMMYT by Drs. J. Mihm and D> Jewell of

the maize program. Gencology of the material is referred to in Table 1.

All races listed in Table 1 were grown at high altitude (El Batan, Mexico o.s.l. 2600
m); however, low altitude is also indicated for Maiz Dulce since this is where it is usually
]

grox‘vn. They represent all 4 groups of indigenous races of maize found in Mexico.

Since one of the main purposes of this investigation was to initiate the establishment
of a resistance map of the races of maize it seemed appropriate to start by analyzing the
existing literature related to the classification of maize. The races of maize listed in Table
3 were originally established by Wellhausen et al (1952) in their classic study of the
origin and taxonomy of the races of maize in Mexico. Wellhausen er al. (1952) analyzed
several key characters from the maize germplasm populations found in Mexico and gave a
tlhorough description of the many indigenous maize populations and their geneological rela-
t.ionshi—ps. Data from that study including a set of several morphological characters related
to the corn ear were re-analyzed using modern numerical techniques unavailable to Well-
hausen et al (1952). The aim of th.ls analysis was to establish a modern taxonomic
frame of reference for future results si.nce.thc populations used by Wellhausen et al.

(1952) were from the same pools as the ones used in the present study.

-11 -
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Table 1: Geneology of collections of Mexican maize

Races and collections of Mexican maize used in the present study. All races were
grown in the experimental fields of CIMMYT at El Batan, Mexico.

Races (a) ( Collections (b) altitude (m)
Palomero (U Mexico 5(2233) 2652
. Mexico  55(13735) 2600
Arrocillo (1) Puebla 463(7672) 2200
Puebla 537(7746) . . 2300
Oloton (2) Chiapas 218(1784) 2000
Cacahuacintle (2) Mexico 212(1371) - 2657
Maiz dulce (2)° Guanajuato 93A(543)  700-1800
Conico (3) Mexico 182(1414) 2800
Mexico 461(8458) 2600
Chalqueno (4) Mexico 208(2235) 1832

a.The number in parentheses is the Wellhausen group to
which the race belong (see Table 3).

b. The name indicates the state of Mexico 1n which the
collection was made. Numbers in-parentheses are CIMMYT
accession numbers of the collections.
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Thegharacters used to carry out a.nalys.is of principal components (PCA) are described

in Table 2. A total of 13 quaittitative characters was analyzed gnd the scores were the
mean values of those variablw. There were 25 races of Mexican mzuzc which gavé. a total
of the corrce_;pondiné operational taxonomic units (OTU) ('Tabl'c 3) that were analyzr;d by

clustering techniques.

Cluster analysis of all 25 races in Table 3 was carried ﬁut using’ the statistical anaiy—
sis system available ;t the University of Ottawa's AMDAHL computer. Clustering was
performed using a standard agglomerative hierarchical algorithm known as average linkage
on squared Euclidean distances -(Procedures ‘CLUSTER and TREE of SAS package), PCA

was also conducted since there were no missing data.

Ordinations were also carried out using the external and internal characteristics of the
corn ear as described in Table 2. The races of maize selected for this study were represent-
: )

ed by 10 populations which belong to the main 4 groups of indigenous races of maize(’
. X \' A

-found in Mexico.

Maize grain collected in Belize, C.A. as déscribed by Fortier et al. 1982 was also used.

Threc of thesc populations were designated as Belize local white, Belize local yellow and

_Belize local black. The improved hybrid variety, Pioneer 230, grown in Belize was also -

included. Ordination and cluster analysis of 16 taxonomic charactcrs, derived from meas-

urements on the local populations indicated that all had affim'ﬁ& to the ancient indige-
nous group of maize races (Fortier et al, 1982). A very, ClOSC'rcl;!.tionShip between Belize
local yellow and the land race Nal-Tel was evident. Bchze local black was linked to land
race Negro'de Tierra Caliente and Belize local white linked with land race Dzit-Bacal. The

e .
hybrid had greatest affinity with upland races-of the exotic group of races of maize.
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Table 2 Morphological characters used in Multivariate analysis

- :
Quantitative external and internal characters of the maize ears and kernels in
Mexican races. The abbreviations used are for reference to the prmcipal compo-
nent analysis given in appendix 1.

EARDIAX Internal diameter of the corm ear
COBDIAM  Internal dlameter of the cob-
RACDIAQ Internal diameter of the rachis
RACEER Rachilla/Eernel index

EAREXTL External lepgth of the corn ear‘
BAREXTD External diameter of the cérn ear
ROWNO Number of rows |
SHADIAM Shank diameter

EERWID  Width of corn kernel

- EERSTRIA Striations of the corn kernel

EERTHICK Thickness of the kernel




- Table 3: Description of the Mexican land races of maize

Mexican maize races and their abbreviations. The numbers indicate the group of
maize to which the Mexican maize belong according to Wellbausen er al. (1952).

1. Ancient Indigeaous Group

2. Pre-Columbian Exotic Group

3. - Prehistoric Mestizos Group .

4. Modern Incipient Group
1. Palomero Tolugqueno* - PALT 1
2. Arrocillo Amarillo* ARAM 1
3. Chapalote . CHAP 1
4. -Nal-Tel T NALT 1
5. - Cacahuacintle* CATL 2
6. Harinoso de Ocho . HARO 2
7. Oloton* CLOT 2
8. Maiz dulce* MADU -
9. Conico* . CONI 3
10. Reventador REVE 3
11. Tabloncillo TABL 3
12. Tehua THUA 3
13. Tepeclntle TETL 3
14. Comiteco COMI 3
15. dala JALA 3
18. Z2apalote chico ZAPC 3
17. Zapalote grande ZAPQ 3
18. Pepitilia PEPT 3
19. Olotillo OLTI 3
<0. Tuxpeno TUX? 3
21. Vandeno VAND 3
22. Chalqueno* ‘ CHAL 4
23. Celaya S L CLYA 4
24. Conico Norteno w CONN 4

4

25. - Bolita . BOLI
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2.2 Insect Culture

The weevil culture has bee:{'-ma.intained in Dr. J. T. Arnason's laboratory at the Uni-
versity of Ottawa since 1982 from'an original population of corn weevil obtained from
Dr. J. Hollebone (Agriculture Canada, Ottawa, Ontario). Initially the weevils were main-
tained on' a whole wheat diet (1 g}'mscct) (Fortier et al., 1982), but I\htcr on they were
changed to a corn diet. Corn weevils (S.‘ zeamais Motsch.) were grown in screened 1 1

Mason jars with locally obtained sweet corn (Ritchic Feed and Seed Limited, Ottawa,

Ontario).

L}
Environmental conditions of the growth chamber were set to 3imulatc humid tropical
conditions and also to achieve optimum development of the insect. Jars were placed in the

chamber af 27 +/~ 2 °C and 70 % relative humidity. Photoperiod was L/D : 16/8.

£

In order to have a sequex.nial production of adult weevils the age of which were
known, the following procedure was used. ' Unsexed adult weevils were plh‘::ed in Mason
jars halffilled with local maize grain. The adults were left for 1 week and then sieved
and transferred to another jar with clca.n;d corn. The jar’ containing the maize grain
recently infested was then labeled and periodic inspcc.:tions for emergence of new adults
W‘cre undertaken. When emergence was nofed, another label was WrittcrL to define the age

of the cohox;t at the particular jar.

2.3  Extraction Procedure

2.3.1 Hydrolyzed extracts

1
The extraction procedure was performed following that described by Krieger et al.
(1982) with some modifications. Five grams of each variety were ground. One hundred

ml of NaOH solution (2 N) was added to the samples which were left for alkaline hydro-
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lysis ov;rnight. HC! 10 N was used to amdu‘.y the hydrolyzed extracts to pH 2. Acidified
samples were centrifuged at 10,000 g for 15 minutes and the supernatant was retained.
The 'supernatant was extracted with 60 ml of hexanes to remove fat then extracted twice
with 25 ml of ether : ethyl-acetate (1 : 1). Sodium sulfate (anhydrous) was added to the

™~
pooled ether phase.

The ether phase obtained was dried in rotavapor (30 °C) to complete dryness and dis-
solved in 1 ml of ethanol (95 %). The concentrated extract was centrifuged at 5,000 g

during 10 minutes and the supernatant retained for analysis and feeding studies.

232  Unhydrolyzed extracts

-

Acetone extractions for total soluble phenolic glycosides were performed as follows: 10
g-of corn seeds were placed in liquid nitrogen, ground in a ball mill and put into 35 ml”

acetone. After centrifugation (15 min 1000x g) the supernatant was reduced to dryness in

vacuo, dissolved in 10 ml of 95 % ethanol, then microfuged and the supernatant retained.

2.4 Chemical Analysis

Before analysis the extracts were filtered through a 5 p nylon millipere filter and
then analyzed by using a Beckman HPLC With.a reverse phase 5 micron ODS column and
isocratic elution with 1 : 1 methanol : 2 % HOAc in water (HPLC grade). A dilution

series of ferulic acid was used to make the calibration curve.

Gas chromatography and mass spectroscopy (GC-MS) was performed on TMS- deriva-
tized extracts usihg a VG7070-E spectrometer with a 3 % OV-1 column programmed at

150 °C and 10 °C/min .
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Since both HPLC and GC - MS confirmed the presence of isomers of ferulic x;cld it

was decided to evaliate the area of the curve from the HPLC chromatogram and not only

the peak height as is customarily performed for quantification of sustances by means of

HPLC. In the present study the igomcrs of ferulic acid were not separated by 't.hc elution

program used in the HPLC. To achieve’'the quantification of the total ferulic acid concen-
tration a dot area in m.u;2 procedure was used (Batschelet, 1975).

7

» ~

25 Preparation of diets and antifeedant assay

In this uBy only majze grain from Belize (Fortier et al, 1981), was used. Two pop-
ulations, Logal Yellow and Local White had exceptional resistance to corn weevil and onr;
popuiation, Local Black, was moderately susccpti.ble. Tltac improved double-cross hybrid |
variety, Pioneer 230 was highly susr;cptiblc to weevils. |

[

A diet based on wheat flour was prepared as follows : one gram white whéat flour,
1 ml of extract from corn in ethanol (thg equivalent of 1 g cofn grain) and 5 mg sorbic
acid were placed in a 5 ¢ mortar. The ethanol was evaporated and 0.5 mi water added to
;1akc a paste. The paste was rolled to a sheet 2 mm thick and seven 1 cm d}scs were cut.
" Control diets were made with addition of only cthanol. Diets treated with pure gubstanccs
were made in a similar manner from stock solutions of the compounds in _c‘th'anol. For
the feeding assay, four weighed discs of each diet type were placed in a 9 cm petri dish
with 5 unsexed corn weevil adults and kept at 27°C, 70 % R. Kz and L/D:16/8 in zn
incubator. The discs were later weighed at 2 day intervals to day 10. Three discs were
kept under similar conditions to monitor weight changes not associated with insect fced-
ing. Calculations’ of consumption were made from weight changes corrected for non-
"fecding changes. Wheat floux; was chosen as the artificial diet because of its exceptionally

low phenolic content as compared to corn (Krygier er al., 1982).
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2.6 Consumption Tests

. - J
One hundred grams of corn grain were divided in 5 replicates of 20 g each. The

. ! g

number of grain present in each replicate was counted and 100 unsexed adult weevils,"3

weeks old, were placed on‘each replicate. After 2 weeks, weight loss of grain, weight of

frass produced (removed with a brush), number of live insects, number of dead insects and
.ltl"

percent mortality were determined.,

To follow the temporal profile of consumption within the grain-insect system, S5 rep-

!

licates were divided into two subsets to measure oviposition and a parameter known as
parameter of -stabih'ty.' Although analysis of variance of consumption data from this
study and that of other authors and its test of equality of means has allowed classification

of seed materials according to their level of resistance, at least two inconveniences have

" been reported (Betanzos, 1980b) :

1. .. ANOVA of .consumption'data uses only the information of one inspection, which
‘means a great amount of lost information.
i. Frequently the test of eqyuality of means forms too many groups or only two
- whicl.1 does not allow for a precise distinction among resistant, intermediate and
susceptible varieties.
Due to these problems a technique of analysislknbwn as stability parameters estimation
(Betanzos, 1980b) was applied. The original technique (Ebcrl?art and Russell, 1966) was
applied to the results by dividing the loss of weight of grain by the number of days
elapsed since the beginnig of the test. The mean over all variecties and repetitions per
inspection of weight loss of grain was calculated. Then a linear regression of weight loss
of grain per day of each 1.raricty of maize against mean qught loss of grain over all
varieties per day wasi.cvaluated. By applying this procedure, then cach'l variety has a

mean, a regression coefficient (beta) and a sum of squared deviations which then are all

analyzed.
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2.7 Estimated Growth Curves

Another type of analysis ,wag. carried out in order to estimate two parameters related
to growth of organisms, namely, maximum weight reached at the time of emergence and

the rate of growth as Wcigh_tj gain on a daily basis.

An active consumption period was calculated from the values of the median devel..p-
ment time of the insect. Since egg and pupa do not contribute to the consumption .of
grain, these two stages were eliminated from the analysis by éubstfacting'thc period of
time .lt.hcy last in the whole life cycle. Tht;.n it was considered that the pre-adult stage
contributed but not to a great extent to the final weight at cmergencé, and that in any
case the "mspectioné of grain were constant for all the races of maize, thus, the experimen-

AN
tal error would be lgaded in the same form for all populations of weevils.

After calculating the active period of consumption of weevils, the rate of growth was
estimated by dividing the final weight of insect at emergence by the number of days of

actual consﬁ.niption. Having these two parameters a model of growth was used.

In this case a differzntial equation was derived as follows. Weight Wa:; considered as
a function of time, therefore change _in weight would be 'ﬁroportional to the weight at any )
time a'nd, in the present situation, to a certain maximum which is represented by the
weight at emergence, thus there is a limit which indicates a change in the form of increas-

ing weight due to change in metabolism from larva to adult stage.

In mathematical form :
dy/dt = Ay(W -~ y) | (1)
solving thls eqﬁation the fazmhar logistic equation is obtained : -
y = WAL + expl-AWt)k] : ) {2)
where,

y weight of ingect (mg) ‘ *
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W weight reached at emergence ' S .
t time in days
A rate of growth

k a constant of integration.

Since k i3 unknown, an initial condition at t = 0 was set as follows :

y{0) = Wo = W/(1 + k) - (3)
therefore, ‘ - . ' | |

k=1-(W/Wo) } : . (4)
where, }
Wo Initial weight. ’

Substituting equation 4 ipto equation 2, the working equation is established as :
y = WAL - [1{W/Wo)] exp(-AW1)} _ (5)
' ¥

2.8 Indices of Nutrition

Three nutritional indices were calculated as follows (adapted from Walbauer, 1968):

AD = [(WCi - WF)/WCiX100) - ; (6)
'ECD ~ [ WI/(WCi - WF))(100) (7)
ECI = [WIrwCil(100) = | g (8)

where,

AD Appréximate digestibility ' _

ECD Efficiency of conwersion by digestion

EC1 | — Efficiency of conversion by ingestion

WwCi Weight consumed per insect

WF {Wl:c_:ight of estimated frass production .

WwI Weight of insect at emergence
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2.9 Choice Test

To test the preference of weevil populations under a more complex environment
where all 10 populations under study were offered to the insects, a fcéd’mg arena was get

as shown on Figurc-2. Two hundred unsexed, 3 week old zg:,lults from the stock culture

_ were offered samples of all maize populations contained in 50 ml vials. First, a' position

within the feeding arena was assigned at random by using a table of random numbers, to

cach one of the seed populations of maize in a clockwise direction, then the weevils were

released at the center of the feeding arena.

»Due to the great variance of grain size among the different races of maize, neither
number nor weight of grain would have been constant for all types of maize, therefore the
‘volume of the vial bontaining the seed sample was used as éonsta_nt. Nevertheless, number

of grains and weight were measured for all races of maize in every replicate.

After 10 days of exposure, the number of live adults was counted and all were
removed. The samples were split.i‘n two subsamples in order to determine emergence and

ovipositioh sites by the berberine staining method.
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Feeding arena used in choice test.

Figure 2
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2.10  Emergence from Choice Tests

> New emergence was assessed up to the appearance of the next generation and statistics
of median development and total emergence were calculated for the rcplicatc's.' These esti-

mations were used to obtain the index of susceptibility of Dobie (1977).

The Dobie index (I} relates progeny (N = total F1) and median development (D) in
days using the following equation:

I = [(1a N)/D} 100 C(9)

Although the method to obtain D and N is usually based on 2 no choice test (Dobie,
1977) no major difference was found when using either choice or no choice test for

obtaining the estimates of D and N.

r

The plug left by the female weevil after laying the eggs was stained ‘with a berberine
solution that produces a bright yellow fluorescence under short wavelength ultraviolet
(UV) light which is easily seen with the naked eye, although a sterecoscope was used to

make the observations more accurate, especially When dubious cases were pregent.

2.11 Consump:ion and Insect Lyfe Cjclc Characteristics

To test che susceptibility of varieties of maize as related to performance through time
of the adult cohort of weevils and the further performance through time of the progeny
produced by these .populations of weevils on the races of maize, a studj;wwas carried out
where several indices of resistance of grain and some population characteristics of the
insect were measured to account for a dynamic picture of the interaction of weevil on
maize grain. This study entailed two sets of measurements: one, for the parental adult

population and the other one for the progeny of new adults emerged.
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The success of each population of weevils growing on the different types of maize

was measured in terms of the number of emerging adults, weight of insects, consumption -

-of grain by the parental population and efficiency of resource utilization expressed in pro-

duction of progcny."é:apac.ity of adaptation to a new environment in terms of survival for

the parental population.

One hundred grains of each maize population were placed in scrcepcd vials together
with 50 unsexed 3 wecks old adult weevils. Every week the survi\;ors were weighed,
counted and fransfcn:ed to 100 fra‘:h grains of the same race of maize. "The experiment
was continued ‘until there were enough survivors in each population of seeds which would
allow comparisons among performances of the insect populations growing ’on each race of
maize. Each of the exposed vials was kept in the growth chamber until total emergence of
the new generation of* adults, From this experiment, median development time in days,
consumption of both the adult and immature stagés of weevil, number of new emerged
aéiults, mortality of adult stage and the Dobie’s index were all calculated.

s
2.12- Hardness of Seed

Hardness of grain was measured by using a mill grinder (General Electric Co., Model

SX-BOOé)B-D HP=1/4). The time elapsed until a known amount of whole grain was

ground. to dust was determined.

The relationship was :

H = t(sec)/wl(g) N (10)

H Index of hardness

w weight of grain in grams
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- time in seconds

2.13 Mbisture Content

The moisture content was measured by the m;cthéd ‘dwcribcd by Fortler et al. (1982).
Ten grains of each variety were accurately weighed to the nearest 6.1 mg in a prclai:cllcd
aluminum weighing dish using a Mettler AE-163 balance. The sample was dried for 12
hours in a prebeated and calibrated oven (DESPATCH model). After the drying peﬂod.
the sample szs'placed in a desiccator containing anhydrous calcium chloride unti; it
reached room temperature, then it was reweighed. The moisture content was expressed as

N

percentage of weight loss.

iw
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Fa

" 3.1 Races of Maize
3.1.1 Multivariate Analysis of ‘Mexican Germplasm of Maize

A dendrogram (Figure 3) obtained by the TREE procc}iure of SAS package with a
standard sorting technique along with the average linkage procedure shows the relation-
ships among the varioﬁs Mexican races of maize. A very close relatibnship between
Palomero and Arrocillo (bqlonging‘_td the Ancient Indi'genoﬁs group of muaize as’ defined by
Wellhausen et al, 1952) as well as Cacahuacintle and Oloton (Pre-columbian exotic group)
is evident. Conico Populations of maize al.'c-quitqgis..él-z-tted‘ from the other réém analyzed,

although they cluster nicely within their group (Prehistoric mestizos).

The last twd races analyzed in this study, Maiz dulce and Chalqueno do not'fuse with
‘any. other member of their assumed groups. However, Chalqucno is immersed within its
own group (Modern incipients) -Wher&s for Maiz dulce (belonging to the Pre-columbian
exotic group) seems to be lost in the Modern incipient group to which it does not belong
as well as being closely related to Tuxpeno population of maize which is a member of the

Prehistoric mestizos group.

Ordination by PCA reveals a good correspondence between the clusters obtained by the
hierarchical procedure used in the dendrogram and the pattern observed by the PCA (Fig.
4). Projection onto the first two principal components shows a good separation between

the Ancient group and the other 3 groups. The pre-columbian exotic group and the mod-

-27 -
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ern incipient group could be recognized in this projection although they seem to overlap.
On the other hand, the Prehistoric mestizos group appears widely sprt;:nd over t-hc project-
ion although forming two discernible sub-groups; namely group A = [TETL, ZAPG,
VAND} and group B = [COMI, JALA.-I THUA}L

In order to identify the relationships among the races of maize represented by the
populations of maize used in the present study, these representative races within the whole

-

set of indigenous races were selected. By eliminating all races of maize but Palomero,
-8
Arrocillo, Cacahuacintle, Oloton, Maiz dulce, Conico and Chalqueno the same ordination

and clustering techniques were applied to the ear characteristics taken from Wellhausen et

al, (1952).

The dendrogram in Figure 5 shows the clusters obtained by this analysis. This time,
only Palomero and Asrrocillo grouped together separately from the othérs whereas for the
other races Maiz dulce and Chalqueno fused and then linked sequentially to Conico and
Oloton. Only the Ancient Indigenous group of maize répresented by Palomero and Arro-

cillo clustered apart from the other groups.

-

The ordination performed on the same observations shows a great resemblance to the

structure generated by means of the clustering technique (Figure 6).
r

A score based on the linear combination of the’ variables used to perform the PCA .
was calculated for the first principal component (eigenvalue = 8.6199 and proportion ~
0.6631) in order to summarize the external morphological characteristics of the different

races of maize,
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- Figure 3 Dendrogram of Mexican races of maize. Dendrogram showing
relationshipszof Mexican races of maize. Races of maize analyzed
in this study are marked with an *. Abbreviations are defined in
Table 3. -
!
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Figure &

Ordination by principal components of Mexican races of maize.
The first two principal components are plotted. Abbreviations are
outlined in table 3. Numbers are the groups of maize defined in
table 3. A and B are subsets of thé Prehistoric Mestizos group.
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. Dendrogram of selected Mexican races of maize.. Dendrogram
showing relationships of selected Mexican races of maize analyzed
in the present study. Abbreviations are as in Table 3.

1. PALT and ARAM belongs to Ancient Indigenous group
2. QLOT. CATL and MADU belong to Pre—(‘folumbian Exot—l
ic group
3. CONI belongs to Prehistoric Mestizos group
4, CHAL belo;lgs to Modern Incipient groul;
g

v
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Figure 6 Ordination -by principal components of selected Mexican maize.
~ Ordination by principal components analysis reflecting the major

patterns of variation among 7 selected races of Mexican corn used
in this study. "

1. ARROCILLO = ARAM

2. PALOMERO = PALT ;

3..  CONICO = CONI .
4 MAIZ DULCE = MADU

s, CHALQUENO = CHAL

6. CACAHUACINTLE = CATL
17, OLOTON = OLOT
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To compare the affinities obtained Hy this dnalysis of morphological characteristics of

the corn ear to the resistance charactcﬂstica of the collections of maize in the present
study, the same type of clustering a.r;d ordination studies \#crc carried out but'using the
i:.:xtemction indices and the biological characteristics of the insect growing on the seed. "f‘hc
seed characteristics were m;t inciuded in the analysis for further correlation analysis, The
ordination and ‘clustcring performed by means of principal ;:omponcni analysis and average
linkage procedure show that according to resistance factors an almost reverse image of
affinities among collections of races is obtained (Figure 7 and 8). This time the two col-

lections of races in the Exotic Pre-Columbian Group fuse appart from the other collections
’

of maize (Figure 7). These two collections of maize, are classified as very susceptible to
insect attack. Then, according to morphological characteristics the two races of the Pre-
Columbian Exotic Group are close to the Modern Incipient and Prehistoric Mestizos groups

of maize (Figure 5) but according to the Resistance map the Ancient Indigenous group is

linked to these later groups (Figure 7).

o



Figure 7:

Dendrogram of selected collections of Mexican maize determined by
resistance characteristics. Dendrogram for the collections used in
the present study obtained by means of resistance characteristics
(see Table 19).

1.

P537 and P463 are Arrocillo Amarillo (ARAM) collec-
tions {group 1)

M182 and M461 are Conico (CONI) collections (group 3)
M208 is a Chalqueno (CHAL) collection (group 4)

M5 and MSS are Palomero Tolugueno (PALT) collections
(group 1)

G93A is a Maiz Dulce {(MADU) collection (group 2)
M212 belongs to Cacahuacintle (CATL) (group 2)

C218 belongs to Oloton race (OLOT) (group 2)
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Figure & Ordination of selected collections of Mexican maize. Ordination of
the collections used in the present study obtained by means of
resistance characteristics (see Table 19). See description in Figure
7.
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i

3.2 Chemical Analysis of Phenolics

The total phenolic extracts from 13 collectiogs and 1 hybrid of maize listéd m Table
4 were analyzed by usjng reverse phase liquid chromatography (HPLC} and combixicd Gas .
Chromatography and Mass Spectroscopy (GC - MS) for quantitative and qualipétivc“anal&-

sis of the phenolic comf)ounds present in the grain’s crude extracts.
321  Qualitative Analysis . \

The HPLC chromatograms showing compounds absorb'u}g at 254 nm in extracts of
grain are depicted in Figure 9. Only one main peak was c}e/ntccted which displﬁyed charac-
. . / N
teristic UV spectra of phenolics. This peak has compamt:E: retention time on the chroma-

tograms and UV spectrum to that of ferulic acid used as, reference substance (Figure 9).

Analysis of the mass spectra (Figure 10) and comparisons with the reference compound .

confirmed the presence of ferulic acid (Figure 9), with p—co ic and other phenolic acids

i

in much smaller proportions. '
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Time (min) .

CH,0

.HF \cr{c c
O =CH—COOH
\__/ -

FERULIC ACID

Figure 9 Ferulic acid standard. Chromatogram of ferulic acid. {1} Z-form
(2) E-form. : . ’




GC-MS analysis. GC chromatogram and normalized spectra of
TMS derivatized total phenolic extracts from Local Yellow maize.
(1) Z form of ferulic acid (2) pcoumaric (3) E form of ferulic

acid.
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3.2.2  Quantitative Analysis

-

A calibration curve (Fig. 11) was determined by means of a regression between area
under the curves .of. the chromatogram and concentrations of t.fzc phenolic compound

detecfed.

Quantitative work is indicated in table 4 where it is shown that the Belizean local

yvellow population of maize contained the highest concentration of phenolics whereus the

L -3
" Jowest concentration was present in the Mexican Oloton (Chiapas 218) race of maize.

Isomer Z of phenolic compound is h.f%ly concentrated in Palomero {Mexico- 005),
again the lowest concentration is contained in the Oloton (Chiapas 218) race of maize.
The proportion of isomer Z of phenolics as compared with the total phenolics amount is

quite high in the Arrocillo (Puebla 463) maize and low in Oloton (Chiapas 218) race.



Calibration curve. Standard curve of ferulic acid as determined by
using HPLC detector response recorded as the area of the curve
from the chromatogram plotted against conceatration of ferulic
acid injected. Determination coefficient (r2) = 0.993 (n = 5).

A

*
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Figurcr 11: Calibration curve
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Table 4 Quantitation of phenolic compounds.

Hydrolyzed extracts from 10 Mexican maize collections, 3 Belizean collections and
1 hybrid. N

" Phenolic concentration
({(mg/g Ferulic acid)

Races and collections - Total B 2 2
of maize form form %
Arrocillo (Puebla 463) L2227 .168 .0593 35.32
Arrocillo (Puebla 537) . 352 .316 .0359 11.36
Cacahuacintle (Mexico 212) .23 .204  .0185 9.058
Chalqﬁeno (Mexico 2U8)° .258 .219 .0386 17.63
Conico (Mexico 182) - .504 .448 .0576 ' 12.92
Conico (Mexico 461) .82 254 .0276 10.87
Local Black (*a) . 983 .348 .0451 12.96
Local White (*Db) .518 .482 ,0540 11.69
‘Local Yellow (*¢) .554 - .492 .0615 12.51
Maiz dulce (Quanajuato 93A) ..528 .4768 .0498 10.47
Oloton (Chiapas 218) .203 .188 .0150 8.00
Palomero (Mexico 005) .491 .420 .0708 186.88
Palomero (Mexico 0853) .489 .426 .06834 14.89
Pioneer (d*) ) -,379 .348 .0305 8.75

*a : Affinity to land race Negro de Tierra Callente
*b : Affinity. to land race Dzit-Bacal (Belize)

*c : Affinity to land race Nal-Tel (Belize)

*d : Hybrid grown in Belize

41
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3.3 Consumption of artificial diets treated with phenolic extracts

The presence of feeding deterrents in grain is demonstrated in Table 5. Treatment of
artificial diets with hydrolyzed total phenolic extracts of Belizean maize populations of.
grain showed that consumption of diets containing extracts from Zrain was significantly

lower when, compared to consumption of untreated controls (P<0.05).

The feeding deterrent properties of the hydrolyzed extracts of grain as measured by
consumption (Table §) were negatively correlated (r = -_0.84£ DF=4, P<0.05) with the phe-

nolic content of extracts (Figure 12).

When extracting at liquid nitrogen temperatures in order to extract the soluble glyco-
sides, and adding these extracts to artificial diets, the consumption of diets treated in this
way was also sigpificantly different from controls (P<0.05). For the unhydrﬁlyzcd
extracts the correlation between consumption and phenolic content .Was -0'.56 (DF=4,

P=0.01).

An agsay was performed to check the effect of feeding response of weevils to pure
phenolic and other substances. Again, Table 6 indicates that these substances have signifi-

cant dctcrrcnt properties at a concentration of 0.3 mg/g which is close to the phenolic con-

K;nt in grain. '



Table 5 Consumption of treated artificial diets

43

Antifeedant properties of maize extracts towards Sitophilus zeamais as evidenced
by consumption of treated artificial diets. For ANOVA with total phenolic data
F = 3.76 (P = 0.001, Df = 51). Means folowed by the same letter are not signifi-
cantly different (P = 0.05) in Duncan’s multiple range test.

Maize population
Irom which extract
wasg made . :

Control
Pioneer 230
Local Black
Local White
Local Yellow

Consumption of treated diets

Total phenolic Acetone
extract extract
(mg/insect/day) (mg/insect/day)
4.88a 4,248
4.48b 3.09b
3.89¢ 3.43b
3.87¢c 3.57b

3.66¢c 3.25D




Table 6 Antifeedant properties of pure phenolic substances.

Cpnsumption of diets treated with pure phenolic substances by Sitophilus zeam-
ais,

~

Treatment B Consumption

) : (mg/insect/day)
Control : ) 3.49a .
BOA . " 2.70b
B-aminophenol : 2.58b
6-MBQA 2.24c
ferulic acid 2.40c

Note: Concentration was 0.3 mg/g diet.

Mean followed by the same letter are not significantly
different in Duncan's multiple range test (P = 0.05).
ANOVA values P = 15.48; P = 0.0001; df =~ 51.




-Consumption (mg/inéec’r/day)

504 A

Phenolics (mg/g) -

Figure 12

Plot of consumption versus concentration of phenolics in artifi-
cial diets.. Consumption by maize weevil of artificial diets treat-
ed with extracts from 4 Belizean populations of maize investigat-
ed plotted against the phenolic content of the extracts.. A. Total
phenolic extracts (hydrolyzed). B. Acetone extracts (unhydro-
lyzed). :

45
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3.4 Resistance i‘wts using weevil populations

b3

The r&istax.icc, in terms of consumption by weevil pqpulatigns, of 10 populations of -
maize was compared by means of a no choice test (Table 7).
: LI Bt
Weight loss of grain consumed by adult weevil populations after 2 weeks of exposure
showed significant differences among races of maize subjected to infestation (F = 7.63,

P<0.0001) and comparisons of means for consumption allowed the separation of 7 groups

of corn according to their susceptibility to the insect population.

Another variable which was considered as an important index of resistance was the
percent mortality of the Wéévil population after exposure to the new environment (i. e.
test corn substrate). Again an analysis of variancc’ was carried out and results are shown
'in Table 8. This time, a reversed image of consum:ption was obtained since the more grain

consumed the less the mortality induced in the populations of weevils whereas the less

consumed races had greater mortality of their infesting insect populations.

The data pertaining to the calculation of the parameter of stability (8) is summarized
in Table 9. After obtaining the corresponding parameters of stability {8) which indicates
the rate of consumption of grain by the msect population per day assuming a linear rela-
tionship, a qualitative index of susceptibility (R+ to S+) was assigned to each population

of maize.

Ag shown in Table 9, the populations of maize; Puebla 463 (Arrocillo), Mexics 005
__(P;domcro) and Mexico 182 (Conico) were classified as resistant. Four populations of
maize were classified as in;crmediate gince their values of -,F were closer to the mean con-
sumption per. day of all the varieties considered, these varicties were Mcxilco 055 (Palome-
ro), Mexico 461 (Conico), Guanajuato 93A (Maiz dulce) and Mexico 1;08 (Chalqueno). At
the top of the range were the susceptible populaiions of maize Chiapas 218 (Oloton) and

Mexico 212 (Cacahuacintle).
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As an illustration of the parameter evaluated Figure 13 shows the slopes or rates of
consumption g) compared against a dashed standard‘ line which shows an assumed stan-
aa:d consumption per day, the Iin_es above the standard line are the susceptible races of

maizsé whereas the lines below it are the resistant varieties.

v



Table 72 Consumption of maize grain by weevil populations.

48

ANOVA ;alua: F = 7.63; P = 0.0001;n = 5. Means followed by the same letter
in a column are not significantly different (P = 0.05) in the Waller-Duncan mul-
tiple range test. Each replicate contains 20 g of grain and 100 +/- 10 adult

1nsects.

*

Race (Accession No.)

Cacahuacintle (Mexico 212)

Oloton (Chiapas 218)
Arrocillo (Puebla 537)
Conico (Mexico 481)
Conico (Mexico 182)
Chalqueno (Mexico 208)
ATrocillo (Puebla 463)
Palomero (Mexico 055)
Maiz dulce (Guanajuato 93A)
Palomero (Mexico 005)

Mean congumptlon
- by.adults
(g/week/;@p‘insects)

0.843 a

-+ @729 a
.656 b
.634 b
.811 b
o]

d

d

a

by

oM

. 484
. 478
.456
443
.318

00000000
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Table 8 Percent mortality of weevils

Weevils tested with 10 Mexican maize populations after 14 days. ANOVA val-
ues: F = 12.03; P = .0001; n = 5. Each replicate (vial) contains 20 g of seed and
100 insects. Treatment : maize seed. Variable of response : Percent mortality of
adult weevils after 14 days.

<

Race (Collection) ' ‘Mean Mortality
- : (%)
Palomerc (Mexico 55) 53
Maiz dulce (Quanajuato 93A) 48
Palomero (Mexico 5) 40
Chalqueno (Mexico 208) 32
Conico (Mexico 461) 29
Conico (Mexico 182) : 27
Olotan (Chiapas 218) . , 17
Arrocillo (Puebla 463) 16
Arrocillo (Puebls 537) ) 7
Cacahuacintle (Mexico 212) - 7

——)
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]
Table & Calculation of Parameter of Stability Parameter

Consumption data used for calculation of Stability Parameter ().

Note: Initial mean weight of maize sampley at‘cquilibrium moisture content was
60.25 g. There were 100 insects in the trial,

———————————— Mean -———-ceeee——-
Inspection Cconsumption ‘Consumption
date all varieties ‘per da
_ @ , - (g/day
14. days 1.75 0.13
32 days 7.38 0.23
46 days 16.69 0.36

Races of malze (Coll.) 14 days 32 days 46 days

(g @y (8)
QOloton (cz218) - 0.18 Q.25 0.46
Palomero (M005) 0.08 0.10 0.22
Palomero (M055) 0.1V 0.21 0.31
Conico (M182) 0.18, 0.25 0.35
Chalqueno (M208) 0.09 0.21 0.33
Cacahuacintle,K (M212) 0.19 0.33 0.81
Conico (¥481) 0.14 0.26 0.36
Malz dulce (@s3a) .11 0.24. 0.33
Arrocillo (P4863) 0.09 0.16 0.22
Arrocillo (P537) ° 0.14 0.31 0.42




Land race . ~ rate of Resisgtance

(Collections) . consumgtion scora*
) (P' _
‘Arrocillo (P483) 0.54 : "R+
Palomero (M005) 0.61 R
- Conico - (M182) 0.83 R~
Palomero (M055) 0.90 - I -
Malz dulce (@934) 0.92 . I
Chalqueno (M208) 0.94 : I
Conico , (M481) 0.99 ' I
Arrocillo’ (P537) 1.16 S-
Oloton (c218) 1.30 s
Cacahuacintle (M212) 1.81 S+

————— . e L ks ks ek o e o e . e Py s A T Tt D il o o o o oy oy St o T

R = Reslstant

S = Susceptidle

I « Intermediate - -
* according to criteria of Betanzos (1880Db).

£




Weevil populations’ rates of consumption on different types of
grain. Comparison of rates of consumption of populations of
weevils, during 46 days, as determined by the parameter of stabili-
ty (beta), assuming a linear feeding behaviour. Dashed line repre-
sents a standar consumption (mean of mean consumption by
variety). The abbreviations are as in Table 3 and Figure 7. Num-
bers are: -

1. Mexico 212 (M212; CATL; 2)

2. Chiapa.'; 218 (C218; OLQT; 2) . 7
3. ' Puebly 537  (PS37; ARAM; 1)

4. Mexico/ 208 (M208; CHAL; 4)

5. Guanajuato 93A (G93A; MADU; 2)

6. Mexico 461  (M461; CONI; 3)

7.+ Mexico 55 (M55 ; P:A.LT: 1)

8. Mexico 18.2 (M182; CONT; 3)

9.  Mexico 5 (M5 ; PALT; 1)

10. - Pucbla 463  (P463; ARAM; 1)

- 2




Mean consumption per race of maize (g/day)

| Figure 13 _ ' | 51
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3.5 Choice Tests : |

The number of adult i.ns;'.cts found aftt;rr2 weeks of exposure in the different vials
containing the seed are summarized in table 10. According to the results obtained by the
analysis of variance the replicates do not coﬁtributc (F = 0.05, P-b.952) to _thc ;rariatio:i
of the number of insects present in the vials Wit:h grain implying that replicates are
homogeneous, therefore _thc main effect is due to the different maize typcs or raccs‘of

grain contained in the vials (F = 8.82, P = .0001).

-

-

Clearly there is a marked preference for two seed materials, namely Cacahuacintle
(Mexico 212) and Oloton (Chiapas 218) which belong to the Pre-Columbian Exotic group
of maize (Table 10) whereas the two populations of Palomero (Mexico 005 and Mexico

055, Ancient Indigenous group) were much less preferred by the infesting populations of.

weevils {Table 10).



Table 10: Preference of weevils in a Choice test.

53

Number of insects present in vials after 10 days of exposure to 10 races of maize
seed. Two hundged unsexed adult weevils, 3 weeks old, werc realesed per repli-

cate.

------ Feeding Arena -—--—---

Replicate Mean No. of
Land race =00 @ eememmme— insects .
(collection) A B C (s.d4.%
Palomero (M0OS55) 2 3 4 3.0 (1.0)
Palomero (M005) 7 9 6 7.3 (1.5)
Ceonlco (M182) 10 5 - 13 8.7 (5.1)
Maiz dulce (G93A) 14 6 7 9.0 (4.4)
Arrocillo (P537) 12 6 16 11.3 (5.0)
Chalgueno (¥208) 18 & 11 11.3 (8.5)
Arrocillo (P483) 10 - 14 - 11 11.7 (2.1)
Conico (¥481) 28 1 15 14.7 (13.5)
Oloton (cz218) 36 35 49 40.0 (7.8)
Cacahuacintle (M212) 44 85 44 57.7 (23.7)
Mean infestdtion (blocks) = 17.5 insects per vial .
Coericient of variation = 57 %
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3.6 Life Cycle Characteristics and Dobie Index of Susceptibility B

The number of oviposition sites obscr\}ed using the berberine atain“ method are pre-
sented in Table 11. Thc number of seeds showing oviposition sites —v?ns greater on the
races Cacahuacintle (México 212), Oloton (Chiapas 218) and one Conico (Mexico 461). On
the contrary, races Palomero (both Mexico 005 and Mexico 055), Maiz Dulce (Guanajuato
93A) and one Conico (Mexico 182) showed a lesser degree of inf&sta;ion when considering

the presence or absence of oviposition sites.

An attempt was made to determine the expected number of oviposit.ion sites assuming
that the process was random. The problem was posed as follows : If all kernels are equal
for the insect, then the distribution of _th.c_ insects and their progeny would be random
since the environment would be homoggncous and no preference for any sites, both among

. N x
races of maize and within each population of kernels, would be noticeable.

On the other hand, when there exists a preference for some maize populations in the
feeding arena the insects would have a greater probability of eventually mating since there
-would a greater number of insects in those more attractive maize populations, which in

turn would be reflected in the number of oviposition sites.

Now, within the maize population the preference would be indicated by the frequency
of oviposition sites both per grain (individual grain) and per maize population (grains in
vials). This situatiom predicts that the data follow a Poisson distribution. Probabilities

for a Poisson distribution are given by:

(Y = k) = [exp(-u)}(ukK) / (k) (11)

where, ° : . _ '

“C

u = mean of distribution
k = (0,1,2,....}



——
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Table 11: Oviposition sites detected by berberine staining method

Grain preference by weevils as determinated by the number of oviposition sites in
diferent types of grain.

Percentage of Total Mean

Land Race graln with No. of No. of

(collection)  oviposition oviposition oviposition
sites sites sltes '

PALT (M055) - 10.7 8 2.6
MADU (G93A) 20.0 14 4.6

PALT (M005) 7.5 15 5.0
CONI (M182) 28.8 . 17 5.6
ARAM (P537) 35.0 22 8.3
CEAL (M208) 35.6 27 8.9
ARAM (P463) 28.8 30 10.0
"CONI (M4861) 46.7 46 15.3
OLOT (C218) 80.0 T4 24.6
CATL (M212) 83.3 123 41.0

Maiée'éamples were exposed for 2 weeks to 200 adult -

‘ingects in a choice test hefore assessment.
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P = Probability that the random variable Y

_takes the value k

Y = Number of seeds with k number of oviposition sites

-

The substitution of the observed number of oviposition sites after calculating the
probability u in equation 11 yields the expected number of grains with k. number of ovi-

position sites. These expected values are compared to the observed values in table 12.
£

*Evidently, there is a large departure from randomness (i. e. there are some sites, vials,
“which are more preferentially selected for oviposition) when considering the distribution
of the number of eggs deposited in the grains of all pofsulations (Figure 14). This strong
preference for some maize populations is evidenced in Figure 15. The number of grains
attacked and the number of oviposition sites per grain is clearly 'high for Cacahuacintle
and Oloton maize. The ‘populations of Palomero and Arrocillo gx;ouped together as the
least infested since the number of grains without oviposition sites is greatest and the num-
ber of oviposition sites per grain is smallest. Maiz Dulce (Guanajuato 93A), Conico (Mexi-

co 182), Chalqueno (Mexico 208) and the second population of Conico (Mexico 461) are

intermediate in terms of preference by the choice test.
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Table 12: Observed and cipected values of oviposition sites (all races).

Table used to determine Poisson distribution.

-

Total No. k Probability No. of

" -of grains oviposition of k grains with k
inspected sites peT oviposition ovliposition
grain sites sltes
) (expected)
e o pp—mm————————
0] 0.49%7 260.2
1 0.348 182.1
2 "0.122 83.8
GT“ 3 0.028 l14.9
/2 0.005 2.8
524 5 0.001 0.4
6 o 0
7 0 0
8 0 0
9 0 0
10 0 0




-

Figure 14

Graphic representation of Poisson distribution. Graph of the val-
ues of expected and observed number of oviposition sites using
combined data from all land races in feeding arena choice test.

Note : Dashed line, observed values; continous line, expected val-
ues. Chi square value of goodness of fit = 216 which rejects the
null hypothesis of randomness (Poisson distribution).
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3.7 Effect of Grain-Insect Interaction on Adult/Progeny Success ~
3.7.1  Performance of Parental Population of Insects ﬁhrdug'h Time

Calculation of stability pa.l;amctc.t: gives information about the consumption behaviour

of a population of weevils.and their progeny in a restricted situation whcx:e th::re is a lim-
ited afnount of resources. Also, the contribution 'of the progeny ‘to the consumption of
grain is unMniblc since it is confounded with the adult pop‘u.iation feeding on__thé
grain. The aim of this technique is to nxeasure the consumption of a population of weev-
ils (adults and progeny) after a period of time. In ‘other words, the goal is to indicate the
damage to the grain.: Howcvcr,_ other cha.ractcﬁsiiﬁs of the life cycle of the insect such as
growth of individuals and populations related to copsumption, number of individuals pro- .
duced related %0 age, morta.l.ity'in an environment free of dengity-dependent _constraints,
] changes in weight of individuals, etc. are disrcga\rdct;. To account for all these changes in
a comprehensive fori:u, the performance of adult and ‘uﬁmaturc stages of weevil population
T were analyzed. Table 13 shows the results obtained after comg;le;c emegence of weevil

progeny, as well as the characteristics of the parental population of weevils which pro-

duced that progeny.
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Table 13: Biological characteristics of weevil progeny

-

—— e — o ——————————— S} " o " ————————— " . &Y - —

T ekt o iy S Sy Sk e el S oot

Race of . Weight No. of Median Total
o . loss insects devel- weight -
malze and of grain. emerged. opment of insects
collection  Feeding by ~period emerged
. immature
stage )

(a) (g) (days) (mg).
CATL (M212) 1.838 . 44 49 165.2
ARAM  (P463) 0.247 16 . . 49 56.6
CONT (M461) 0.189 14 49 56.6
MADU (G93A) 0.0%0 13 49 | 47.0
OLOT (C218) 0.043 11 - 49 37.4
CONI (M182) 0.022 4 68 13.4
CHAL (M208) 0.002 1 54.5 3.2
PALT (MS55) 0 0 0 0
PALT (MS) 0 0 0 0
ARAM (P537) 0 0 -0 o

Race of . Weight No. of Median Total
: loss - insects dsvel- waight
malze and of grain. emerged opment of insects
collection Feeding by pericd emerged

R immature

stage

(a) ¢-)) (days) (mg) -
e ———— g e
CATL (M212) 3.292 76 47 287.3
MADU (G93A) 0.8862 24 49 92.0
OLOT (C218) 0.822 32 45 110.3
CONI (M461) 0.458 20 51 80.9
CONI (M182) 0.173 15 49 52.5
CHAL (M208) 0.081 13 ‘ 859 47.8
ARAM (PS537) 0.043 11 45 35.3
ARAM (P463) 0.023 4 55 11.6
PALT (M5) * 1 v, ¥ 3.2
PALT (MS5) 0 - 0 - Q. 0
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Table 13: Biological characteristics of~weevil progeny

%
Age of pa?&nta} population 5 weeks ——————————————————
Race of + Weight =~ No. of Median Total
loes insect's - devel-  weight
maize and = of grain. * emerged opment of ingects - -
collection Feeding by . period emerged
Ammature o .
. - , stage - . S o
(a) - (8 . (days) (mg)
CATL (M212) 2.077 44 50 164.7
CONI (M461) ' 0.879 24 50 83.1
OLOT (C218) 0.109 11 54 42.1
HADU (G93A) - 0.070- 8 52 25.8
ARAM (P537) 0.051 3 54 10.5
CONI (MI82) 0.012 - 3 =50 8.7
ARAM (P483) 0.010 B 2 48.5 7.3
CHAL (M208) = 0.0058 3 50 12.9
PALT (M55) 0 0 0 0
PALT (M5) 0 0 0 4]
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In these cxpcrmcnts adult weevils were provided with fresh substratc on a- weckly

basis, and thc maize &bst.mte from each week was conserved to observe progeny develop-
ment.

-

_As seen in Figure 16 and Table 14, there is a remarkable variation :.Lmong the per-
forma.ném through time of parental populations, on different maize substrates both in sur-
vwal and weight gain. Maize populanons Cacahuacmtic (Mexico 212), Conico (Mcxxco

461) and Oloton (Chiapas 218) supportod thc best growth of the infesting weevils.

. A high rate of insect mortality is observeq fqr-.both Palomero populations of maize
(Mexico 005 and Mexico 055) as is seen in Figure 16, reaching 100 % of mortalit&lf.or- .the
infesting population of weevils by the begining of the 4th week. Arrocillo maiz-e popula-
tions (Puebla 463 and Puebla 537) differed in their resistance in terms of the mortality of

the weevil populations growing on them.

For Puebla 463 (Arrocillo) thcrp was a low percentage of mortality at the end of the

second week an a sudden increase /Zn mortalxty from week two to week three while for

- Puebla 537 (Arrocillo) th:g%pé mortality did not vary that much (Figure 16). in the

case of the two populatio Conico (México 182 and 461) there was a great diffetence

between these two as it ig secn.in Figure 16. Maiz dulce (Guanajuato 93A) and Chalqueno

(Mexico 20%5) showed higR. mortality at the end of the third ‘week however, while for
. o ! :

Chalqueno the rate of mpftality was constant, for Maiz dulce (Guanajuato 93A) a large

change in mortality rates occured during the second and third week.

)
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Table 14: Weight gain of parental weevil population. .

Kruskal-Wallis analysis of variance for adult weevil weight gain.

Race (Collection)

t

Mean change in weight
of adult weevils during
3 week perlod

(mg)
Palomero _ . (M055) 3.19 a
Arrocillo . (p483) . , 3.42 b
Chalqueno (M208) 3.44 b,c
Palomero, (M005) ‘ 3.45 b,c
Conico (M182) 3.47 b,c
Maiz dulce (@934A) 3.62 ¢
ArTocillo (P537) . .~ 3.69 ¢
.Oloton (c218) ‘ 5.70 ¢,q
Conico (M481) . 3.72 4
Cacahuacintle (M212) 3.72 &

T T L e T T et S S S L . e e . et et g S B W ok S o e . Pt o St o o o

Chi square value : 18.06 (P = 0.087)

D.F. » 8




Figure 16: Survival profile of weevil populations. Parental weevil popula-
tions growing on different types of maize. Survival expressed as
percentage. Time in weeks.

1. Mexico 212 (Cacahuacintle)

2. "I\:riexico 461 (Conice)

3. Chiapals 218 (oloton)

4. Mexico 182 (Conico)

s.. . Guanajuato 93A (Maiz dulce)

6. 'Mexico 208 (Chalqueno)

7. Puebla 537 (Arrocillo) )
8. Puebla 463 (Arrocillo)

9.  Mexico 5 (Palomero)

10. Mexico 55 (Palomero) :

vy
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3.72  Performance of Progeny of Parental Populations through Time

The number of prog_'eny obt;iincd from weekly chanﬁcs of grain substrate are shown
in Table 15. The number of progeny on the different races of maize grain range from a
mean of 55 new adults emerged from Cacahuacintle to none emcrgcd from Palomero.
Thac results mdumte that there exists a large gradient of success of adaptation to the dif-
“ferent characteristics of each type of grain by the same species of weevil. In other words,
the variation of adaptauon of a single species to a new environment reprcscntcd by differ-

- ent races of maize is very large both for the parcntal populations and for their progeny.

An analysis of covariance was performed in order to assist in interpreting the data

with regard to the mature of treatment effects, in this case the effect of different types of

Y

grain and its relza‘tibnship to the parental populations of ih;;ect weevils and their progeny.
A number of derived variables were calculated from the original set of data indicated in

" Table 13. These new variables were analyzed by means of the covariance procedure since

the information provided by them is related to the original var}nblcs but in a standardized

1

format.

ANOVA and ANCOVA results are presented in the appendix 3, showing that weight

- : L 4
loss of grain, development time of progeny, number of insects emerging, weight per indi-

vidual and consumption of grain per individual per day could be analyzed as 3 replicates

since no effect on the variable of response was observed due to the variation in time as

well as in the number of parental insects and their respective weights.

On the other hand, analysis of variance and covariance indicated that most of the

variation in the vari%blw of response was due to the effect of the different types of grain
(treatments) and their ¥pteraction with the weevil populations. Since the analysis of vari-

‘ance and covariance gave\an indication of the effect of the treatments on the variables of
N o
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response, a one way analys;s of variance was performed to make comparisons among the
different treatments or types of graih. The chosen vaﬂabla were those related to con-
. sumption of grain per mscct and weight of insect at the time of emergence because t.he}'

were considered a3 a du'ect indication of growth and nutrition of insect within the grain

Figure 17 and Table 16 indicate the differences in cc;nsumption and weight of the\
weevil progeny grown on the different classes of grain. Nci'ther collection of maize Mexicc-)
005 @nd Mexico 055 (Palomero) was successfully colonized by the infesting weevils and no
cm&gcncc was observed from these races :of maize, naking it impossible to estimate any

‘parameters for these two systems. At the other extreme it is observed that the consump-

——

tion of grain per individual during development time. of insects growing in the grair?fa}:pf '

ulation of Cacahuacmt.lc (Mexico 212) was twice than the mean consumptwn of gra.m
within the ot.her populations (Figure 17). Complete comparisons for other,va.nablw of

response together with main statistics are shown ‘in the appendix 2.
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Table 15: Progeny obtained on maize grain

Number of insects. emerged after 4 weeks produced by a single cohort of weevils
on different types of maize.

Races and " Number of insects
collections emerged in a
of maize ’ _ no-cholce test .
‘Cacahuacintle (Mexico 212) 55
Conico (Mexico 461) P 19
Oloton (Chiapas 218) *% 18
Maiz Dulce (Quanajuato 93A). . = 14

Chalqueno (Mexico 208) 8
Arrocilio (Puebla 463) . 7
Arrocillo (Puebla 537) 7
Conico (Mexico 182) 7
Palomero (Mexico 5) 1
Palomero (Mexico 55) 4]

* one 1nsect in three replicates
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Figure 17: Grain consumption by weevil during development time.

A

Consumption (mg / insect /day)

A

|l|uh

M2i12 M46l G93A C218 P537 P463 MI82" M208
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Table 16: Variables of weevil growth as related to consumption

Comparisons of several variables associated with the performance of weevil proge-
ny.

Land Race Mean Consumption

b — - - Sy ——— —— —— A} iy o 7 T —— —

* Cacahuacintle (M212) 44,

la ~ 49.7 a

Conico (M461) 21.5 b 8.8 Db
Maiz dulce (Q93A) 14.9 b,c 5.4 b
Oloton (c218) 11.1 b,¢ 5.6 b
Arrocillo (P537) 10.3 b,c 0.9 b
Arrocillo (P4a83) 8.8 ¢ 1.9 b
Conico (M182) 7.0 ¢ 1.4 b
Chalqueno (M208) 3.3 ¢ 0.5 b
Land Race' . ., Mean Mean Welght

consumption insect

(Progeny)

mg/insect/day mg
Cacahuacintle (M¥212) 0.91 3.76
Conico (Ma81) 0.43 3.99
Maiz dulce (@83Aa) 0.30 3.91
Oloton (C218) 0.23 | 3.56
Arrocillo (P837) . 0.20 3.38
Arrocillo (P483) 0.18 3.36
Conico (M182) . 0.13 3.36
Chalgqueno (M208) ' 0.06 3.73
Palomero (M005) ———— 3.20°
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7 ‘3.8 Nutritional indices of the immature stage of weevil

'f‘h.rcc indices of nutrition were ﬁﬁmam for each of the v.mvil populitions emerge;i
from the races of maize used as substrate. The small number of insects emerged from this
experiment made it very difficult to measure t:he “amount of frass accurately si.ﬁce these
q-uantitliw were negligible in many cases. Therefore, the amount of frass was estimated by
using the data obtained fro;:n a separate experiment, and assuming that the ratio of frass

produced to grain consumed was constant for any one variety of grain.

‘ The results of this evaluation are summarized in Table 17. Surprisingly, the most

; consumed grz;in (Mexico 212) was not the more nutritious, at least in terms of the indices
used in this approach (AD, ECD, ECI). The ECI represents the efficiency of conversion oi'?

food taken into insect biomass. It varies by an order of magnitude from 10.7 for Caca-

huacintle (M212) to 183.9 for Chalquenc .(‘MZOS). The ECI has 2 components: the

approximate digestibility (AD) and the efficiency of conversion of digested :f'ood (ECD).

Evidently the Lgriation in EC"I: stems from the 'considerable variation in conversion of

digested food (ECD) not from variation in digestibility (AD).
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Table 17 Nutritional indices of weevil on different maize material

Comparisons of the nutritional indices AD, ECD, and ECI obtained for weevil

populations emerging from different races of maize. ANOVA values :
AD. F = 455.03; P = ,0001; D.F.(Total} 22
ECD. F = 3.61; P = .0176; D.F(Total) 22 ~

EC. F = 3.52; P = 0.0153; D.F.(Total) 22

Races (collections) AD ECD BECI
% % %
Oloton (c218) '82.1 a 51.8 b 47.6 b
Conico . (M182) a7.1 n - B86.7T b 88.1 b
Conico (¥461) 86.7.b,c 23.6 b 20.5 b
Arrocillo (P4B3) . 86.4 c 55.7 b 48.1 b
Malz dulce (@93A) 85.9 d 45.5 b 39.1 b
Chalqueno (M208) 85.6 d4 183.9 a 157.8 a
Arrocillo (P537) 83.8.¢ 82.1 b 52.0. b
Cacahuacintle (M212) 79.8 "¢ 10.7 b 8.5 b

Means followed by the same letter in a column

are not significantly different in a Waller-Duncan
test (P = .05).

\

ot



-

73
3.8.1 Estimation of larval growth

Table 18 gives the constants used with equation 5 and Figure 18 shows the simulated
results obtained. Figure 18 is a qualitative illustration of the growth of the weevil popu-
lations on different races of maize grain which allows one to visualize the type of growth

which is related to consumption of grain.

All populations of weevil growing on -the different races of maize showed .no differ-
ence in growth during the first larval instar (I) but as soon as the second instar (II) was

reached the differences in growth started to show up.

The function chosen is based on two parameters; one is the maximum weight reached
by th; particular weevil Population and the second parameter is the rate of WL Then,
as scen in Figure 18, wecv..rﬁs on Conico (Mexico 461) together with Maiz Dulce (Guana-
juato 93A) have the best performance in terms of weight gain through time. A second
group includes Cacahuacintle (Mexico 212), Chalqﬁcno (Mexico 208) and Oloton (Chiapas
278). A third group could be assigned to the two Arrocillo maize populations (Puebla 463
and Pucbla 537) aad the other Conico (Mexico 182). ) |

One aspect to note is that if the standard time of development (bottom Figure 18) is
cﬁmpared agamst the curves depicted in Fxgurc 18, one can observe a shift in the time of
maturity of the larvac depending on the type of grain. Weevils gré)Wi‘ng on Mexico 461,
a3 compared to the standard developmental time, would reach the pﬁpac stage bcf;are any

other weevil growing on any other grain. -

Another aspect worthy of note is the great discrepancy between the two populations
i \ .
of Conico grain (Mexico 182 ingﬁexico 461) in—terms of suitability for the growth of

infesting insects.



‘ Table 18 Variables used in larval growth model

Land racse

(collection)

Cacahbuacintle (uézz)

Oloton (Cc218)
Arrocillo (P537)
Conico (M4813
Maiz dulce (G934A)
" Arrocillo (P463)
Chalqueno (M208)
Conico (M182)

opment

(days) .

48.7
45.3
49.5
50.0
50.0
50.8
54.8
55.8

Final Consum
Weight ption

(inssct) mg/ins.

(mg) /day -

.91

3.76 0

3.56. 0.23
3.36 0.20
3.99 0.43
3.91 0.30
3.36 0.18
3.73 0.08
3.36 0.13

—— -

Growth
rate

(mg/day)

e w  — — ————— . . oy v T TEE T e M —— —— ki — — — T T ————— A P A —

.129
. 120
.113
133
. T30

.110
.114
. 100




Figure 18

Simulation model of the weevil growth.. Numbers are:

1.

2.

Mexico 461 (M461; CONY; 3)
Guanajuato 93A (GS;BA; MADU; 2l)
Mexico 212 (M212; CATL; 2)
Mexico 208 (M208; CHAL; 4)
Chiapas 218 (C218; OLOT; 2)
Puebla §37  (P537; ARAM; 1)
Puctla 463 (P463 ARAM; 1)

Mexico 182 (M182; CONI; 3)
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3.9 Correlation Analysis

The correlations between grain and insect characteristics, and three indices of interac-
/ﬂon are shown in Table 19. The highest correlations were plotted and analyzed as type II

linear regression where adcqunt\c. The scatter plots of these relationships are shown in fig-

ure 19 with the 95 % confidence interval.

* As indicated, principal component analysis was carried out without con;;idcring the
grain characteristics in order to avoid spurious correlations. Figure 20 shows the correla-
tions obtained for each c;;:_ ;Jf the grain characteristics and the first principal component
of the other variables analyzed. On the other hand, in order to examine the relationships
between sets of components which characterize the grain populations and the characteris-
tics of the insect population growing on them a canonical correlation analysis was carried
out. The main gu;.aal was to muuc the multivariate system by finding those linear
combinations of insect and grain variables which were most dependent, in a linear regres-
sion sense, on the values of the interaction indices. Three sets of variables were formed
after analyzing the correlation matrix. The fifst'set included the grain characteristics as
follov;rs: grain hardness (HARD), content of phenolics at surface of grain (SURFERUL),
cc;\rfcentra.tion of Z isomer of ferulic acid in grain {FERULZ) and moisture content of grain
(MOIST). Number of grains (NSEEDS) and total ferulic acid content in grain (FERUL)
were d.roppéd since SURFERUL ig an indirect index of these two characteristics and also
because it was best correlated with other variables. The set of grain characteristics repre-
sents the independent set of variables in the interaction, since those are the factors affect-
ing the insect behaviour. Percent mortality of insect populations (PCTMORT), frass pro-
duced by the insect (FRASS), number of insects emerging (EMERGEN) and number of

insects found in the Choice test (CHOICE) were assigned to a second set called insect char-

acteristics. The third set was formed with the Dobie index (INDEX), Parameter of stabili-



7
ty (STABPAR) and weight loss of grain (WGTLOSS). This set represents the susceptibili-
ty ;f the grain as measured by the effect of insect acthiity in the system. The purpose of
pursuing this canonical correlation analysis was to analyze in dcta.ii the more important
relationships between sets of components and also to climinate variables which were con-
tributing little information to the description of the interaction. Although canonical cor-
relation ana.lyéis anc_l principal ‘componcnts analysis seem to bc saying the same thing, in
the sc-x_ls—ch_' these methods summarize dat::. they 4iffcr in that PCA is an att@pt to uncover
approximate linear dependencies among variables and canopica! correlation analysis is to
explain relationships between sets of variables by finding a spmll number of linear combi-
nations from each s;ct of variables that, have—the highest possible between-set correlations
(Chatfield @d Colli;;. 1980). In other words, these two methods will lead, hopefully, to
a better undcrstan'ding‘ of the correlation structure and may generate hypotheses about'the

variables involved.
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Plots of the Variables analyzed in the present study. Where
indicated the regression line was calculated as a linear regréssion,
type IL."- Broken line indicates the 35 % confidence interval for
the regression line. Abbreviations arg: ~

L. Mexico§ . (M5 ; PALT; 1)

2. . Mexico §§ (M55 ; PALT;4)

3. Pucbla 463  (P463; ARAM; 1)

4. Puebla 537 (P537; ARAM; 1)

s. Chiapas 218  (C218; OLOT; 2) ~
6. Guanajuato 93A.((393A; MADU; 2)

7. Mexico 212 (M212; CATL; 2)

8. Mexico 182 (M182; CONT; 3)

9. Mexico 461°  {M461; CONL 3)

10. Mexico 208  (M208; CHAL; 4)
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Figure 20

Multivariate correlations, First principal component from PCA
as an score of resistance and its correlation with grain character-

istics.

10.

characteristics. Abbreviations are:

Chiapas 218

(C218; OLOT; 2)

Guanajuato 93A (G93A; MADU; 2)

Mexico §
Mexico 55
Mexico 182
Mexico 208
Mexico 21i
Mexico 461
Puebla 463

Puebla 537
1)

(MS ; PALT; 1)

(M55 ; PALT; 1)
(M182; CONT; 3)
(M208; CHAL; 4)
(M212; CA'TL; 2)
(M461; CONI; 3)
(P463; ARAM; 1)

(P537; ARAM; 1)
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Phenoic content at surface of grain
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3.9.1  Seed Characteristics and Indices of Interaction

The first cax‘mnica.l correlation is 0.9511 which appear to be closer to one of the
hetween-set correlations (i. e. HARD and INDEX). The probability level for the null
hypothesis, that all the canonical correlations are 0 in the populat.ign. is only 0.1264,

, .
which is not a high wvalue but allows the interpretation of some tentative trends. For the
remaining canonical correlations only the second canonical "cdrrclation has a moderate
adjusted canonical correlation but its probability level is very poor therefore is not consid-
ered in the analysis. Since the variables have different units the standardized coefficients

were analyzed. Also the correlations given in the canonical structure matrices were inter-

preted.

- \
The first canonical variable for the grain variables is a weighted difference of HARD

(-0.8740), MOIST. (-0.1611) arid FERULZ (-0.3347) from SURFERUL (0.0760), with the
most weight on HARD. The c;)rrelations between HARD, MOIST and FERULZ and their -
. first canomical variable are negative for both HARD (-0.9854) and FERULZ (-0.9046)

whereas for MOIST it is positive (0.6338). After analyzing the correlation values among

the grain variables it was found that MOIST is a suppressor variable, that it is

enhancing other variables.guch as hardness and phenolic content of grain.

The first canomical variable for the interaction variables shows a weighted difference
of INDEX (0.8149) and WGTLOSS (0.3243) from STABPAR (-0.0737), with the most
emphasis on INDEX. : Here STABPAR is a-suppressor variable since its correlation has a
positive value (0.6938). The correlations for INDEX and WLOSS, and their first canonical

variable are 0.9779 and 0.7839 respectively. ¢

The canonical redundancy analysis showed that the first pair of canonical variables

are fairly good overall predictors of the opposite set of variables, the proportions of vari-
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ance explained being 0.6458 (grain measurements) and 0.6188 (interaction indices). The °
~

second and third cancnical variables add some information to the variance explained in the

case of the grain variables, with a cumulative proportion of 0.7442 while for the interac-

tion indices the cumulative proporﬁon reaches 0.8012,

The squared multiple correlations indicated that the first canonical variable of the

“interaction indices has a high predictive value for HARD (0.8784) and FERULZ (0.7403),

fairly good predictive value for SURFERUL (0.6011) and some for MOIST (0.3633).

The first canonical variable of the grain measurements shows a very good predictive

power for INDEX (0.8650), fairly good for WILOSS (0.5559),' and some for STABPAR
(0.4354).

©

3.9.2 Insect Characteristics and Indices of Interaction o

The first canonical correlation is 0.9986 with a value of F = 10.42 and a probabiliy
level of 0.0011. The standardized canonical coefficients of th; insect population variables
showed that the highest weighted variable "was EMERGEN (1.3396), on the other hand
INDEX (0.6092) was again the highest W%Ehﬁgd variable. The correlations between the
four insect variabl§ and their first canonical variable are : positive for CHOICE (0.9095),
EMERGEN (0.9278) and FRASS (0.6475), and negative mePCI'MORT (-0.6017) being
CHOICE and PCTMORT suppressor variables.

The correlations of the indices and their first canomnical variable are all positive:
0.9261 for INDEX, 0.8517 for WGTLOSS and 08511 for STABPAR; there is no suppres-
sor{Variable in this set. The redundancy analysis gives an indication of a fairly good
overall predittive power for both sets of variables being 0.6156 (variance explained by the
opposite first _canoniéa.l variable) for the insect characteristics, and 0.7670 for the interac-

T

tion indices. The squared multiple correlations indicated that the first canonical variable
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of the int&action indices has a high predictive value for EMERGEN (0.8585) ahd CHOICE
(0.8249), and some for FRASS (0.4181) and PCTMORT (0.3610). The first canonical
variable of the insect mﬁasﬁrunlents isa good"predictor of INDEX (0.8553) and fairly good

predictor of STABPAR (0.7224) and WLOSS (0.7234).

393 Grain Characteristics and Insect Characteristics

Although the correlations of insect and grain characteristics are negative and highly
correlated (see Table 19), the first canonical correlation has a very poor probabilty level
(P=0.2745). Nevertheless the correlation value of this first canonical correlation is very

high (0.9808).

The squared multiple correlations of the grain characteristics and t.he first canonical
variable of the insect characteristics show a high predictive value f;:;r HARD (0.8682) and
FERULZ (0.8443). The only high predictive value between the first canonical variable of
the grain characteristics and the insect characteristics was obtained for EMERGEN
(0.8141). The variable HARD has the highest standardized canonical coefficient (0.7680)
and the suppressor variables within its set are MOIST (positive to ncgative_) and
SURFERUL (negative to positive). For the insect characteristics the highest weighted vari-

able was EMERGEN (-1.9577) as well, the suppressor variables were PCTMORT (negative

- 10 posiﬁ?v;'ke), CHOICE (positive to negative) and FRASS (positive to negative). The stan-

dardized variance of the grain and insect characteristics explained by the opposite first can-

onical variable were 0.6590 and 0.4716 respectively. p———



DISCUSSION

4.1  Systematics of the Maize Seed Material

Cluster and Ordination techniques (Figure 3 and 4), showing the relationship among
he Mexican races of maize according to the external morphological cha:actc-rfstics of'lthc
corn ear, indicate a partial agreement with‘the groups described by Wellhausen et al.
(1952). However, caution has to be used when trying to }xtrapolatc these affinities to the
collections of maize used here. Althc;ugh the maize material analyzed in the present stludy
represents the collections -of maize apalyzed by Wellhausen et al {1952) there are some
questions as to how reprcsenta-tivc these collections are of maize germplasm. In particular,
the genetic variation of Mexican maize has been shown t.o be extremely high. Doebley et :
al. (1985} {found that maize is rich in allelic diversify as compared to other plants. The*
variation within Mexican races as measured by isozyme variation shows that Chazlqucnor
ar}d Conico are the races of mzﬁzc with the highest average number of alleles per collection
and total number of alleles (Doebley et al., 1985). ~The percentage of polymorphic loci per
collection, the mean expected heterozygozity per. collection, the panmictic heterozygosity
per race and the re&ative genetic differentiation among ;:ollections within races confirm
that, Chalqueno and Conico have a high level of iSozyme variation whereas Arroc;illo
Amarillo, Cacahuacintle, Mzuz Dulce, Palomero and. Oloton are less variable in isozyme
variation (Doebley ot al., 1985). The general trend, according to Doebley et al, (1985),
appears to be that the northern and high elevation races of maize are the most variable.
The fact that the indigenous germplasm has this wide genetic base co-mplicau:s to some

extent the k.nterpretation of the results obtained.

-84 -
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The resuits shown in Figure 5 and in Figure 7 give an indication of the different ori-
gin of the Ancient Indigenous group and the Pre-Columbian Exotic group since these two

groups do not link, at least,not in these two analysis.

Goodmian and Bird (1977) in their attempt at ordering all races of maize from Latin
America indicated that the Mexican races Cacahuacintle and} Oloton are strongly linked to

the South American races. This result, as well as the fact that the races of maize of Mex-

ico and South A.mcrfcﬁ fall into mutually exclusive groups seems to point out the influ-
ence of geographical isolation and/or different selection™ techniques by the major pre-
Columbian advanced civilizations of America in the domestication and improvement of
maize. Thus, the results obtained here support the suggestion of Goedman and Bird (1977)
since, according to resistance characteristics, the Pre-Columbian Exotic group forms an
exclusive and characteristic group. | .

- ¢
4.2  Feeding Deterrent Properties of Phenolic Acids from Grain

The results obtained demonstrate (Table S§) that treatment of artificial diets with
hy&olﬁcd total phenolic extracts of gra.m leads to significantly lower consumption of
diets by weevils as coméared to consumption of untreated controls (P<.05). AJthougl;
there exists a significant reduction of .consumption of experimental diets jt would be incor-
rect to describe these extracts as "absolute antifeedants” (Schoonhoven, 1982). In this case,
the experiment did not prove that the compounds contained in the extracts cause death by
starvation of adult weevils. Hov-vcvcr, the evidence shown in the present study allows for
a prclhhaw définiton of the compounds as relative antifeedants or alternatively behav-
ioural antifeedants.. According to Nakanishi (1982) although biéactive principles may be
active as a crude mixture, no applications can be initiated until the compounds are isolated

in pure form. The identification of phenolic acids as the materials in the hydrolyzed
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extracts and demonstration of their activity in puré form is the first st—c_p—win. this direction.

One possible application, then, is the pos:'iibility gt breeding resistant lines of maize.

The feeding detcrrex;t properties of the total phenolic grain extracts as measured by
consumption were negatively correlated (r - -0.84) with the. phenolic content of the
extracts (Figurc 12). These results suggest that phenolics are the major substance contrib-
uting to reduced feeding. The effect of phenolics from sorghum on fcccﬁng of Locusta was

tested by Woodhead and Cooper-Driver (1979) who arrived at similar‘conclusions.
. ;

Several ‘pure phenolic substances were tested to examine the feeding response of Sito-
philus. ’I;he resuits obtained indicated that these substances have significant fccd‘mg‘dctcr- '
rent propguies (Table 6). There are few publications concerned with the deterrent activity
of secondary plant compounds against stoi'age pests. The‘ only other reference of this kind -

is the study of sesquiterpene lactones from Umbelliferae against storage pests { S. granarius

included) by Nawrot et al. (1983), which also have feeding deterrent properties towards

Sitophilus.

According to Dethier (1980) plants which are adequate sources of nutrition but which
lack toxic principles are protected from attack if they elaborate deterr¢nt compounds.

Grain of maize fits the latter statement to a great extent. Although, in this case phenolics

‘have to be classified as ’relative antifeedants’ (Schoonhoven, 1982) since it was observed
that there was some. degreq of habituation to the artificial diet if it is considered that the
adult weevils did not stop feeding but rather they slowed their ‘}atc of consumption.
Schoonhoven (1982) has pt;'mtcd out that the information on long term adaptation or
development of ’resistance’ by the insect is still fragmentary and that more research is
urgently needed. Ferulic acid is present in maize Sﬁd as a free acid in gmall quantities but
soluble glycosides and pol;}saccha.ride-bound ferulic acid are probably released as the free

acid during digestion in the insect’s gut. Free ferulic acid release could make a substantial
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" contribution ‘to reduction of feeding by Sitophilus on grain. Indeed, the presence of these
Subs;ancm in the outer tissues of the grain could be correlated with their proposed defen-.

sive role (Fulcher et al, 1972 and persona! communication).

4.3  Grain characteristics and resistance to infestation by S zeamais

Weevils have different feeding behaviour and performance depending on the type of
grain they are feeding on. Acc.ording to the tests performed in the present study (Choice
and No—;hoiéc) along with several variables measured, there is a wide range of response of
.the weevil popu.lation.rclatcd to ti1e grain substrate. Howaver: there is no single method

for measuring corn Kernel resistance. As scen in the tables and figures of the Results Sec-

ot

tion"there are two races of maize Wh_ich can be considered as opposite inr the range of sus-
ccp.t.ibility to Sitophilus infestatios.  On one extreme, Palomero maize ‘aﬁpi’:&rs as the most
resistant race (although, there is sometimes disagreement bétwecn the two collcctions),: ‘and
on the other extreme of the range Cacahuacintle is clearly the more susceptible to weevil
infestation. However, the differeﬁcde within collections of the same race, besides the latter
mentioned, are striking. Sometimes-the collection can be classified as resistant in terms of
- consumption or slightly susceptible according to some other index. In other words, there.
are large inconsistencies both among and within collections. Therefore, it i3 evident that
the real situation in the grain is complex and cannot be explained solely on the basis of

one factor. -
it
- M 1

1

. Since the only direct evidence of feeding deterrent activity of"‘ghenolics was obtained
by means of artificial diets and bc:causc of the complexity of the real situation in grain, a
second stage of evaluation of the role of phenolics in the mechanisms of defense, was
achieved through a multivariate analysxs. Since all multivariate techniques are in fact

exploratory analysis of variables and especially techniques for reducing dimengionality, no
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attempt is made in trying to overemphasizé any variable as a cause of a certain effect.
This is not an analysis of causes, it is just a déscription of possible relationfhips between

variables which could give indication of future experimentation and research.

The appraisal of methods for measuring resistance was done by Widstrom et al.
(1972) as well as the advantages and disadvantages of such-mcthods'. IAccordingly. it is
assumed that each one of these mcthods; which were used here witﬁ some modifications,
indicate some of the characteristics of the grain-weevil interaction system. Thus, the
dynamics of the interactive process and some relationships of the races of corn to in-fcsta-

tion by the corn weevil will be described for future modelling of the system.

T

The hardness of the grain, the content of phenolics both at its surface and the total
amount, as well as the content of the Z isomer of phenolics are highly correlatcd to most
of the biological variables relating to resistance (Table 19). This is an indication of the '_
relevance of these characteristics as factors of resistance of the grain to weevil infestation. -
It has long been suspected that hardness is an important factor contributing rmistancc‘ to
maize grain (Betanzos, 1980a; Dobie, 1977; Schoonhoven, 1972; Schoonhoven et al., 1976;
VanDerSchaaf et al, 1969). However, some striking discrepancies have been reported
(Fortie; ot al., 1982; Ibvijaro, 1981). ln‘the present study it is clear that grain hardness
'is a characteristic which correlates to a certam extent with many of the variables which
measure the pcﬂorﬁmce qf the weevil population, especially _to\ Dobie's index. Further-
more,” the gram hardness is correlated with phenolic content. This relationship indicates
that there may exist a mechanism of resistance which involves these two ‘factor;. The
PCA carried out for grouping the collections of maize races according to resistance indices
was used to illustrate the relaﬁoﬁsh.ip between these 'independent’ factors of the grain to
the first principal component obtained which is a summary of the weevil performance on

the grain. In figures 20, it is shown that the best correlation was obtained for the con-
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.tent of Z isomer of phenolics and the first PC, followed by, the hardness of the seed and
the surface phenolics content.- Therefore, a gencral trend of the interaction of thes¢ grain

cha:actcrisﬁcs to the weevil perfofmzm’ce and preference is’ established.

' On the other hand, the canonical correlation analysis can be interpreted as follows:
Two varl,at}.lcs of the grain chan'zctcris_tim, hardness and content of Z isomer covaries close-
ly with the first canonical correlation va:ial;)le of the interaction indices. In a lmcar
regression this means a high predictive power for these variables in both ways, from the.
grain characteristics to predict thc-ji'fx ices of interaction and from the latter to predict the
former. It can be said that the hzu:deslt grain tends to have more total phenolics t:md con-
seque'ntly more Z isomer) and the insict‘ population tends to consume it less, to avoid it
and accordingly to perform poorly on these grains. Some inferences can be drawn regard-
ing the immature stage, this is tﬁat since the Dobie index, an indirect measurement of the
time .of development of the insect, is highly correlated with t‘he grain characteristics (mois-
ture content, amount of Z isomer of phenolics, surface phenolic content and hardness of
kcrncl)._then an indica;ion is given of the possible involvement of these grain characteris-
tics in the performance of the weevil populationlwit.hin the grain. However, all the vari-

ables are confounded to some extent. The canonical correlation of the insect characteristics

and the indices of interaction is highly redundant since the indices are largely based on the

_ biological characteristics of the insect growing on the grain. However, the loss of weight

of grain is Weli predicted by the linear compound of the insect characteristics indicating
the tendency of the weevil population to ’prefer’ grain with more ’favorable’ characteris—
tics. This suggestion is supported by the restlts of choice tests which clearly showed that
the insects prefer the so called susceptible maize grain {Table 10 and Figure 14). Further
indication of this type of selective process was found by Whitham (1983), who observed
that there is a strong ﬁattern of host preference, as related to phenol concentration, in the

aphid-cottonwood tree system where the colonizing insects nearly always try to form their
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colonies in.the leaves with the lowest phenol concentration. The canonical correlation

90

analysis of the grain charactetistics and the insect characteristics, although not significant
(see canonicat cortelation section and appendix 4), shows a trend between only one of‘ the
insect characteristics, cénérgegcc of new, adults, and the first canonical variable of the grain .
measurements. This may suggest hat the emergence of new adults tends to be fewer for
harder and .high phenol grain, ¢ the moisture content and the surface phenolics
‘'were, according to the analysis, suppressor variables which therefore merely enhance the
.other two variables within the set, it can then be argued that at least to a certain degree
the hardness of the kernel and the amount of phcnol,_.ics in grain cxpl.ai\n the variation in
the number of weevils emerged. The low significance obtained might be due to the small

sample used (10 races of maize).

~

Thess: inferences deri;rcd from the correlation- analysis seem to be in accordance with
some earlier reports on the resistance of varieties of maize to weevil infestation. Ivbijaro
(1981) found that adults of Sitophilus zeamais and S aryz'ac Wwere more numerous in
soaked maize grain Gvithout pericarp than in unsoaked intact maize grain. Also, Schoon-
hoven et al. (1976) and Dobie {1974 and 1977) have sugﬁmted that resistance is mainly
located in the pericarp which acts as a barrier against infestation. H?wévczj, the intcfprc~'
tation of the above mentioned authors is largely based on stimulant factors which, ihcy
speculate, could be lacking in the resistant kernels (Schoonhoven et al., 1976) or else, the
possibility that the removal 6:_‘ the pericarp deprived the weevil larvae of the full com:'plc-
ment of some nutritional factors. This conclusion was based on the observation that the
medn development period of the new generation adults growing in soaked seeds was longer
. than in unsoaked seeds (Ivbijaro, 1981). Again, most of the rescarch done in this area has
concentrated on hc:w ‘attractive the grain is to the insect and not on how the balance
between stimulant factors and deterrents influences the feed'mé behaviour of the insect.

One exception is the earlier work of Russell {1962) who suggested that the high tannin

content of one variety of sorghum is a deterrent to oviposition by Sitophilus oryzae.
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4.4 Indices of Nutrition and Growth of the Immature Stage of Weevils

Deterrent chemicals play a large role in determining both the prcfercn.cc or initial
choice of food and the amount con:mméd (Bernays and Simpson, 1982; Dethier, 1982;
Schoonhoven, 1972). It has been observed, as well, that the&ffect of feeding deterrents are
concentration-dependent and possibly they prevent. fccdmg wh;n conl\c'_t‘;ntrationsi are very
high (Bernays and Simpson, 1982), In the present study, the estimated grain consumption
per insect per day showed (Table 16) that the insect intake of food was markedly higher
in the susceptible races of maize whereas for the resistant varieties the intake was lower
with one exception presented by one of the intermediate races (Chalqueno-M208) which
showed a remarkably low consumption. Relating this to the amount of phenolics present
in grain, there is a general agreem':snt with the proposed defensive role of these substances.
However, another explanation, cannot be ruled out. The iack of some nutrients may be
affcctihg, as well, the development of the weevil resulting in a reducefi weight. Compar-
ing the indices of nutrition and the rates of consumption {Tables 16 .7 ) it is observed
that the susceptible grain while more consumed did not alvéays 'prodtﬁ weevils of the
highest weight. Thus, we could. speculate that some of the susceptible grains (i. e.
Cacahuacintle-M212) are more consumed not only because of its lack of deterrents but also
its Iac;k of putritic%ria‘\l value. The low nutritional indices (ECD and ECI) of the weevils
feeding in the more susceptible grain (Cacahuacintle-M212) may then be explained from
that perspective. Another explapition of the reduced weight of weevils on the most sus-

ceptible grain could be the effect of density-dependent factors like competition since suscep-

tible races Oloton (C218) and Cacahuacintle (M212) had the highest number of ovipesition

sites per seed {Figure 15).

Dilution studies can be performed in which material lacking powerful feeding stimu-
- 4 -
ladts or deterrents or significant nutritional value are used to "dilute’ the food (e. 3. cellu-

—a

)
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lose). These studies indicate that there is an increase in intake of food containing céuulosc
which is cor;:;lated to its decreased digestibility (Browne, 1975). The present st'ud} per-
haps illustrates a similar phcnomcnon.' Furthermore, House (1965) examined t.h’c-cffcct of
food dilution on larvae of Celerio cuphorbidae demonstrating that the diets containing
lower nutrient value were consumed in greater quantities. Latheef and Harcourt (1972),
using a. more n‘atum.l system, found that larvae of Leptinotarsa decemlinata feeding on
potato and temato leaves, showed 'highcr indices of nutrition when feeding on potato than
on tomato and that the consumption of tomato leaves was greater than potato foliage per
day. Consequently, t‘he final determinant of the suitability of a material as food seems to
be the balaﬁce of phagostimulants zu:'ld deterrents as well as the nutriti-ona.l content of the

food.

The estimated growth of thé larval stagcs. as depicted in Figure 18 shows that
although differences in the rates of growth of immature weevil populations on different
races are small (Table 18), .the performance in terms of time of development and increase
in weight are different for all weevil populations depending on the type of grain. An
interpretation of these resuits is that the wide variation of grain quality presents a vcry}
strong determinant for weevils success. The change in the "degree of satisfaction” (Gadgil
and Bossert, 1970), as an index of the extent to which a resource is limiting, seems to be
affecting not only the survival of the population but also growth, maintenance and indi-
rectly birth rate. This has strong implications to cvolutiona;'y-gcncti‘cs. Lewontin (1965)
in his theoretical essay abo.ut selection for colonizing ability, analym; the effect of small
changes in ﬁfc cycle phenomena such as fecundity, longevity and length of developmental
peried oq_.the intrinsic rate of. increase. He concludes that the selection exerted on subtle
variation o:f the life cycle components during colonization imwgeases fitncss although only
by .a small amount. The results obtained here r.egarding the differential performances of

popuiatipns of a gingle insect species (weevil) on a number of plant races {maize) as related
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to biological processes such as reproduction, growth and maintenance and their influence
on the life history strategy of the insect suggests@that the grain-weevil system reacts
according to Lewontin’s model. Also, all the evidence ;hown in the present stt_xdy seemn. to

indicate a great potential for :hc use of this grain-insect system as a good model for ana-
| lyzing genetic fa.riation in resource usc and has implications for coeveolution. The réle—
viance of ﬁndcrstanding plant-herbivore systéms is that it may permit prediction of evolu-
tionary sequences of fc;ding habits (Mitter and Futuyma, 1983). On the other hand, the
importance of these basic studies of genetic interactions between economically important
crops and thcir‘ pests could be enormous for breeders since they may be able 1o eventually

develop and manage crop varieties which would maximize the stability of the crop's resis-

tance to herbivores {Gould, 1983).



CONCLUSIONS

"

¥
The presence of feeding deterrent compounds in maize grain has been shown. The

importance of this factor within the defence system of thé grain has been outlined, show-
ing the relevance of this factor as an'.i.mporta.nt‘pa:t of the charactcri;t—ics of grain
involved in the mechanism of resistance of grain. Phenolic acids are characterized as rela-
tive antifeedants and their effect on oviposition and growth of the corn weevil seems to be
concen_ti_‘at.ion—dépcndent. Grain with higher corcentrations of phenolics is morc..rcsistzmt
to inf&;tz.uion and less suitable for growth of populations of Sitophilus zeamnais. The pres-
ence of an isomer of ferulic acid (Z form) and its high correlation with some indices of
resistance indicates that, at least tentatively, this compound could be considered as the

major agent of defence for successful colonization of the grain by the weevils. Finally, the

screening of land races of maize as a potential source of development and deployment of

resistant varieties was initiated. .
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APPENPIX 1

Average linkage hierarchical cluster analysis

(@]

(25 races)
O
Mean ‘atd. skew-
dev. Ross
eardiam 43,3 9.0 -0.5
cobdiam 25.7 - 5.8 0.8
racdiam 14.3 4.5 1,
kerleni 12.1 2.9 0.
raclen 2.4 1.0 -0.
racker. 2 0.1 -0.
sarextl 15.6 5.4 1.
earextd 4.3 0.9 -0,
rowno 13.5 3.8 0.
shadiam 13,1 6.0 2.
kerwid 8.7 1.8 -0,
kerstria ‘0.4 0.5 1.
. kerthick 3.9 0.7 0.

Simple statistics
kurt-

oGl ad-

osls
-0,

eligenvalues of the correlation matrix:

elgenvalue difference

--6.17 3.01
3.17 2.01
1.16 0.23
0.982 0.386
0.56 0.12
0.44 0.19
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0.11 0.08
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Average linkage hierarchical cluster analysis
(7 races) ' :
‘ : Simple statistics
Mean std. skew- kurt- bimo-
" dev, ness “osls . dality
eardiam 41.4 8.4 -0.9 0.3 0.3
cobdiam 23.4 5.8 -0.5 -1l.9 0.4
racdiam 12,2 2.9 0.023 ~-2.0 0.3
kerleni 12.6 ° 2.3 —0.4 -0.7 0.2
naclen 2.1 1.3 -0.5 -1.6 0.3
racker 0.2 0.1 -0.3 -1.9 0.3 )
earextl 13.%7 3.0 0.03 -0.6 0.2
earextd 4.1 0.8 -1.2 0.5 0.4
Towno 16.1 3.4 l.4 3.5 0.3
shadiam 10.7 3.3 2.0 4.5 . 0.5
kerwid 7.4. 2.0 -0.1 -1.6 0.3
kerstria 0.2 0.2 0.2 -2.4 0.3
kerthick 3.7 1.5 0.6 -0.9 0.3
elgenvalues 6f the correlation matrix:
elgenvalus difference proportion cumulative
8.62 6.22 0.66 0.66
2.40 1.55 0.18 0.85 Coo
0.84 0.15 0.06 *» . 0.91 -
0.69 0.31 0.056 0.97
0.38 0.31 0.03 0.99
0.07 0.07 0.01 1.00
0.00 0.00 0.00 1.00
0.00 0.00 0.00 1.00
0.00 - 0.00 0.00 1.00
-.00 0.00 -.00 1.00
-.00 0.00 -.00 1.00
-.00 0.00 -.00 1.00 i
root-mean-square total-sample standard deviation =- 1
Toot-mean-square distance between observations - 3.8
NoG. freq. rms std normalized T-8@. rI-8Qq. cubic
of of of new average expe- clust.
clust clust cluster 1linkage ted crite-
. ‘ Tiom
8 2 0.48 0.68 0.98 0.99 -5.58
5 3 0.53 0.79 0.91 0.97 -3.08
4 2 0.59 0.83 0.88 0.92 -1.82
3 4 0.862 0.97 0.75 0.83 -1.29
2 5 0.73 1.25 0.58 0.85 -0.58
1 7 1.00 1.75 0.00 0.00 - 0.00

2
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~ Average linkage hierarchical cluster analysis
(10 collections)

Simple sﬁatistics

‘Mean std. skew- kurt-~ bimo- -
dev. ness . osgls dality
wgtloss 0.565 0.157 0.268 -0.374 0.270
pctmort 0.276° 0.181 0.229 = -1.076 0.321
stabpar 1.000° 0.364 1.140 2.02%7 0.361
choice 17.8500 17.424 1.881 .3.807 0.635
emergen 23.900 15.220 1.41%7 1.97% 0.492
index 8.639 1.952 -0.0%79 1.009 0.188
fraes 0.077 0.039 -12.592 3.790 0.435

elgenvalues of the correlation matrix:

éigénvalue difference proportion cumulative

.78

5 4.71 0.72 0.72
1.07  \ 0.33 0.13 0.86
0.74 0.58 0.09 0.95
0.16 0.02 0.02 0.97
0.14 0.05 0.02 0.99
0.09 0.08 0.01 1.00
0.01 0.01 0.00 1.00
0.00 0.00 0.00 1.00

root-mean-square total-sample standard deviation = 1
root-mean-square distance between observations = 2.8

No. freq. rms std normalized T-80. TI-8d. cublc
of of of new  average expe- clust.
clust clust cluster 1inkage . ted crite-

o rion

9 2 0.31 0.43 0.89 1.00 -5.83
8 (] 0.35 0.52 0.97 0.89 -5.98
7 4 0.42 0.69 0.94 0.98 -3.67
8 2 0.49 0.69 0.91 0.95 -2.58
5 5 0.47 0.78 0.8% 0.92 ~-1.93
4 3 0.58 0.88 0.83 0.87 —=1.31
3 8 0.87 1.11 0.68 0.79 -2.05
2 2 0.93 1.31 0.586 0.63 -0.69
1 10 1.00 1.99 0.00 0.00 0.00
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varlable DF

wgtloss 22
consday 22
meddev 22
congind 22
coninday 22
numemerg 29
wtotins <29
parenpop 29
windpapc 29
index 21
windings 28

F

15.
13.
0.

10

)
DA OO

63
60
76

.54
10.
10.
.74
.80
.72
.30
.03

72
02

P

.0001
.0001
.6317 -
.0001
.0001
.0001
.00C1
L6171
.0019
L0273
.1133

gource
of
Var.
raceas
races
races
races
races
races
races

races -

races
races
‘races

DF

O=1OOOO-T1-171

T2

.88
.86
.26
.83
.83
.82
.83 _
.R_7
.68
.62
.52

cv

T4
80

10,

44
45

.4
.4
1

.8
.7
.7
.8
.8
.4
.67
.3

One way analysils of variance of variables related to
parental/progeny weevil success

Mean

0.47
9.64
51.15

- 15.33

¢ 31
13.17
48 .87
39.60
3.59
4.88
3.62

- 98 -




APPENDIX 3

-99 -

L



I.

Variable
of
Response

GTLOSS
MEDDEV
CONINDAY
NUMEMERG
WINDINS

Responses

APPENDIX 3

by effect of races. Covariables: Weight and number of parental population.

Source of Variation

Model
DF F P
g 11.04 .0001
9 %.37 .2930
9 9.20 .0002
11 7.48 .0001
10 3.75 .0144

Variable. of

Classification
UM. F P
7 14 .11 .0001
7 0.94 .mOQU
7 11.41 .0001
9 - 9,12 .0001
8 3.28 .0281

Covariable
.Um F P
1 0.27 .61
1 0.94 .35
1 1.33 277
1 0.11 .75
1 9.65 .01

Covariable
DF F p
1 0.28 .61
1 4.80 .05
1 1.64 .22
1 0.09 .7
1 1.61 .23

R
.88
.49

- .86
.82
.74

44
70

II. Respcnses by effect of blocks. Covariables: Weifht and number of parental population.
Source of Variation

Variable
of
Response

WGTLOSS
MEDDEV
CONINDAY
NUMEMERG
WINDINS

Model ,
DF F p
4 0.45 0,77
4 0.30 0.88
4 1.12 0.38
4 1.84 0,15
4 1.14 o.38

Variable of

Classification
DF F P
2 0.32  0.73
2 0.44 0.65
2 0.30 0.75
2 1.19 0.32
2 1.63 0.22

Covariable

DF° _F P
1 0.35 0.56
1 0.31 0.58
1 0.93 0.35
1 1.40 0.25
1 1.03. 0.32

My

Covariable
DF F 5
1 0.81 0.38
1 o 0.95
1 2.96 0.10
1 3.58  0.07
1 0.26 0.62

.09
.06
.20
.23
.19

186
10
21

123
10
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