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ABSTRACT

Restriction fragment length polymorphism (RFLP) markers
were used to investigate host plant resistance to four maize
pathogens in 117 maize recombinant inbred lines (RILs),
derived from the cross of Hi31l (a B68 conversion) and Kil4
(a Thai inbred). The four pathogens are maize mosaic virus
(MMV), Erwinia stewartii, Puccinia polysora, and Exserohilum
turcicum. The phenotypic data of RILs were analyzed with
127 RFLP loci using MAPMAKER/QTL and single factor analysis
of variance.

Ninety-one RILs were evaluated for MMV resistance in a
disease nursery in Hawaii in the summer of 1994. Fifty RILs
were classified as susceptible and forty one as resistant.
Loci on chromosome 3 near the centromere showed the largest
effects, indicating that a major MMV resistance gene was
located in this region. This gene, previously named mv, was
mapped on chromosome 3, 4 cM and 5.6 cM from RFLP markers
umcl02 and php20508, respectively.

Seventy one RILs and ten sub-lines of each parent were
planted at Henderson, Kentucky for evaluation and were
naturally infected by E. stewartii. Thirty eight RILs were
classified as resistant and thirty three as susceptible. A
major gene conferring resistance to E. stewartii, designated
swl, was mapped on the short arm of chromosome 1, 4 cM and

8.2 cM from RFLP markers umclé7 and umcé7, respectively.
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One hundred and seventeen RILs and twenty sub-lines of
each parent were planted at Waimanalo, Hawaii and one
hundred and seven RILs were planted at Mindanao, The
Philippines to evaluate P. polysora resistance under natural
infection. Five QTLs were mapped on chromosomes 2, 4, 6, 9,
and 10. The QTL on chromosome 6 appeared to play a
particularly important role in conditioning race-nonspecific
resistance to P. polysora.

One hundred and ten RILs and ten sub-lines of each
parent were evaluated for race-nonspecific resistance to E.
turcicum at Mealani, Hawaii in 1993. A clear 1:1
segregation for general resistance characterized RILs in
this nursery. Ninety five RILs were planted in two separate
trials to evaluate the response to race 0 and race 1 of E.
turcicum, respectively, at Urbana, Illinois in 1994. The
QTL located on chromosomal region 3S was important in

conferring the race-nonspecific resistance to E. turcicum.
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GENERAL INTRODUCTION

Plant diseases have an enormous negative impact on
agricultural crop production throughout the world.
Generations of agronomists and plant pathologists have
devoted considerable effort toward controlling plant
diseases. Traditional plant breeding methodology has been
successfully applied to develop resistant varieties and
hybrids for agronomically important crops. In addition,
standard techniques of plant pathology have been important
tools to control plant diseases, including quarantine,
eradication, crop rotation, and certified pathogen-free
stock. The disadvantages of these traditional methods are
the expense, questionable effectiveness, and lack of
reliability. In the past decade, the tools of molecular
biology have permitted rapid mapping and transformation of
plant disease resistance genes. Many plant diseases may be
controlled either by accelerated conversion of resistance
genes into plants through DNA~-based techniques, or by
genetically engineering microorganisms that can effectively
antagonize or compete with particular pathogens.

Restriction fragment length polymorpﬁism (RFLP) is one
of the most important and immediate applications of modern
molecular methods to plant genetics and breeding. RFLP
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markers are cloned DNA segments that can be used to reveal
base pair changes or rearrangements in homologous DNA
sequences (Beckman and Soller 1983; Tanksley et al., 1989).
The use of RFLP markers has led to the rapid construction of
linkage maps in many plant species and the placement of
genes that control qualitative and quantitative traits onto
these maps (Tanksley, 1993).

The objectives of this study were: 1) to map and
characterize the maize mosaic virus resistance gene, mv, as
well as other quantitative trait loci (QTLs) associated with
MMV resistance in maize; 2) to map genes or QTLs conferring
resistance to other maize pathogens, including Erwinia
stewartii, Exserohilum turcicum, and Puccinia polysora,
which were segregating in this RIL population (Hi31 X Kil4);
and 3) to identify RFLP markers flanking the disease
resistance gene(s) or QTLs that could be used in a breeding
program for RFLP marker-assisted selection. Due to the
economic importance of the disease resistance genes, mapping
these genes would be very useful for both plant breeding and

molecular genetic study.



CHAPTER 1

LITERATURE REVIEW

1.1. Recombinant Inbred Lines in Quantitative Traits

Studies

Recombinant inbred lines (RILs) are produced by selfing
or sibbing the progeny of an F, derived from two unrelated
inbreds. After five to six generations of inbreeding to
achieve homozygosity, the RILs become fixed for short
linkage blocks of progenitor alleles. If a trait is
controlled by a single gene, then a 1:1 segregating ratio
can be expected in the RIL population. Recombinant inbred
lines (as single seed descent lines) were used in soybean
breeding (Brim, 1966). Bailey (1971) used RILs to analyze
histocompatibility (H) and other gene systems in mice.
Jenkins et al. (1981) used RILs in mice for linkage studies
and concluded that the dilute mutation for mouse coat was
the result of the integration of an ectopic virus. RILs
have also been used for estimations of the components of
variance in plants (Jinks, 1981), and for the mapping of

legumin genes in Pisum (Domoney et al., 1986).



More recently, a genetic map based on restriction
fragment length polymorphism (RFLP) has been produced in
maize using two RIL populations (Burr et al., 1988). The
two RIL populations were derived from F, populations of T232
X CM37 and C0159 X Tx303. This map covered the entire maize
genome including 240 loci, and has been expanded to more
than 600 loci (Matz et al., 1995). Wang et al. (1994)
developed a series of RILs in rice and mapped two major
genes for complete resistance and ten QTLs for partial
resistance to blast disease with RFLP markers. Kyetere
(1995) typed a RIL population in maize developed at the
University of Hawaii by Moon (1995) derived from two
tropical lines, Hi34 and Tzi4, with 87 RFLP markers.

Kyetere was able to map a major gene conferring resistance
to maize streak virus on the short arm of chromosome 1.

Moon (1995) developed nine sets of RILs from ten parents
of tropical and temperate origin to study quantitative trait
loci (QTLs) controlling disease resistance as well as
morphological traits. These RILs were self-pollinated using
the single seed descent method until the S; generation. A
total of 1068 RILs, 100 to 142 RILs in each set, were
produced. Six RIL populations were evaluated together with
their parental sub-lines at seven locations in three

countries. Evaluations included resistance to eight
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diseases and two pests. The eight diseases were southern
rust, common rust, northern leaf blight, southern leaf
blight, bacterial leaf blight, Stewart's bacterial wilt,
maize mosaic virus, and maize streak virus. The two pests
were parasitic flowering plant (Striga) and European corn
borer (0. nubilalis). The normal distribution curve
approach (Brewbaker, 1993) was used to analyze the QTLs
conferring resistance to these diseases and pests. Moon
concluded that the general resistances to these eight
diseases fitted the expected 1:1 monogenic segregation and
were therefore controlled by one major QTL. The resistances
to the two pests, however, were suggested to be governed by
two major unlinked QTLs. Five RIL populations were used to
study the QTLs influencing ten morphological and agronomic
traits at three locations in 1993 and 1994. Moon concluded
that five traits, including ear height, days to silking,
stalk internode length, stay green, and root lodging, were
controlled by a major QTL in the RIL populations understudy.
Another four traits appeared to be governed by two unlinked
QTLs; these were plant height, number of leaves, number of

tassel branches, and central spike length of tassel.



1.2. Restriction Fragment Length Polymorphism (RFLP) in

Plant Genetic Improvement

1.2.1. Theory of RFLP

The molecular basis of polymorphisms observed in the
length of the restriction fragments is most often due to
single-base substitutions in DNA that create or abolish
recognition sites for a restriction enzyme. The enzymes
that are commonly used for RFLP analysis require four - six
base pair (bp) recognition sequences. Cleavage frequency
can be estimated by making the assumption that each of the
different nucleotides occurs randomly and in equal amounts
for a given DNA sequence. A 6-bp recognition enzyme would
be expected to cut DNA once every 4% or 4096 bp. A 4-bp
recognition enzyme would be expected to cut DNA once every
256 bp. If the maize genome size is considered 5 X 10° bp
(Walbot and Messing, 1988), the potential polymorphisms
which can be used as markers are unlimited.

The presence of specific fragments (RFLP) in an
individual can be tested by cutting the DNA with a
restriction enzyme, separating the fragments based on size
using agarose gel electrophoresis, transferring the DNA to a

cellulose membrane, and hybridizing DNA fragment with the *p
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labeled DNA probe homologous to the fragment. DNA probes
that include a highly repetitive DNA sequence are not
suitable as they hybridize with a large number of DNA
fragments resulting in a continuous smear. Therefore,
unique DNA sequences are generally used as probes in
determining RFLPs.

In most eukaryotes, a large proportion of genomic DNA
sequences is repeated many times. These repeats are often
interspersed with unique sequence DNA. The presence of
repetitive sequences makes it necessary to select unique DNA
sequences for use as probes in RFLP analysis. Currently the
two methods described below are used to obtain unique

sequences.

1.2.1.1. Method A. cDNA Clones

Classical and molecular genetic studies indicated that
a majority of the genes that are transcribed into mRNA are
in single or low copy numbers (Tanksley and Pichersky,
1988a). Complementary DNA (cDNA) clones derived from gene
transcripts are therefore a good source of low-copy DNA.
Probes corresponding to mRNAs are made by reverse
transcription followed by cloning of the resultant DNA.

Bernantzsky and Tanksley (1986) have reported that, in
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tomato, out of 34 cDNA clones picked at random, 53%
corresponded to single copy genes, 32% corresponded to two
genetically independent loci, and 3-5% of the clones
attached to multiple sites in the genome.

The length of the cDNA clones is limited (less than 1
kilobase), and consequently the development of
autoradiographs may take longer exposure period because of
weak signal. Helentjaris et al. (1986) have reported that
more than half of the cDNA probes used in maize resulted in
very weak hybridization signals and were unfit for DNA
analysis. The cDNA probes map only transcribed regions,
hence, they may be non randomly distributed over the
chromosome. It is possible that this could accentuate the

distortion between the genetic map and physical map.

1.2.1.2. Method B. Genomic Clones

The problems mentioned above are overcome by developing
probes from genomic DNA. For most plant species, however,
the majority of random genomic clones are likely to carry
repeated sequences making them useless. Tanksley et al.,
(1988b) suggested a two-step process to obtain genomic
clones of unique sequences: 1) Much of the DNA in eukaryotes

is highly repeated and highly methylated at cytosines.



High-copy DNA contains more methyl cytosine than low-copy
DNA. The proportion of low copy DNA in a digest could be
enhanced by using a restriction endonuclease that acts only
on unmethylated portions of the genome (such as PstI),
recognizing and cutting only sequences in which cytosine is
not methylated. Tanksley et al. (1988b) found that 92% of
the Pstl digested clones corresponded to sequences present
only once in the genome, whereas the majority of the EcoRI
digested clones of comparable size had only 35% of low-copy
DNA; 2) Large numbers of bacterial colonies can be grown
directly on nylon hybridization filters, each of the
colonies harboring a plasmid into which plant DNA has been
cloned. The colonies are lysed on the filter, the denatured
plasmid DNA is bound to the filter, and the filter is then
probed with nick~translated, total nuclear DNA for 12-24
hours. The concentration of a repetitive sequence in the
genomic probe is relatively great and would result in a
strong signal when it was used to probe a clone consisting
of a complementary, highly reiterated sequence. Conversely,
a low-copy number clone would give a very weak signal when
it was probed with genomic DNA. Figdore et al. (1988)
reported a high proportion (75-87%) of unique sequence by
following this stepwise procedure for obtaining low-copy

genomic DNA fragments.



1.2.2. RFLP in Plant Genetic Improvement

The single gene markers used in higher plant genetics
were morphological markers before.the discovery of molecular
markers. The first genetic marker used in QTL genetic study
was séed-coat color which associated with the seed size in
beans (Phaseolus vulgaris) (Sax, 1923). Sax interpreted the
association as the linkage of the single gene controlling
seed color with one or more of the polygenes controlling
seed size. Wexelsen (1933) reported the association of the
length of internode of the spike and texture of the awn
(rough or smooth) in barley. Rasmusson (1935) demonstrated
the linkage of the flowering time and flower color. Everson
and Schaller (1955) found morphological markers which
flanked a chromosomal region affecting yield in barley.
Brewbaker (1974) suggested the linkage of maize mosaic virus
resistance gene and two morphological markers, 1lg, and na,,
in maize. Thoday (1961) suggested that since single gene
markers were distributed throughout the genome of an
organism, it should be possible to map and characterize all
of the QTLs affecting a trait. Two factors limited putting
Thoday's idea in practice: 1) these phenotypic markers are

limited in number; and 2) morphological markers tend to be
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associated with undesirable phenotypic effects (Tanksley,
1989).

The first molecuiar markers used in genetic studies
were isozymes (Hunter and Markert, 1957), which are protein-
based. Although isozyme loci have proven to be quite
useful, more extensive application is limited by an
insufficient number of marker loci and their general lack of
informativeness (Burr et al., 1988).

A more useful molecular marker is DNA-based restriction
fragment length polymorphism (Grodzicker et al., 1974).

RFLP is based on cloned sequences of DNA that can be
genetically mapped using traditional linkage analysis. The
advantages of RFLP compared with morphological markers
include: 1) the number of RFLPs is potentially unlimited for
any plant species; 2) RFLP markers behave in a codominant
manner that allows the genotypic identification of all
individuals in a segregating population; 3) RFLP markers are
phenotype-neutral and do not interfere with any phenotypic
expression; 4) the level of allelic variation for RFLP
markers is much higher than morphological markers; and 5)
RFLP markers are free of epistatic effects and genotype-
environment interaction.

Grodzicker et al. (1974) first used RFLP to map

temperature-sensitive mutants of adenovirus in humans.
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Botstein et al. (1980) explored the application of
constructing an RFLP genetic map in humans. Since then,
many applications of RFLP have been used in plant
improvement. In the past decade, RFLP maps have been
constructed for many plant genera such as maize (Helentjaris
et al., 1986; Burr et al., 1988; Hoisington and Coe, 1989),
rice (McCouch et al., 1988), barley (Heun, 1991), wheat
(Sharp et al., 1989), soybean (Muehlbauer et al., 1991),
sorghum (Whitkus, 1992), tomato (Tanksley et al., 1988;
Paterson et al., 1988), lettuce (Landry et al., 1985),
potato (Gebhardt et al., 1989), and Arabidopsis (Chang et
al., 1988). RFLPs were widely used in mapping genes that
control qualitative and quantitative traits on these maps.
RFLP linkage maps are most useful to locate
economically important genes. Many disease resistance genes
have been mapped with tightly linked RFLP markers. These
include downy mildew (Bremia lactuca) in lettuce (Landry et
al., 1987), Fusarium oxysporum in tomato (Sarfatti et al.,
1989), powdery mildew (Erisyphe graminis) in barley (Hinze
et al., 1991), Phytophthora rot in soybean (Diers et al.,
1991), leaf blast (Magnaporthe grisea) in rice (Yu et al.,
1991), northern corn leaf blight (Exserohilum turcicum) race
1 (Bentolila et al., 1991) and race N (Simcox and Bennetzen,

1993) in maize, common rust Puccinia sorghi 3 (rp3) in maize
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(Richter, personal communication), maize dwarf mosaic virus
(McMullen and Louis, 1989), wheat streak mosaic virus in
maize (McMullen et al., 1991; 1994), and maize streak virus
(Kyetere, 1995).

Most of the agriculturally important traits are
quantitatively inherited, such as yield, quality, and
general disease resistance. These traits are often
controlled by genes or QTLs at several unlinked loci and are
therefore more difficult to manipulate in breeding.
Classical breeding based on phenotypic selection could be
ineffective due to multiple segregation loci and
environmental variation. Using RFLPs, the QTLs underlying
several agronomic traits have been identified. When QTLs of
interest have been mapped relative to tightly linked RFLP
markers, selection can be based on screening for RFLP
markers rather than for the plant phenotype. Such marker-
assisted selection may improve genetic gains in breeding
programs. In maize, QTLs for yield and yield components
have been investigated (Edwards et al., 1992, Stuber et al.,
1992, Zehr et al,. 1992, Ajmone-Marsan et al., 1994). QTLs
influencing kernel oil concentration have been identified
(Goldman et al., 1994). The most comprehensive study on
mapping QTLs for heterosis was reported by Stuber et al.

(1992). RFLP has also been used to explore QTLs important
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for understanding the evolution of maize from teosinte
(Doebley and Stec, 1993). QTLs for plant height were shown
to be located in proximity to major genes that condition
plant height (Beavis et al., 1991, Ajmone-Marsan et al.,
1994). The data support Robertson's hypothesis that loci
with qualitative mutants are often the same loci that affect
the expression of quantitative traits, and that the
qualitative mutants are mostly null or near-null alleles at

QTLs (Robertson, 1985).

1.3. Mapping Populations

1.3.1. Recombinant Inbred Lines

Recombinant inbred lines (RILs) are useful for mapping
QTLs since they represent a stable source of germplasm and
comprise a random set of combinations of genes from their
two parents. Mapping in this population is based on the
assumption that when two loci are tightly linked, their
parental alleles will occur together in direct proportion to
the linkage distance.

There are several major advantages of RILs over F, and
backcross populations in gene and QTL mapping (Bailey, 1981,

Burr et al., 1988). The first is that RILs can be
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propagated indefinitely without further segregation, once
homozygosity has been reached. The same population for
mapping can be used by different investigators and evaluated
in a range of environments. In contrast, F, and backcross
populations of annual plants can be evaluated only once and
the DNA extracted from them will be eventually exhausted.

To resume mapping, the whole set of marker loci will have to
be genotyped again in a new segregating population.

The second advantage is that RILs permit a new marker
to be mapped easily by comparing data with those of
previously mapped markers. All information obtained from
mapping in RIL populations is cumulative and RILs permit
follow-up and confirmation studies.

A third advantage is that RILs can be evaluated in many
different environments. Since each genotype is represented
by an inbred line rather than by an individual plant, a more
accurate assessment can be made of the genetic component of
variance in quantitative traits. One disadvantage of
developing new recombinant inbred lines is the time required
for their construction. This is minimized in an environment
like that of Hawaii and may be overcome by using previously

existing breeding materials.
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1.3.2. F, and Backcross Populations

Studies of F, and backcross populations start with the
identification of two parental genotypes, preferably inbred
lines homozygous for alternate alleles at a number of loci.
The F, hybrids are then generated by crossing these two
inbreds. The classic schemes continue with either selfing
or backcrossing to generate a segregating F, or backcross
population. These populations can be evaluated for
phenotypic performance and genotyped with RFLP markers. The
population size is a direct function of the requirement for
small and more accurate estimation of map distances. To
achieve fine mapping, the population size needs to be fairly
large (from several hundreds to thousands of individual
offspring). Basically, the fine mapping can only be done
with F, or backcross populations due to the population size
required.

A maize RFLP genetic map was constructed and a set of
core RFLP markers was selected for mapping genes and QTLsS
using an immortalized F, population (Hoisington and Coe,
1989; Gardiner et al., 1993). Immortalized F, signifies a
set of mapping atrains derived by a procedure that maintains
(i.e., "immortalizes") the heterozygous alleles in each
individual F, plant by pooled random mating in the F; and
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subsequent generations. McMullen and Louie (1989) mapped
maize dwarf mosaic virus strain A resistance gene mdml to
the short arm of chromosome 6, which is tightly linked to
and located between the RFLP marker loci umc85 and bnlé6.29.
McMullen et al. (1991, 1994) mapped wheat streak mosaic
virus resistance gene wsml to the short arm of chromosome 6
tightly linked to umc85, wsm2 and wsm3 on chromosomes 3 and
8 respectively. The mapping of wsml near mdml shows that
these genes are either allelic or are tightly 1linked.
Simcox et al. (1995) obtained a fine map for mdml with 1488

backcross plants and 7650 F, plants.

1.3.3. Near-Isogenic Lines

Near-isogenic lines (NILs) are useful in identifying
tightly linked DNA markers. Most NILs have been developed
by introgression. Introgression consists of repeatedly
backcrossing a line carrying a gene of interest to a
cultivated line chosen because of its otherwise favorable
properties. After each cross, progeny are selected on the
basis of the phenotype of the target gene. After several
generations, the genome of the selected individuals consists
almost totally of the recurrent parent except the region

around the gene introgressed. However, a small segment of
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foreign DNA flanking the target gene will remain. It is
predicted that the target gene will be flanked by an
introgressed segment extending approximately 5 cM in both
directions after 20 generations (Hanson, 1959; Stam and
Zeven, 1981).

The products of introgression are a pair of NILs which
are identical except for a region near the target gene. If
the source of the gene and the recurrent parent are
sufficiently polymorphic with respect to one another, the
introgressed segment can be used as a target to determine
whether an RFLP marker is located near the gene of interest.
Markers that are located outside the segment will exhibit
identical band patterns between the NILs, while markers
located inside the segment may exhibit one or more
polymorphisms. It is very important that the source and the
recurrent lines be divergent with respect to each other at
the DNA level. If not, the introgressed segment might be
missed.

Genes controlling qualitative traits can be mapped
using NILs. This approach would not be suitable to map
QTLs, however. Brewbaker (1995) developed a set of NILs on
the same genetic background of inbred Hi27, including 120
morphological markers. This set of NILs was used to

intimate the linkage relationship for maize mosaic virus
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resistance gene Mv; this gene was suggested to be linked
with two morphological markers, lg, and na;, on chromosome 3
(Brewbaker, 1974). VYoung et al., (1988) mapped two RFLP
markers tightly linked to the Tm-2a locus in tomato using
NILs. Tight linkage of the markers with Tm-2a was verified
in a segregating F, population.

Bentolila et al. (1991) used NILs to map the Htl locus
in maize. It was accomplished by the use of four pairs of
near isogenic lines (NILs: B73, A619, W153R, and CM10S),
each differing by the presence or the absence of the gene
Htl. Six markers exhibited an RFLP for at least one pair of
NILs. Presumptive linkage was further tested by analyzing
the segregation of five of the six markers (one was
monomorphic in the cross studied) and resistance to H.
turcicum race 1 on 95 F2 individuals from the cross DF20 X
LH146Ht. The results indicated a tight linkage between one
of the DNA markers, umcl50b, and the Htl gene. Using NILs
in soybean, the R and Lfl1 genes (Muehlbauer et al., 1991),

five Rps loci and a Rj2 locus were mapped with RFLP markers

(Diers et al., 1992).
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1.4. The Pooled-DNA Analysis in RFLP Mapping

A new approach, termed pooled-DNA analysis, was
developed by Michelmore et al. (1991). The advantages of
this approach include less effort and low cost. The
principle of this approach is opposite to the near-isogenic
lines. The underlying assumption is that individuals from
one type of genotype (susceptible or resistant to a disease
in a particular case) are identical for a genomic region (a
disease resistance gene), but arbitrary at all unlinked
regions. The method requires preparing one (susceptible) or
two (susceptible and resistant) pooled-DNA samples from a
segregating population from a single cross (F, or RILs).

The recommended pool size for the first screening is about
25 individuals. The more individuals used, the closer the
marker identified will be to the target gene, but the risk
of skipping the target gene also increases when the markers
20 cM apart are used for screening. For RFLP markers, as a
general rule, the individuals selected for the pooled-DNA
sample should be homozygous for the target gene. With an F,
population, if the resistance gene is dominant, only the
susceptible individuals could be used for a pooled-DNA

sample.
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RILs will be homozygous for the target alleles (e.g.
resistant and susceptible), thus pooled-DNA samples from
both phenotypes could be used. The approach involves
identifying RFLP polymorphisms between two parents and
establishing the identity of susceptible parent and
susceptible pool and of resistant parent and resistant pool.
For randomly amplified polymorphic DNA (RAPD) markers, it
involves identifying polymorphisms between two pools
containing individuals from a segregating population. The
two pools are different with respect to a particular trait
or genomic region and seemingly heterozygous with respect to
all other regions. With the dominant nature of the RAPD
markers, the absence of the band in the susceptible pool
compared with the resistant pool would be observed where the
resistance gene is located.

Michelmore et al. (1991) were able to define a 25 cM
RAPD marker window, on either side of the locus responsible
for downy mildew resistance in lettuce. McMullen et al.
(1995) identified three genes, wsl, ws2, and ws3, conferring
resistance to wheat streak mosaic virus in maize using a
pooled-DNA approach with RFLP markers.

Churchill et al. (1993) proposed a pooled-sample
approach to construct high-resolution genetic maps for gene

cloning. Two requirements need to be met for this strategy:
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1) the existence of an easily selectable target locus; 2)
the ability to produce a large segregating population. The
method was based on the fact that when mapping many markers
in a small segment of a chromosome, very few individuals
contain chromosomes with a crossover in the region of
interest and thus most individuals provide little useful
information. By pooling individuals for analysis, the
effort required to construct a high-resolution map can be
reduced manyfold.

The steps for using this pooled-mapping technique in a
segregation population (F,) are as follows: 1) identify
those individuals by phenotype that are homozygous (usually
homozygous recessive) for the target gene; 2) divide these
individuals into a series of pools and extract DNA from each
pool using approximately equal amounts of tissue from each
individual; and 3) probe the pooled DNA with clones known to
be located in the vicinity of the gene. The proportion of
pools containing at least one crossover event is recorded,
and the resulting data are used to construct a high-
resolution map. The pool size is determined by the local
density of markers around the target locus. The higher the
marker density, the larger an optimum pool size is. This

approach was demonstrated by the high resolution mapping of
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a region on chromosome 5 of tomato that contains a gene,

rin, regulating fruit ripening (Churchill et al., 1993).

1.5. Statistical Analysis for Mapping Quantitative Trait

Loci

The underlying assumption of using marker loci to
detect QTLs is that linkage disequilibrium exists between
alleles at the marker locus and alleles at the linked QTL.
Linkage disequilibrium can be defined as the non-random
association of alleles at different loci in a population due
to a number of factors including selection, genetic drift
and physical linkage (Tanksley, 1993). In primary
segregating generations (eg. F,, F; or backcross
populations), the predominant cause of linkage
disequilibrium is physical linkage of loci. This has formed
the basis for classical linkage mapping for the past
century. The ability to detect a QTL with an RFLP marker is
a function of the magnitude of the QTL's effect on the
trait, the size of the population being studied, and the
recombination frequency between the marker and the QTL
(Tanksley et al., 1989).

There are two principal statistical approaches for

determining whether a QTL is linked to an RFLP marker, and
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both share the same basic principle. It is based on
partitioning the population into different genotypic classes
based on genotypes at the marker locus. Correlative
statistics are used to determine whether the individuals of
one genotype differ significantly compared with individuals
of other genotype(s) with respect to the trait being
measured (Tanksley, 1993). If the phenotypes differ
significantly, it is interpreted that a gene affecting the
trait is linked to the RFLP locus used to subdivide the
population. It is not possible to determine whether the
effect detected with the RFLP locus is due to one or more
linked genes affecting the trait (Thompson, 1975; Tanksley,
1993) and the term RFLP locus can be loosely defined to

include many gene loci (Beavis et al., 1994)

1.5.1. Normal Frequency Curve Method

A normal frequency curve is commonly used to describe
biological data. The two parameters of normal distribution
are the mean and standard deviation. The mean determines
the position of the curve on the horizontal axis. The
standard deviation determines the amount of spread or
dispersion among the variates. The formula for describing a

normal frequency curve is
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£ = N/(o*sqrt(2%pi)) * e w222

where f is the frequency of occurrence of any given variate,
y is any given variate, N is the number of variates in the
population, u is the population mean, and o is the
population standard deviation. From the formula, the normal
frequency curve can be plotted by the calculation of mean
and standard deviation.

Brewbaker (1993) developed a method employing a normal
distribution curve to predict the number of QTLs. The
parental means and variances are used to predict the
distribution of segregating progeny based on monogenic,
digenic and polygenic models. The expected distribution
curve is compared with the experimental distribution curve.
Goodness of fit for observed data to the expected is
determined by chi-square and least-square estimates of
deviation from regression. This method is powerful in
analyzing monogenic and digenic models for a segregating
population, including 1:1, 1:2:1, 3:1, and 1:1:1:1 ratio,
with incorporated graphs that immediately reflect changes in
means and variance. Moon (1995) used this method to analyze
20 quantitative traits in 10 RIL populations. He concluded

that 13 traits were controlled by a single gene; six traits
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fitted the digenic model; and one trait was governed by

polygenes.

1.5.2. 8ingle Factor Analysis of Variance

The simplest approach for detecting QTLs is to analyze
the data using one RFLP marker at a time, which is known as
a single factor analysis of variance (SFAOV) (Soller et al.,
1976; Tanksley et al., 1982; Edwards et al., 1987).
Phenotypic means for the progeny in each marker class are
compared. Significant F-values may indicate linkage of the
marker and the trait of interest. Essentially this amounts
to linear regression of phenotype on genotype by means of
one way analysis of variance, under the assumption of
normally-distributed residual environmental variance (Lander
and Botstein, 1989).

In the linear model, the dependent variable is a linear

function of the independent variable

Y=b1X1+b2X2+e

where Y is the dependent variable (a trait), X, and X, are
the independent variables (two types of genotypes), b, and b,

are the respective regression coefficients, and e is the
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residual of Y not explained by the effects included in the
model.

The disadvantages of the single factor analysis
include: 1) its phenotypic effect may be underestimated due
to recombination between the QTL and the marker; 2) the
approach does not define the likely position of the QTL. In
particular, it cannot distinguish between tight linkage to a
QTL with small effect and loose linkage to a QTL with large
effect; 3) and the method cannot tell whether the markers
are associated with one or more QTLs (Edwards et al., 1987;

Lander and Botstein, 1989).

1.5.3. Interval Mapping

The disadvantages of single factor analysis are
overcome by an approach reported by Lander and Botstein
(1989), interval mapping using LOD (log of odds) score.
Interval mapping measures the effect of each genome segment
located between pairs of markers rather than the effects
associated with an individual marker. This approach is
based on the assumption of no double crossovers between the
markers. The LOD score used to declare the presence of a
QTL is the Log,, of the odds ratio. The odds ratio is the

probability that the data would have arisen assuming the
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presence of a QTL divided by the probability that it would
arise assuming the absence of a QTL. A program MAPMAKER/QTL
(Lander and Botstein, 1989; Lincoln et al., 1993) was
designed to map QTL using the interval mapping technique.
The threshold (T) of the LOD score for the declaration of a
QTL can be calculated according to the formula given by

Lander and Botstein (1989):

=
Il

1/2 (Logye) (Zym)?

where
a = the chosen level of significance

the number of interval markers tested

8
]

&
I

standardized normal variate

The appropriate threshold depends on the size of the
genome and the density of markers genotyped. Generally, the
LOD score threshold varies from 2-3 for the F, population
and 5-6 for backcross and RIL populations. The threshold is
higher in a dense map compared to a sparse map.

Paterson et al. (1988) demonstrated the effectiveness
of the LOD method in an interspecific cross of tomato (L.
esculentum X L. chmielewskii). They used a saturated

linkage map (a marker every 20 cM) and mapped six QTLs
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associated with fruit mass, four QTLs affecting the
concentration of soluble solids, and five QTLs associated
with fruit pH at a LOD score of 2.4. These QTLs accounted
for 44% to 58% of the phenotypic variation in these traits.
Wang et al. (1994) studied the genetic basis of complete and
partial resistance to blast disease in a RIL population
derived from two rice cultivars, Moroberekan and CO039. They
mapped two dominant loci associated with qualitative
resistance to five isolates of the fungus, and ten QTLs
affecting partial resistance at a LOD score of 6.0.
Although interval mapping increases the efficiency of
QTL mapping, a large population size may still be required
to map the QTL affecting the phenotype with small magnitude.
Lander and Botstein (1989) suggested a method to increase
the power of QTL mapping, which is selective genotyping of
the upper and lower five percent of the quantitative trait
distribution. This method can significantly increase the
efficiency of QTL mapping and reduce the time and cost of

genotyping the markers.
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CHAPTER 2

MATERIALS AND MATHODS

2.1. Plant Material

A total of 129 recombinant inbred lines (RILs) were
generated from the cross, Hi31l X Kil4, by Moon (1995). Hi31l
is a B68 conversion, dent corn, out of Iowa Stiff Stalk
Synthetic, and Kil4 is a Thai flint inbred, out of Suwan 1.
The cross was made in 1987 at Waimanalo, Hawaii. Two
hundred F2 seeds were randomly selected and planted by Moon
(1995) in the spring of 1990. Each plant was self-
pollinated without selection and harvested for the next
generation (F3). Seeds from each self-pollinated ear were
planted ear to row of 5 m long and 0.75 m spacing between
the rows. Two plants of each row were randomly selected and
self pollinated. The self-pollinated ear on the first plant
in the row, when possible, was harvested to advance the line
to the next generation. This single seed descent (SSD)
procedure was repeated to the F7. The lines (ears) in the
F7 generation were planted in an ear to row configuration in

the winter of 1992 and harvested in the spring of 1993. Ten
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plants in each line were sib-pollinated to give an adequate

amount of seed for future experiments.

2.2. RFLP Analysis

2.2.1. Preparation of Plant Materials for DNA Extraction

The two parental lines (Hi31 and Kil4) and 123 RILs
were planted at Columbia, Missouri for DNA extraction.
Seedlings were harvested three weeks after planting. The
samples were treated with liquid nitrogen and lyophilized
for 5 days. The lyophilized samples were ground to a fine

powder and stored at 4°C.

2.2.2. DNA Extraction

Total genomic DNA was isolated from the seedlings
according to the CTAB procedure described by Saghai-Maroof
et al. (1984). Approximately 0.3g of powdered leaf tissue
was incubated in 8 ml CTAB (Hexadecyl tri-Methylammonium
Bromide) extraction buffer (1% CTAB, 100 mM Tris pH 7.5, 0.7
M NaCl, 10 mM NaEDTA, and 1% B-mercaptoethanol) at 65°% for
30-60 minutes with occasional mixing to denature protein.

After incubation, the sample was extracted with 4.5 ml
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chloroform:octanol (24:1), and was mixed by inversion to
form an emulsion. This emulsion was centrifuged for 10
minutes at 1800 g in a table top centrifuge (Beckman Model
TJ-6 centrifuge) for 10 minutes at room temperature. After
centrifugation the aqueous phase was separated, and 6 ml
cold isopropanol was added and mixed by gentle tube
inversions to precipitate the DNA (total nucleic acid). The
precipitated DNA was removed with a glass hook, and
transferred to 5 ml plastic tubes containing 1 ml of wash
buffer (76% ethanol and 0.2 M NaOAc) for 20 minutes. The
DNA was dipped in a rinse buffer (76% ethanol and 10 mM

NH, OAc) for 5 seconds. The DNA was resuspended in 0.5 ml TE
(10 mM Tris-HCl1l pH 7.4 and 1 mM EDTA) overnight at 4°C with
gentle rocking. The solution was centrifuged for 10-15
minutes at 12000 rpm in a table top centrifuge (Eppendorf
model 5415C) and the supernatant transferred to a clean 1.5
ml microfuge tube. DNA concentration was determined using
the Beckman DU-65 Spectrophotometer wave length 260 nm/280
nm ratio. Finally, the DNA was diluted to a concentration

of 0.5 pg/pl in TE and was stored at -20°C.
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2.2.3. Restriction Digestion

A pooled-DNA sample from 28 MMV highly susceptible RILs
was prepared for the pooled-DNA mapping aproach and also to
verify the probe-enzyme combinations revealing polymorphism
between parents Hi31l and Kil4. Genomic DNA samples (10 ug)
were digested with 3 units of restriction enzyme/pug DNA in a
total volume of 300 ul. The eight restriction enzymes used
were BamHI, BglII, Dral, EcoRI, EcoRV, HindIII, SacI, and
Xbal (New Englang Biolabs). Restriction digestion was
carried out for 4 hours in a 37°C incubator. The reaction
was stopped by adding 16 ul of 5 M NaCl. DNA was
precipitated by adding 750 pl of ethanol and was kept at
-80°%C for 30 minutes. DNA was then centrifuged, dried
overnight, and resuspended in 40 ul TE, which allowed DNA to
be lcaded on agarose gel at a concentration of 10 ug/lane on

an agarose gel.

2.2.4. Agarose Gel Electrophoresis

The digested genomic DNA samples were electrophoresed
on 0.8% agarose gel, in 1X RBE running buffer (40 mM
Tris-Acetate, pH 7.3, 2 mM Na,EDTA, 0.02 mM NaOAC, 32 mM

glacial acetate acid). Electrophoresis was carried out for
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12-14 hours at 25 mA until the tracking dye (bromphenol
blue) had migrated about 3/4 of the distance. Gel
dimensions were 20 cm X 25 cm, which allowed four sets of
combs with 30 wells to be used on a single gel. After
electrophoresis, the gels were stained with ethidium bromide
(1 pg/ml) for 20 minutes to permit visualization of the DNA.
The gels were then rinsed in dH,0 for 20 minutes, slid onto

a UV transilluminator, and photographed.

2.2.5. Southern Transfer

After electrophoresis, the gels were prepared for
southern transfer in 1 liter volume of solution for each of
the two following steps: 1) the DNA fragments in the gel
were denatured by soaking the gel twice in 0.4 M NaOH, 0.6 M
NaCl for 30 minutes; 2) neutralized in 0.5 M Tris-Acetate,
1.5 M NaCl, pH 7.5 for 30 minutes.

The DNA was transferred to nylon membranes (MSI
Magnagraph, Fisher Scientific) using a method modified after
Southern (1983). A plastic grid was placed in a shallow
tray to allow transfer buffer (25 mM NaPO,, pH 6.5) access
to the center of the sponge. A thick sponge (6.25 cm X 7.5
cm) was placed on the center of the plastic grid and soaked

thoroughly in the transfer buffer. Whatman 3M
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chromatography paper and nylon membrane were cut to the same
gel size and wetted in the transfer buffer. After two
sheets of Whatman 3M paper were placed on top of sponge, the
gel was placed onto Whatman sheets on the sponge. A labeled
piece of membrane was placed on the gel with the label-side
down to identify the transfer side of membrane, and a glass
rod was used to roll out air bubbles. Two more sheets of
wetted Whatman 3M paper were placed on the membrane, and a
7.5 cm stack of paper towels was placed on top of the
Whatman 3M paper. More transfer buffer was added to the
tray so that the buffer level remained high during blotting
process. The transfer process was left overnight, and then
the paper towels were carefully removed after the stack had
absorbed 5 - 7.5 cm of transfer buffer. The membranes were
briefly washed in 2 x SSC , dried between clean Whatman
filter paper at room temperature, and baked at 80°C for 2
hours. Membranes were then UV-cross-linked with a
Stratalinker according to the manufacturer's recommendations
(Stratagene, San Diego, California). The membranes were

ready for hybridization or stored in a plastic bag at 4°C.
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2.2.6. Probe Labelling

A set of 163 maize RFLP probes throughout ten
chromosomes were selected based on the maize RFLP linkage
map (Coe, 1993) to screen the parental blots for
polymorphism. These RFLP probes were public sets from the
University of Missouri at Columbia, MO (umc), Brookhaven
National Laboratory, Long Island, NY (bnl), California State
University at Hayward, CA (csu), Native Plants Inc., Salt
Lake City, UT (npi), and Pioneer Hi-Bred International,
Inc., Johnson, IA (php).

The probe DNA insert from the cloned plasmid vector was
purified from the low-melt agarose after restriction
digestion and electrophoresis. Approximately 50 nanograms
of insert DNA were used in the radioactive labelling
reaction. The incorporation of radioactive *pP-dCTP was done
by the random priming method (Feinberg and Vogelstein,
1983). First, 10 pul of 5 ng/ul probe insert DNA and 25 ul
deionized distilled water (ddH,0) were added to a 500 ul
microfuge tube. The DNA was denatured by heating at 95°C
for 5 - 7 minutes, and then was dquenched on ice. A bulk
reaction mix of OLB (0.446 M Tris-MgCl, 0.225 M random
primer hexamers, and 0.223 M Hepes, pPH 6.6), bovine serum

albumin (BSA), ACTP, and Klenow was prepared just before use

36



and 15 ul aliquote placed into each tube containing DNA.
The DNA insert was radiolabeled with 50 uCi ¥P-dCTP (New
England Nucleotide, DuPont). The reaction was carried at
room temperature for 4 hours. This radiolabled probe was
separated from unincorporated ¥P-dCTP on Pharmacia Nick-
Column. The purified radiolabeled probe was denatured by
heating at 95°C for 5 - 7 minutes, and then was quenched on

ice for hybridization.

2.2.7. Hybridization

The membranes were pre-hybridized (5 X SSC, 2 X
Denhardt's, 50 mM Tris-HCl, pH 8.0, 5 mM Na,EDTA, 0.5%
sarcosine, 1.0 ml of 10 mg/ml boiled salmon sperm) in a 65°
C water bath for at least 3 hours. The prehybridization
solution was then squeezed out. The denatured probe was
added with 4 ml hybridization solution (5 X SSC, 2 X
Denhardt's, 50 mM Tris-HCl, pH 8.0, 5 mM Na,EDTA, 0.5%
sarcosine, 10% dextran sulphate, 1.0 ml of 10 mg/ml boiled
salmon sperm) per 250 cm? blot. The hybridization was
carried out for 24 hours in a 65°C oven, slowly rocking. To
remove the excess probe, the membranes were washed three
times for 5, 10, and 30 minutes in a low salt stringency
solution (2 X SSC, 0.1% SDS) at room temperature, then
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another two times in high salt stringency solution (0.2 X
Ssc, 0.1% SDS) at 65°C. The membranes then were exposed to
X-ray film with an intensifying screen at -80°C for 1 to 6
days depending on the intensity of the signal.
Autoradiographs were obtained by developing films in a Kodak
X~-OMAT M20 Processor.

The membranes were washed in 0.1X SSC, 0.1% SDS for 10
minutes, stripped in 0.1N NaOH, 0.2% SDS for 4 minutes, and
neutralized in 0.2 M Tris-7.5, 0.1 X SSC, 0.2% SDS for 20
minutes. The membranes were either returned to the
prehybridization solution for further hybridization with
other probes, or kept for reuse in plastic bags at 4% to

retard dessication.

2.3. Linkage Analysis

The polymorphic RFLP loci were mapped using MAPMAKER
version 3.0 (Lincoln et al., 1993). Linkage groups were
based on the UMC 1993 maize RFLP map (Coe, 1993), but marker
order and distances were obtained using the RILs algorithm
in the MAPMAKER program, based on the segregation data of
the F; RILs. To determine the associations between
molecular markers and the MMV resistance, the single factor
analysis of variance (SFAOV) was conducted using the PROC
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GLM procedure in SAS (SAS Institute, 1989). MAPMAKER/QTL
version 1.1 (Lincoln et al., 1993) was used to identify
putative loci affecting MMV resistance based on point and
interval analysis. Results from these two analytical

approaches were compared.
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CHAPTER 3

RFLP MAPPING OF A MAJOR GENE CONFERRING RESISTANCE TO

MAIZE MOSAIC VIRUS

Abstract

RFLP markers were used to investigate host plant
resistance to maize mosaic virus (MMV) in 117 maize
recombinant inbred lines (RILs), derived from the cross of
Hi31 (a B68 conversion) and Kil4 (a Thai inbred). Ninety-
one RILs were evaluated for MMV resistance in a disease
nursery in Hawaii in the summer of 1994. Twenty-eight
highly susceptible RILs were chosen for the pooled-sampling
approach. As initial evidence from the pooled-sample, RFLP
probes on chromosome 3 near the centromere were biased to
the susceptible parent allele. The phenotypic data of RILs
were analyzed with 127 restriction fragment length
polymorphism (RFLP) loci. Loci on chromosome 3 near the
centromere showed the largest effects, indicating that a
major MMV resistance gene, previously named mv, was located
in this region. This gene is present in the resistant
parent Hi31l and apparently traces back to the Argentine
parent used in conferring common rust resistance into B14.
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We conclude that resistance to MMV in B68 and Caribbean
flints involves a major gene mv on chromosome 3, 4 cM and

5.6 cM from RFLP markers umcl02 and php20508, respectively.

3.1. Introduction

Maize mosaic virus (MMV) causes a major disease of
maize (Zea mays L.) in the lowlands of Hawaii and many
tropical and sub-tropical countries (Brewbaker, 1981). The
virus is transmitted by the leafhopper Peregrinus maidis
(Ashmead) in a persistent manner (Carter, 1941), and the
disease occurs with this widely distributed vector
throughout humid tropical and sub-tropical regions (Herold,
1972). It was recognized as a serious disease of maize in
Hawaii as early as 1914 (Kunkel, 1921). Symptoms can be
readily recognized as dwarfing internodes and husks, high-
contrast chlorotic stripes along leaf veins, sheaths, stalks
and husks (Herold, 1972). Symptoms are especially severe on
sweet and supersweet corn when planted throughout the year
for continuous marketing (Brewbaker, 1981).

Although maize mosaic is no longer as damaging as it
was before the 1970s due to eZfective conversion to the
resistance gene, severe yield losses have been reported for

this disease. Furthermore, an entire field can be dwarfed
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below 50 cm in height with no kernels produced under severe
epiphytotics (Brewbaker, 1979). Almost all temperate
hybrids are fully susceptible to MMV. No major U.S. hybrids
have shown resistance in Hawaii. A resistance gene was
discovered from lines of Hawaiian Sugar, tracing back to a
Caribbean flint (Brewbaker and Aquilizan, 1965). This gene
was introduced by direct backcrossing into more than 100
inbreds and cultivars and 130 genetic stocks (Brewbaker,
1974).

Resistance to MMV was first recognized clearly in Cuban
Flint materials imported into Hawaii around 1910. The
genetic basis for mosaic resistance has been studied through
quantitative genetic analysis (Brewbaker and Aquilizan,
1965, Brewbaker 1981). Brewbaker and Aquilizan (1965)
concluded that resistance to MMV from the Caribbean
materials is monogenic with co-dominant alleles. The MMV
resistance is expressed as a very high level tolerance of
the virus. The heterozygotes showed partial resistance
under severe epiphytotics (Brewbaker, 1981). Brewbaker
(1974) suggested that this resistance gene, designated Mv,
was linked to two morphological markers nal and 1g2 on
chromosome 3.

Several viral disease resistance genes have been mapped

in maize using RFLP markers (McMullen et al. 1989, 1991,
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1994; Kyetere, 1995). The recombinant inbred lines (RILsS)
have been used for constructing molecular maps in plants
(Burr et al. 1989; Reiter et al., 1992) and mapping disease
resistance genes (Wang et al. 1994; Kyetere et al., 1995).
The advantage of RILs in genetic study has been reviewed by
Burr et al. (1989). A pooled-DNA approach was well
developed for mapping disease resistance genes and
quantitative trait loci (QTL) (Michelmore et al., 1991;
McMullen et al., 1994; Darvasi and Soller, 1994). The
objective of this study was to locate the MMV resistance

gene on the RFLP map of maize.

3.2. Materials and Methods

Procedures for RFLP and statistical analysis were

described in detail in chapter 2.

3.2.1. Tests for Resistance to MMV

Ninety-six RILs were planted for MMV resistance
evaluation in a lattice design in the winter of 1993 at
Waimanalo, Hawaii. Ninety-one RILs were grown in a

randomized complete block design in the same screening site
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in the summer of 1994. Twenty sub-lines each were grown of
resistant parent Hi31l and susceptible parent Kil4. Two
trials with two replications each were evaluated for the
disease under a natural infection in a field where
susceptible corn was planted successively for a year to
increase the virus and vector populations. Test entries
were planted in short row plots of 5 m in length and 0.75 m
row spacing. Two rows of susceptible sweet corn (White
Knight) were planted every eight test entries, and three
rows were planted around the blocks to enhance the natural
inoculum. The first 10 plants from each line were rated
using a 1-9 scale as indicated below:
1 = No apparent symptom.
2 = Top two or three leaves mottled; no stunting.
3 = Entire plant above the ear mottled and/or
discolored; no evident stunting.
4 = Chlorosis and/or discoloration above the ear; some
stunting.
5 = Plant above the ear discolored; plants stunted and
ear reduced in size.
6 = Upper three-fourths of plant chlorotic and/or
discolored; plants stunted and ear reduced in size.

7 = Entire plant discolored and stunted; small ear.
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8 = Entire plant discolored and stunted; no ear
produced.
9 = Plant completely collapsed; no ear.

3.3. Results

3.3.1. Disease Resistance Test

After screening the RIL population for MMV resistance
in the spring and summer of 1994, 50 RILs were classified as
susceptible with every plant or more than 90% of the plants
infected (Appendix Table 1). Thirty-nine RILs were
classified as resistant (symptomless for at least one
replication). The segregation ratio fitted the expected 1:1
segregation ratio (x> = 1.36, P = 0.25) from a single gene

controlling MMV resistance (Brewbaker, 1981).

3.3.2. Screening Parental Polymorphism

Among the 163 probes tested in RFLP analysis, 114 were
polymorphic between Hi31l and Kil4. The polymorphism was
confirmed by pooled RILs with one or more of the eight
restriction enzyme digestions. Since the RILs were derived

from a tropical inbred (Kil4) and a temperate inbred (Hi31),
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the overall level of polymorphism detected between the two
parents was as high as 69.3%. This is higher than the 60%
previously reported for temperate germplasm (Gardiner et al,

1993) and the 50% for tropical germplasm (Kyetere, 1995).

3.3.3. Genotyping of RILs

One hundred fourteen RFLP markers showing polymorphism
between the two parents were chosen for mapping and analysis
in the RILs. Since duplicated loci were exhibited from 13
probes, a total of 127 loci were genotyped for these RILs
(Figure 3.1). For 19 probes, non-parental band mobilities
were observed (Figure 3.2). The average frequency of non-
parental alleles was 3.2%. Non-parental bands were coded as
missing data.

The overall average of the parental alleles in 127 RFLP
markers was slightly biased to Hi3l alleles (56.5%). Sixty
five RFLP markers fit the 1:1 expected segregation ratio
with an average of 50.6% Hi31 alleles. A skewed segregation
was observed for 48 RFLP loci favoring Hi31l alleles (average
71.6%), and only 14 RFLP loci there were 64.5% Kil4 alleles
(Figure 3.3).

Of the 117 RILs, four lines were eliminated due to too

many missing data for two lines and too many heterozygous
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Figure. 3.1. Segregation of 117 RILs of maize (Hi31 X Ki1l4)
for RFLP marker umcZ2 and restriction enzyme
DraIl.
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Figure 3.3. Distribution of percent Hi3l alleles for 127
RFLP markers among 113 RILs of maize (Hi31 X Kil4)
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bands for the others (27 and 42 out of 127 RFLP markers,
respectively). For the remaining 113 RILs, 83 RILs fit the
1:1 segregation ratio for the 127 markers (x> = 0.4 < Py =
3.84) with a slight bias to the Hi31l alleles (54.7%).
Twenty-four RILs were skewed to Hi3l alleles (68.7%) and the
the remaining six RILs were skewed to the Kil4 alleles
(66.3%). The overall éverage of the Hi31l alleles in 113
RILs was 56.5%, indicating that the RILs favored Hi31l
alleles during their development (Figure 3.4).

When examining the segregation of the non-parental
alleles in the RILs (Figure 3.5), the 113 RILs could be
easily divided into two groups, 56 RILs with equal or less
than 6 non-parental alleles and 57 RILs with more than 6
non-parental alleles. The genotypes of these two groups
were analyzed with the 127 RFLP markers. In the low non-
parental allele group (56 RILs), the overall average of the
parental alleles fitted the 1:1 segregation ratio (¥ =
0.001) with 50.3% Hi31 alleles. In the high non-parental
allele group (57 RILs), however, thirty-nine RFLP markers
were almost completely biased to Hi31l alleles and one marker
was biased to Kil4 alleles (Table 3.1). The extremely
skewed segregation represented a significant problem in

constructing the RFLP map.
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Figure 3.4. Distribution of percent Hi3l alleles for 113
RILs of maize (Hi31 X Kil4) among 127 RFLP loci

51



No. of RiLs

WX NN N INNERN 2R AN
0t 2 3 4 5
No. of non-parental alleles

6 7 8 9 10 11 12 1

1 NG
3

Figure 3.5. Distribution of non-parental alleles for 113
RILs of maize (Hi31 X Kil4) among 127 RFLP loci
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Table 3.1. Loci showing distorted segregation in 57 RILs with high non-parental alleles.

Number of RILs

Locus  Chromosome  Hi31 Kil4 H C Mising X2

npi262 1 56 0 0 0 1 5600 **
umc167 1 26 0 0 28 3 2600 *+
umc67 1 27 0 1 29 0 2700 **
npi238 1 26 0 0 1 30 26.00 **
bni8.29b 1 53 0 0 0 4 5300 **
umc53 2 26 2 0 25 4 2057 **
npi239 2 27 0 0 29 1 2700 **
umcl31 2 54 0 0 0 3 5400 **
umc198 2 53 0 0 0 4 5300 **
umc198b 2 27 4 0 24 2 17.06 **
umcl22 2 57 0 0 0 0 57.00 **
csulé 3 56 1 0 0 0 5307 **
php20024 3 29 0 0 25 3 2900 **
umc50 3 35 1 0 21 0 3211 **
umc26 3 54 0 1 0 2 5400 **
bnl1.297 3 57 0 0 0 0 5700 **
umclé 3 33 0 0 0 24  33.00 **
umc63 3 31 0 0 22 4 31.00 **
php20725 4 57 0 0 o 0 5700 **
umc200 4 57 0 0 0 0 57.00 **
umcl93 4 2 25 24 3 3 19.59 *+
umc156 4 57 0 0 0 0 5700 *
umcl9 4 56 0 1 0 0 5600 **
umcl5 4 28 4 0 25 0 1800 **
bni8.23 4 55 2 0 0 0 4928 **
bnl6.25 5 24 3 1 29 0 1633 **
umc72 5 27 0 0 30 0 27.00 **
umc43 5 24 0 0 33 0 2400 **
umcl32 6 54 1 0 0 2 5107 **
umc62 6 27 2 1 27 0 2155 **
umc134 6 57 0 0 0 0 57.00 **
bni8.39 7 54 1 0 0 2 5107 **
bnl16.06 7 29 0 0 28 0 29.00 **
umc103 8 51 0 1 0 5 5100 *
umcl13 9 51 5 0 0 1 3779 **
umc190 9 54 1 0 0 2 5107 **
bnl5.09 9 53 0 0 0 4 5300 **
csu50 9 54 0 0 0 3 54.00 **
php20075 10 57 0 0 0 0 5700 **
npi285 10 46 5 0 0 6 3296 **

* H: heterozygous locus
* C: non-parental locus
* X~ 2: Chi square value. ** p < 0.01
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3.3.4. Map Construction

Since the RIL data were analyzed under the assumption
of a 50:50 allele distribution, a group of 65 markers was
formed using the MAPMAKER group command due to the problem
mentioned above. For this reason, the primary linkage
groups were based on the UMC RFLP map (Coe, 1993), and did
not included the secondary loci. The order and distance of
those markers were derived from the RILs data obtained
during this study based on MAPMAKER 3.0. Any markers more
than 50 cm apart from other markers were removed from the
map. Six secondary RFLP loci were placed on the map using
the 'try' command. A total of 103 RFLP loci were mapped,
with total length 1624.7 cM and average density 15.8 cM.
Twenty-four RFLP loci were not assigned to linkage groups.
No major disagreements were found with the order derived
from immortalized F, population described by Gardiner et al.

(1993).

3.3.5. Mapping the Maize Mosaic Virus Resistance Gene

Initial evidence for the Mv map position was obtained
from the pooled-sampling approach as probes on chromosome 3

near the centromere were biased to the susceptible parent
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allele. The SAS/GLM procedure was used to determine the
correlations between RFLP markers and the MMV resistance
(Table 3.2). Eight markers significantly associated with
MMV resistance concentrated on chromosome 3. The marker
with the highest F value was php20508 (F = 57.19 and LOD =
10.3), with an R? = 0.417, 4i.e., accounting for 42% of the
phenotypic variation for MMV resistance. The MMV resistance
gene was mapped between umcl1l02 and php20508, 4 cM and 5.6 cM
from the markers respectively. This gene accounted for
74.4% of the phenotypic variation with LOD score of 14.1
(Figures 3.6 and 3.7). This gene is present in the
resistant parent Hi31l and apparently traces back to the
Argentine parent used in conferring common rust resistance
into Bl4. The results confirmed Brewbaker's suggestion from
near-isogenic conversions that mv is linked to 1lg, and na; on
chromosome 3 (Brewbaker, 1974). A number of RFLP probes on
chromosomes 4, 7, and 9 were marginally significant for MMV
resistance from the results of least squares estimates but
not MAPMAKER/QTL (LOD < 6.0). Possible QTLs for MMV
resistance on these chromosomes will need to be confirmed
with larger populations.

Among the 39 RI lines showing resistance in the
population, 34 lines had the resistant parent Hi31 allele

for both markers tightly linked (umcl02 and php20508), three
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Table 3.2.

resistance

Marker Chromosome
umcl21l 3
csuleé 3
rhp20024 3
umclo2 3
rhp20508 3
csu3o 3
umc26 3
bnls5.37 3

56

The loci significantly associated with MMV

from single factor analysis of variance

R"2 Prob.
0.0615 0.0206
0.1983 0.0031
0.2409 0.0020
0.3202 0.0001
0.4169 0.0001
0.3768 0.0001
0.4014 0.0001
0.1491 0.0003
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Figure 3.6. LOD score of the regions around mv gene on
chromosome 3.
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lines had Hi31 allele at umcl102 but Kil4 allele at php20508,
two lines had Hi31 allele at php20508 but Kil4 allele at
umcl02. Among the 50 susceptible lines in the RIL
population, 41 lines had Kil4 allele for both or either umc
102 and php20508, but nine lines had the Hi31l allele for
both markers. This might be explained by a single cross-

over in different generations during the development of the

RILs.

3.4. Discussion

3.4.1. Disease Resistance Test

Since MMV can not be mechanically transmitted and only
can be transmitted by plant hoppers, the reliability of a
field test under natural infection is always subject to
challenge. The RILs have considerable advantage in this
situation. From the disease nursery in the spring of 1994,
46 RILs were symptomless in two replications, while 50 RILs
showed susceptibility to MMV. Among these 50 RILs, 32 of
them were confirmed by replication and 18 were not. Only
several plants of each susceptible RIL were infected due to
low disease pressure. After continuous planting of the

susceptible checks in the field, 91 RILs were screened
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again. This time they were under severe disease pressure.
The 20 sublines from susceptible parent Kil4 showed 100%
infection. Among the 50 RILs showing susceptibility, 36
RILs were confirmed by at least one replication with every
plant infected and the other replication with the majority
of plants infected. The other 14 RILs were confirmed by
replications with a majority of the plants infected, and
also confirmed by the data from the spring nursery. Thirty-
nine RILs showing resistance were confirmed by at least one
replication with every plant symptomless and the other
replication with no or few plants infected. For diseases
like MMV, RILs provide homozygosity, which allows repeated
tests in different seasons and locations with the same

materials.

3.4.2. Genotyping of the RILs

Despite the distorted segregation, the overall average
of the parental alleles segregation of RFLP fit the 1:1
segregation ratio (x> = 1.56). Compared with the
theoretical 1.56% heterozygosity of the F, generation
(Falconer, 1989), the average 1.7% heterozygous allele was
acceptable. The average of 3.2% non-parental alleles is

reasonable if theoretical 98.4% homozygosity is expected for
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parental inbreds of the S; generation. From the clear 1:1
segregation of low and high non-parental alleles, it seems
that one parental line (Hi31) has higher homozygosity than
the other (Kil4), but why the severely distorted segregation

was concentrated on the high non-parental allele RIL group

was unknown.
3.4.3. Linkage Map Construction

Forty out of 127 RFLP loci with allele segregation in a
distortion ratio caused a serious problem while building the
map. Only after deleting the biased alleles in 57 RILs
(Table 3.1), was an acceptable map constructed. Distorted
segregation were also reported in rice (McCouch et al, 1988;
Wang et al., 1994), tomato (Paterson et al., 1988), barley
(Graner et al., 1991), and maize (Beavis and Grant, 1991;
Gardiner et al., 1993; Kyetere, 1995). Gardiner et al.
reported that distortion occurred in maize chromosomes 1, 2,
3, and 5. In the present study, RILs derived from tropical
and temperate germplasm showed distorted segregation for all
ten chromosomeé (Table 3.1). Although distortion
segregation may be caused by gamete selection, inversion,
and also selection(Zamir and Tadmor, 1986), no conclusion

can be drawn about mechanisms for these materials.
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3.4.4. MMV Resistance Gene(s)

Besides the major MMV resistance gene on chromosome 3,
one region on the long arm of chromosome 9 accounted for 19%
of phenotypic variation (data not shown). Checking the
genotype of the linked markers, distortion segregation was
observed in the markers. It is difficult to conclude if
this region is a real modifier (minor gene) or the effect of
the distortion segregation. A similar situation was found
in a region on chromosome 4. Even though from previous
studies the MMV resistance was controlled by a major gene
(Brewbaker, 1974, 1981), it is always possible that some
modifiers existed in the disease resistance systen.

Due to the homozygosity of the RILs, the gene action of
mv could not be determined from this study. Previous
studies, however, detected the co-dominant nature of this
gene (Brewbaker and Aquilizan, 1965; Brewbaker, 1981).

The MMV resistance gene mv was located near the
centromere of chromosome 3 between RFLP markers umcl02 and
php20508. This map position placed mv close to the position
wsm2, a dominant gene for resistance to wheat streak mosaic
virus on chromosome 3 in Pa405 (McMullen et al., 1994), and
rp3, a dominant gene for resistance to Puccinia sorghi.

Since Pa405 is susceptible to MMV, the dominant resistance
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allele Wsm2 and co-dominant allele Mv should not be the same
gene. It is unlikely that the fungal disease resistance
gene rp3 and the viral disease resistance gene mv are
allelic. Since mv was from an Argentine parent used to
confer common rust resistance to Bl4, these two genes must
be tightly linked. These results support McMullen's
suggestion (1994) that a possible clustering of genes for

resistance to maize pathogens is located in this region.
3.4.5. RFLP Marker-Assisted Backcross Breeding

The technique of backcross breeding was developed as a
method to transfer target gene(s) from the donor parent to a
elite inbred line as recurrent parent. The hybrid derived
from a cross between the donor and recurrent parents is
crossed back to the recurrent parent, and the progeny are
screened for the target trait. The individuals with the
target character are crossed back to the recurrent parent
and the process repeated. After five or six cycles, plants
are nearly identical genetically to the recurrent parent,
except the region around the target gene(s) transferred.
This method provides a convenient procedure for the

introduction of relatively simply inherited traits into an
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established line, but is ineffective for traits controlled
polygenically.

The application of the RFLP technique can overcome the
limitations of backcross breeding. If the target gene(s)
are tagged with tightly linked RFLP markers, the plants of
backcross populations can be screened at the seedling stage
for the presence of the target gene(s).

There are two major advantages of RFLP marker-assisted
breeding. First, the RFLP technique provides a tool for
indirect selection for the traits which are difficult to
screen in the field. Selection for resistance to naturally
infected viruses, when no mechanical inoculation is
successful, demonstrates the advantage of indirect selection
with RFLP markers. With the traditional method, the
screening materials must be planted in the area where the
virus occurs epidemically, but the reliability of the
results is still questionable. With the RFLP marker-
assisted selection approach, the breeding can be carried out
in any kind of environment with no field testing, and the
screening for virus resistance will be done in the lab by
looking for the flanking RFLP markers. The probability of a
false selection is 16 in a million when two markers, each 2

cM apart from the target gene, are used.
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Secondly the selection efficiency for the polygene
controlled traits is dramatically increased with the RFLP
marker-assisted approach. There is no suitable tool to
screen for individual QTLs in a polygenic traits by
traditional methods. RFLP markers that flank the target
QTLs might be used effectively in the selection of these
traits (Stuber, 1992).

A strategy is developing to convert Mv gene into 10
inbreds applying the RFLP marker-assisted approach
(Brewbaker, personal communication). Inbred Hi31l or one of
the resistance RILs will be used as the Mv gene source and
crossed with 10 susceptible inbred lines (Figure 3.8). F,
hybrids will be backcrossed with the susceptible inbreds to
produce the BC, populations. The BC, populations will be
produced by using recurrent parents as female and bulked
pollen of 20 BCl plants as male. The process will be
repeated to obtain BC3 populations. The expected Mv/mv
heterozygous genotype in BC; is 12.5%. At this stage, one
hundred BC; plants will be genotyped with the two RFLP
markers flanked to the Mv gene, umcl02 and php20508. About
ten plants with Mv/mv genotype will be selected to backcross
with the recurrent parents. The backcross process will be
repeated again until BCq. One hundred BC; plants will be
genotyped, and about ten plants with Mv/mv genotype will be
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mv
( ) Hi31 X susceptible inbred percentage of Mv/mv genotype

met0
php20508
F1 X susceptible inbred 100%
Mv donor
BC1 X susceptible Inbred 50%
BC2 X suscaptible inbred 25%
BC3 12.5%

selact 10 plants with flanking RFLP markers X susceptible inbred

BC4 X suscaptible inbred 50%
BCS5 X susceptible inbred 25%
BC6 selfing 12.5%

salact 10 plants with homozygous Mv flanking markers  selfing

BC6 S2 Mv/Mv pure line

Figure 3.8. Mv conversion program using RFLP flags.
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selfed to produce BC:S, population. A 1:2:1 segregation
ratio will be expected in BC,S, generation. Fifty plants
from BC¢S, will be screened with the RFLP markers to identify
plants with Mv/Mv genotype. These plants will be selfed to
produce pure lines of recurrent parents with the Mv gene
incorporated, and the pure lines grown under virus epidemic

to validate their homozygosity for resistance.
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CHAPTER 4

IDENTIFICATION OF RFLP MARKERS LINKED TO A MAJOR GENE, Swl,

CONFERRING RESISTANCE TO Erwinia stewartii

Abstract

Resistance to Erwinia stewartii (Stewart's bacterial
wilt) was studied using recombinant inbred lines (RILs)
derived from a cross between Hi31 (a B68 conversion) and
Kil4 (a Thai flint inbred). Seventy-one RILs and ten sub-
lines of each parent were planted at Henderson, Kentucky for
evaluation and were naturally infected by Stewart's
bacterial wilt. The RILs were scored for wilt severity in
two replications using a 1-9 scale (1l=no symptom, 9=severe
symptom) .

The sub-lines of resistant parent Kil4 and susceptible
parent Hi3l averaged 1.91 and 6.50, and ranged from 1.0 to
4.0 and 4.0 to 8.0, respectively. The F, hybrid, with a
score of 4.08, showed intermediate resistance. The data
indicated only one major dominant resistance gene involved
in this population.

The RILs ranged from 1.2 to 7.9. Thirty-eight RILs
were classified as resistant with an average score of less
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than 4.5; thirty-three RILs were classified as susceptible.
The 1:1 segregation demonstrated that a single gene
controlled E. stewartii resistance. One hundred twenty-
seven RFLP loci were analyzed with the disease data using
SAS/GLM and MAPMAKER/QTL. Markers on the short arm of
chromosome 1 showed the largest effects on conferring
resistance, suggesting a major QTL in this region. This
gene is suspected to be the previously designated swl, and
was mapped with LOD score 13.2 on the short arm of
chromosome 1, 4 ¢cM and 8.2 cM from RFLP marker umclé7 and
umcé67, respectively. From the results of MAPMAKER/QTL,
80.2% of the phenotypic variation for disease resistance

could be explained by swl.

4.1. Introduction

Stewart's bacterial wilt, caused by Erwinia stewartii
(E. F. Smith) Dye, has been recognized as an important
disease of maize (Zea mays L.). Catastrophic economic
losses were caused by this disease in the 1930s. More
recently, Stewart's wilt has occurred in the southern and
northeastern corn belt of the United States (Heichel et al.,
1977), Italy (Anonymous, 1983), and Canada (Anderson and

Buzzell, 1986). The disease is a major concern for
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international seed shipment, since the bactirium can become
seedpborne.

Economically and environmentally, the most effective
means of controlling Stewart's wilt is the development of
resistant hybrids. Associations between the disease and
other traits such as vigor and maturity were examined in
early studies. Ivanoff and Riker (1936) suggested that
three factors were correlated with severity of Stewart's
disease: vigor, maturity, and genetic resistance. Reddy and
Holbert (1928) reported no correlation of resistance with
vegetative vigor or days to maturity. Wellhausen (1937) ,
however, observed the association of late maturity with
resistance and early maturity with susceptibility.

The gene number involved in resistance has been
analyzed from F, and backcross (BC) populations. Wellhausen
(1937) concluded that two major and one minor dominant,
independently inherited, supplementary genes (Swl, Sw2, and
Sw3) were involved in the resistance to Stewart's wilt.
High resistance resulted from the presence of all three
genes either in heterozygous or homozygous dominant
conditions. Intermediate resistance could be explained by
the presence of only one or any two dominant gene(s).

Smith (1971) proposed that four genes were involved in

the resistance. Two major dominant genes, Swl and Sw2, were
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required for full resistance. A single major dominant gene
alone conditioned intermediate resistance, such as occurred
in inbred M14. At each of the other two minor dominant
genes, Sw3 and Sw4, resistance occurred only when the
alleles were heterozygous. Parker (1980) estimated gene
numbers (Wright's formula, 1921) conditioning resistance;
these varied from 1.10 to 3.20 and 1.99 to 4.12 in four
different families in two different years. In his studies,
generation mean analysis indicated significant additive and
dominance genetic effects in all families in both years.
Most of the variation among families was attributable to
additive gene action.

The linkage relationships of these genes are unknown.
Wellhausen (1937) suggested that one of the two major genes
was linked with the pl1 gene for cob color, but was not very
close. Wellhausen also observed that late maturity and
resistance tend to remain together in the later generation
progenies. RFLPs have been effectively used to map disease
resistance genes in maize (McMullen et al., 1989, 1991,
1994, Bentolila et al., 1991, Simcox et al., 1993). The
objective of this study was to identify the linkage
relationships of E. stewartii resistance gene(s) using RFLP

markers.
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4.2. Materials and Methods

Details of plant materials, RFLP and statistical

analysis were described in chapter 2.

4.2.1. Disease Nursery

One hundred RILs were planted to evaluate blight
resistance in a randomized complete block design in the
summer of 1994 at Henderson, Kentucky by the Northrup King
(Seeds) Company (R. Holley, unpublished). Ten sub-lines
each were grown of resistant parent Kil4 and susceptible
parent Hi3l. The bacterium E. stewartii overwinters in
mature corn flea beetles. In the disease nursery at
Henderson, beetle populations were high and the field came
under severe Stewart's wilt pressure. The first ten plants
from each line in the two replications trial were rated for

Stewart's wilt using a 1-9 scale as indicated below (Pataky,

1990):
1 = No symptoms.
3 = Slight chlorosis of lower leaves, 5 to 10% of the
leaf area symptomatic.
5 = Chlorosis of lower and upper leaves, 21 to 30% of

the leaf area symptomatic.

72



7 = Chlorosis, necrosis, and stunting, 41 to 50% of the
leaf area symptomatic.
9 = Severe stunting and necrosis, nearly dead.

4.3. Results

The results of RFLP analysis and the construction of

RFLP map were described in chapter 3.

4.3.1. Disease Resistance Test

Among the one hundred RILs planted at Henderson, twenty
nine RILs did not germinate, evidently due to herbicide
damage (Beacon). Seventy-one RILs were thus scored for
Stewart's bacterial wilt severity in two replications. The
average score of two replications from each RIL was used for
analysis. The sub-lines of resistant parent Kil4 and
susceptible parent Hi31l averaged 1.91 and 6.50, and ranged
from 1.56 to 2.61 and 6.19 to 6.71, respectively. The F,
hybrid, averaged 4.08, showed intermediate resistance. This
was interpreted to indicate that only one of the two major
resistance genes, swi and sw2 (Smith, 1971), was segregating

in this population.
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The average scores for RILs ranged from 1.2 to 7.9, and
could easily be grouped in two clusters (Figure 4.1).
Thirty-eight RILs with an average score of less than 4.5
were clasified as resistant, and thirty-three RILs with an
average score higher than 4.5 as susceptible. The
segregation fitted the 1:1 ratio (x> = 0.35, p > 0.05)

expected for the single gene control.

4.3.2. Mapping E. stewartii Resistance Gene

Linkage analysis of RFLP loci related to E. stewartii
resistance was conducted using single factor ANOVA. Sixteen
markers were associated significantly with Stewart's wilt
resistance; these were on chromosomes 1, 4, 7, and 9 (Table
4.1). The RFLP marker umclé67 on the short arm of chromosome
1 showed the highest F value with an R’ = 0.663. Two linked
markers also associated highly with resistance.

A scan of all 10 chromosomes using the MAPMAKER/QTL
program revealed one peak close to the marker umcl67, with a
LOD score 13.2 (Figure 4.2). This gene was mapped 4.0 cM
and 8.2 cM from RFLP markers umclé67 and umcé67, respectively
(Figure 4.3), and explained 80.1% of phenotypic variation
for disease resistance in this RIL population. The map

position was 38 cM apart from the pl(umcl85) locus (Coe,
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Table 4.1. The loci significantly associated with E. stewartii
resistance from single factor amnalysis of variance.

Marker Chrom. Position’ R? Prob.
npi262 1 84 0.2848 0.0001
umcleé7 1 107 0.6625 0.0001
umcé7 1 114 0.2844 0.0006
bnl5.09 1 135 0.0888 0.0244
bnlsg.29 1 264 0.1125 0.0389
npi287 2 60 0.1292 0.0238
umc200 4 31 0.1133 0.0367
umcls56 4 20 0.3103 0.0001
umcllo 4 123 0.1047 0.0478
umc72 5 40 0.0876 0.0458
csul73 5 117 0.1726 0.0330
bnll4.07 7 105 0.1551 0.0106
bnlg.39 7 115 0.2897 0.0001
bnlleée.06 7 143 0.1995 0.0117
umclo3 8 31 0.2704 0.0002
umcloo 9 60 0.2130 0.0016
bnl7.50 9 86 0.0917 0.0416
bnl5.09 9 145 0.0956 0.0193
npi29l 9 155 0.2738 0.0019
csub0 9 184 0.1840 0.0051

" The map position was based on UMC 1993 RFLP map
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1993), and also close to one of the three QTLs for maturity
(Koester et al., 1993). Observations confirm the suggestion
by Wellhausen (1937) that resistant allele Swl was in this
region on chromosome 1. We thus assume the gene segregating
among the RILs derived from resistant parent Kil4 to be Swi.

The only other peak formed was on the short arm of
chromosome 4 with LOD 7.2, although regions on chromosome 7
and 9 displayed high R? values. Because of the complicated
nature of the minor genes involved in this disease
resistance system, we could not conclude if there were any
minor genes present in the RIL population.

The resistance genotype of the RILs could be checked
directly with the field data after flanking the RFLP markers
with the Swl allele. Of the 33 RILs classified as
susceptible, 24 lines had the susceptible parent Hi31l allele
for both flanked RFLP markers umclé7 and umcé7; two lines
had Hi31l allele at umc167 but Kil4 allele at umc67 which
indicated crossovers occurred; one line had the Kil4 allele
at both markers. In addition, four lines had non-parental
alleles and two lines had null alleles, and these were
treated as missing data. For another tightly linked marker
npi262 without non-parental allele involved, 29 susceptible
RILs had Hi31l allele; two lines had Kil4 allele; the

genotype data for other two lines were missing.
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For the 38 RILs classified as resistant, ten lines had
a resistant parent Kil4 allele at both flanked markers;
seven lines had Kil4 allele at either umclé7 or umcé67; seven
lines had non-parental alleles and three lines had null
alleles which were treated as missing data; eleven lines,
however, had susceptible parent Hi31l allele. Since the
disease nursery was under natural infection, those lines
with susceptible parent allele might be escapes. When ten
lines with a disease score of less than 3.2 were treated as
missing data and the other line with a disease score of 3.75
was kept, the R? and LOD score increased significantly from
0.32 and 4.2 to 0.66 and 13.2, respectively. If ten lines
were deleted randomly, the changes of R’ and LOD score were

within 1 fold.

4.4. Discussion

One of the advantages of RILs is that there is a pure
line representing each genotype, instead of a single plant
in a segregating population. For disease testing under
natural infection, the confirmation from more than one plant
is essential. As an example from this study, of the 167
plants from 10 sub~lines of the susceptible parent Hi31l in
two replications, two, five, and six plants rated 2, 3, and
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4, respectively, and the rest rated 5 to 8. Averages of the
10 sub-lines ranged from 6.19 to 6.73, eliminating the
effect of the few plants that evidently escaped infection.
The resistant parent Kil4 ranged from 1 to 4 on the basis of
individual plants and 1.56 to 2.61 on the basis of sub-
lines.

The susceptible parent Hi31l was derived from Bi4. From
the studies of the 3 F, and 7 BC populations involving Bl4
as one of the parents, Smith (1971) assigned the genotype of
Bl4A as swlsw2sw3sw4, recessive at all the resistance loci.
In the present study, the intermediate reaction of F, and
the 1:1 segregation of RILs to Stewart's wilt demonstrated
that only one of the two major dominant genes was present in
the resistant parent Kil4. The condition of the minor genes
in Kil4 is unknown. Smith (1971) suggested that the
heterozygosity of two minor genes was required for
resistance. If this conclusion is true, the effect of the
minor gene would be eliminated, since. almost all the loci in
RILs are homozygous.

The linkage of morphological marker pl to one of the
two major resistance genes confirmed the map position of swl
on chromosome 1 (Wellhausen, 1937). In the present study,
significant regions for E. stewartii resistance occured also

on chromosomes 4, 7, and 9 for resistance to maize mosaic
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virus. It was unknown if these regions were associated with
plant growth or plant vigor. Checking the genotype of the
linked markers on these regions, distortion segregation was
observed in a majority of the markers. It may play a role
for the significance. A larger population will be required
to identify the minor genes.

A gene, msvl, for resistance to maize streak virus was
located between RFLP markers npi262 and umclé7 on chromosome
1 (Kyetere, 1995). The map position of swl thus adds
another cluster of genes for resistance to maize pathogens.
One other cluster is located on chromosome 3, including rp3,
ws2, and mv (McMullen and Louie, 1989, Ming et al., 1995),
while a third is on the short arm of chromosome 6, with
wsml, mdml, and rhml (McMullen et al., 1994). From these
results of the past few years, we might expect that more

disease resistance genes may be discovered in these regions.

82



CHAPTER S

IDENTIFICATION OF RFLP MARKERS LINKED TO QTLs CONTROLLING

RACE-NONSPECIFIC RESISTANCE TO Puccinia polysora

Abstract

Race-nonspecific resistance to Puccinia polysora was
studied using RILs derived from Hi31l X Kil4. One hundred
and seventeen RILs and twenty sub-lines of each parent were
planted at Waimanalo, Hawaii; on; hundred and seven RILs
were planted at Mindanao, The Philippines to evaluate P.
polysora resistance under natural infection. The RILs were
scored in two replications at both locations using a 1 to 9
scale (1 = symptomless, 9 = all leaves killed by the
fungus). At Waimanalo, the sub-lines of resistant parent
Kil4 and of susceptible parent Hi31l averaged 3.29 and 7.86,
and ranged from 2.0 to 5.0 and from 7.0 to 9.0,
respectively. The F, hybrid averaged 5.5, showing
intermediate resistance. The 117 RILs ranged from 2.0 to
9.0. The disease scores of the RILs ranged from 3.0 to 9.0
at Mindanao, The Philippines. One hundred and twenty-seven
RFLP loci were used for QTL mapping. Five QTLs were mapped

on chromosomes 2, 4, 6, 9, and 10. The QTL on chromosome 6
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appeared to play a particularly important role in
conditioning race-nonspecific resistance to P. polysora.
The QTL on chromosome 10 might be, or closely link to, the

previously mapped specific resistance gene Rpp9 locus.

5.1. Introduction

Southern corn rust (Puccinia polysora) caused yield
losses in maize in the southern part of the United States
from 1972 to 1974, and was especially severe when introduced
to Africa in 1949 (Rhind et al., 1952). Rodriguez-Ardon et
al. (1980) evaluated near-isogenic maize crosses and found
that this fungus reduced grain yield by up to 45%. Southern
corn rust was observed in Hawaii in 1975 and occasional
outbreaks have caused some yield losses (Ooka, personal
communication). The uredinia of Puccinia polysora are
generally smaller, more circular in outline, and lighter red
in color than those of Puccinia sorghi. Southern corn rust
is more destructive than common corn rust, and can kill
maize plants.

Storey and Howland (1957) reported two major genes
conferring resistance to two races of P. polysora, EA. 1 and
EA. 2, which appeared in Kenya. Resistance to EA. 1 was

discovered in an inbred line AFRO29 (originally from
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Colombia), and was governed by a monogenic dominant gene
designated as Rppl. A second major gene, designated as
Rpp2, in AFRO24 of Mexican origin, was incompletely dominant
and confered a lower degree of resistance to both races EA.
1 and EA. 2. Observed segregations from backcross, F,, and
F; populations showed that the two genes were linked with 12
crossover units separating them (Storey and Howland, 1959),
but the linkage group involved was not determined.

Resistance to physiologic race PP. 9 of P. polysora,
isolated in Indiana, is determined by a single dominant
gene, designated as Rpp9 (Ullstrup, 1965). This gene was
found in maize accession PI 186208. Linkage tests from six
backcross populations indicated that this gene was located
on chromosome 10, about 1.6 crossover units from the Rpi-d
locus, which governs specific resistance to P. sorghi.
Futrell et al. (1975) reported that resistance to race 9 of
P. polysora in a recovered inbred line B1138TRpp was also
conditioned by a single dominant gene. The relationship of
this gene to the Rpp9 was not studied.

Scott et al. (1984) evaluated five F, populations to
obtain information on the type of gene action and number of
genes for resistance to P. polysora. These F, populations
were from crosses between homozygous resistant selections

and a common susceptible tester. They concluded that either

85



a one (for two selections) or two (for three selections)
gene model would explain the F, ratios obtained. The type
of gene action involved included complete, partial or no
dominance. All five selections evaluated were found to have
a gene for resistance at, or very closely linked with, the
Rpp9 locus.

Bailey et al. (1986) identified slow-rusting resistance
to P. polysora in maize inbreds and single crosses. Zummo
(1987) studied the components contributing to partial
resistance to P. polysora in maize. He found that partial
resistant genotypes had fewer pustules that were
significantly smaller, less tumid, and ruptured later than
those produced on susceptible genotypes. Scott and Zummo
(1989) evaluated the effect of genes with slow-rusting
characteristics for southern corn rust. A direct effect of
fewer and smaller pustules was that smaller areas of the
leaf were destroyed on resistant genotypes. The indirect
effect was that fewer urediniospores were produced, and
their dispersion was delayed.

Holland et al. (1994) studied the linkage relationships
of genes conferring resistance to P. polysora in two maize
F, populations using RFLP markers. RFLP probes used only
covered only the regions of the genome known to contain rust

resistance loci, either Rpp or Rp genes. A major gene or
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genes on the short arm of chromosome 10 were identified and
suggested to be alleles of Rpp9. Genes with smaller effects
on resistance appeared to be located on chromosomes 3 and 4.

The objective of the present study was to identify the
QTLs controlling general resistance to P. polysora with RFLP

markers covering the entire maize genome.

5.2. Materials and Methods

5.2.1. Disease Nursery

One hundred seventeen RILs derived from the cross of
Hi31 X Kil4 and twenty sub-lines from each parent were
planted at Waimanalo, Hawaii in August, 1993 to evaluate the
P. polysora general resistance. One hundred and seven RILs
from Hi3l X Kil4 were also planted without the parental sub-
lines at Mindanao, The Philippines in 1993 by Dr. M.
Logrono. A 11% lattice design with two replications was
planted at both locations. The trials were carried out
under natural infection in a year-round corn cultivation
condition which permits continuous epibiotics of pathogens.
Rust severity was evaluated at one to two weeks after mid-
silking on a rating scale of 1 to 9, with 1 indicating no

pustule development and 9 indicating all leaves killed by
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the fungus. An increase in the rating from 1 to 9 indicated
a progressively greater proportion of the leaf surface

covered by rust pustules.

5.3. Results and Discussion

5.3.1. Disease Resistance Test

RILs derived from Hi31 X Kil4 were evaluated with their
parents for the race-nonspecific resistance to southern corn
rust at Waimanalo, Hawaii, and Mindanao, Philippines. At
Waimanalo, the sub-lines of resistant parent Kil4 and
susceptible parent Hi31l averaged 3.29 and 7.86, and ranged
from 2.0 to 5.0 and from 7.0 to 9.0, respectively. The F,;
hybrid averaged 5.5, showing intermediate resistance. The
117 RILs ranged from 2.0 to 9.0 (Figure 5.1). The RILs
could be classified roughly into two groups as resistant
lines (with disease scores lower than or equal to 5.5) and
susceptible lines (with disease scores higher than 5.5).

The distribution of RILs fitted a one gene model tested by
the normal frequency curve method (Moon, 1995).

The disease scores of the RILs ranged from 3.0 to 9.0

at Mindanao, Philippines (Figure 5.2). The data were

interpreted by Moon (1995) to be distributed in a bimodal
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Figure 5.1. Distribution of 117 RILs of maize (Hi31 X Kil4)
for reactions to puccinia polysora at Waimanalo, Hawaii.
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Figure 5.2. Distribution of 107 RILs of maize (Hi31 X Kil4)
for reactions to puccinia polysora at Mindanao, Philippines.
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curve that had both resistant and susceptible groups, but
with more intermediate phenotypes. Least squares estimates
based on predicted normal distributions indicated that the

observed data fit a single gene model (Moon, 1995).

5.3.2. Mapping QTLS Controlling Race-Nonspecific Resistance

to Southern Corn Rust

One hundred twenty-seven RFLP loci were used to map the
QTLs for general resistance to southern corn rust. The
results from single factor analysis of variance showed seven
chromosomal regions correlated significantly with resistance
(Table 5.1). Five chromosomal regions showed significant
association with P. polysora at the 1% level based on data
collected at Waimanalo. These five regions were on
chromosomes 1L, 4L, 5S, 6L, and 10S. Data obtained at
Mindanao, did not match the ones at Waimanalo for most RFLP
markers associated with resistance, and only one marker on
7S reached the one percent significant level.

The combined data from both locations were also
analyzed using single factor analysis of variance (Table
5.1). Average disease scores were used when disease
readings of a RIL were lower or higher than the average

score at both locations. If disease readings of a RIL at
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Table 5.1. Loci associated significantly with P. polysora
resistance from single factor analysis of variance

Waimanalo UPLB  Combined
Marker Chrom.  Position*1 R™~2 R~2 R~2
umc67 1 114 0.1025*
bnl5.59 1 135 0.0714* 0.0964**
npi238 1 247 0.1502**
npi287 2 60 0.0712** 0.0932*
umcS5 2 129 0.0628*
umcS 2 145 0.0827* 0.0944*  0.1382**
umc36 2 197 0.0958*
umc32 3 0 0.0655*
umcs0 3 50 0.1078*
umc39 3 127 0.0720* 0.0565*  0.0998*
umc96 3 173 0.0484*
php20725 4 0 0.0995**
umc200 4 31 0.0691*
umci9 4 123 0.1149**
bnl6.25 5 3 0.1103*
umc72 5 40 0.0522*
umc43 5 60 0.1603**
npi393 6 30 0.0513* 0.1066**
umc21 6 106 0.1448***
umc170 6 117 0.2033*** 0.1702%**
umci73 6 124 0.1175** 0.1253**
umc132 6 156 0.0582*
umct2 6 166 0.1461**
php20581 7 26 0.1499*** (,0850*
bnl14.07 7 105 0.0450* 0.0977*
bnl8.39 7 120 0.0993*
umcii3 9 12 0.0643*
umc8i 9 78 0.0443*
umc95 9 101 0.0686*
bnl5.09 9 145 0.0447*
npi291 9 155 0.1025*
csus0 9 184 0.0967*
csu103 10 35 0.0604*
php06005 10 63 0.1413***
umc44 10 122 0.0513*

*1 the map position was based on UMC 1993 RFLP map
*2 *P =0.05, ** P = 0.01, *** P = 0.001
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two locations were in conflict, e.g., one was lower but the
other was higher, this RIL was treated as a missing datun.

A region on chromosome 6 showed the highest R? value, and
two important regions were also located on chromosomes 2 and
3. The inconsistency of QTLs detected in different
environments has been reported in studies of gray leaf spot
resistance (Bubeck et al., 1993) and agronomic traits in
maize (Beavis et al., 1991; Stuber et al., 1992; Schon et
al., 1993), and can obviously reflect racial differences in
a pathogen like P. polysora or environmental effects.

The results from MAPMAKER/QTL at Waimanalo are listed
in Table 5.2. Five QTLs for resistance to P. polysora were
detected. The QTL on chromosome 6 was the most noticeable
for this disease resistance, since five tightly linked
markers were detected by the single factor analysis of
variance method. The QTL on chromosome 10 might be closely
linked to the Rpp9 locus on this region (Ullstrup, 1965;
Holland et al., 1994). The QTL on chromosome 2 was
confirmed only by a linked marker. The QTLs on chromosomes
4 and 9 were also detected for resistance to three other
diseases -- maize mosaic virus, Stewart's bacterial wilt,
and Northern corn leaf blight. It was unknown if these QTLs
were directly responsible for disease resistance or were

plant vigor loci
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Table 5.2. Results from MAPMAKER/QTL analysis showing marker
intervals detecting significant QTLs, peak LOD score, and

percent variation for P. polysora resistance

Interval Chromosome LOD score® % Variation®
umcl98-uncl22 2 7.20 77.0
umcl33-umcl5 4 6.65 73.5
umcl32-umcé?2 6 7.70 74.0
npi291i-csus0 9 8.03 77.2
npil05-php06005 10 6.08 75.9

? maximum LOD score between each interval

® phenotypic variation explained by respective locus
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indirectly influencing the host plant response. No QTL was
detected from the data collected at Mindanao, The
Philippines.

Twelve physiologic races of P. polysora are Kknown in
corn (Smith and White, 1988), and the racial diversity is
not known for Hawaii or Mindanao. Eleven specific
resistance genes, designated Rppl to Rppll, have been
identified (Ullstrup, 1977). Among these 11 genes, only one
gene, Rpp9, was located on the short arm of chromosome 10
(Ullstrup, 1965). The five QTLs detected in this RIL
population were located on 5 different chromosomes. The QTL
on chromosome 10 was possibly allelic to Rpp9 as discussed
by Scott et al. (1984). It cannot be concluded if the other
four regions contained any specific resistance genes.
Chromosomal regions on 4S and 10S were also reported by
Holland et al. (1994). To confirm these QTLs for race
nonspecific resistance, a larger population size is

favorable.
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CHAPTER 6

LINKAGE OF RFLP MARKERS TO QTLS CONFERRING RACE~NONSPECIFIC

RESISTANCE TO Exserohilum turcicum

Abstract

RFLP markers were used to map QTLs conferring race-
nonspecific resistance to Exserohilum turcicum. One hundred
and ten RILs derived from Hi31l X Kil4 and ten sub-lines of
each parent were evaluated for race non-specific resistance
at Mealani, Hawaii in 1993. A clear 1:1 segregation for
general resistance characterized RILs in this nursery.
Ninety-five RILs from Hi31l X Kil4 were planted in two
separate trials to evaluate the response to race 0 and race
1 of E. turcicum, respectively, at Urbana, Illinois in 1994.
In these two trials, plants were inoculated about one month
after planting with a conidial suspension of each of race 0
and race 1. The QTL located on chromosomal region 3S was
important in conferring the race-nonspecific resistance to
E. turcicum. The chromosomal regions on three known loci,
Ht1l, Ht2, and HtN with qualitative effects, did not show

significant association with the general resistance.
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6.1. Introduction

Northern corn leaf blight (NCLB), caused by Exserohilum
turcicum, is an important leaf disease in the U.S. northern
corn belt and other temperate regions of the world. The
disease is favored by moderate temperature and high
humidity. The occurrence of the disease depends on
environmental conditions and the level of the disease
resistance of the plants. Yield losses up to 30% have been
reported (Perkins and Hooker, 1981).

Control of NCLB is achieved mainly by use of resistant
germplasm (Ullstrup, 1977). Four race-specific resistance
genes were known, and designated Ht1l, Ht2, Ht3, and HtN
(Hooker, 1963, 1975, 1977; Gevers, 1975). Htl, Ht2, and Ht3
confer chlorotic-lesion resistance and result in the
reduction of the amount of necrotic tissue, fungal
sporulation, and inoculum for secondary infections (Hooker
and Kim, 1973; Ullstrup, 1977). HtN is not a chlorotic-
lesion type, but a mature-plant resistance that results in
lesion-free plants after flowering (Gevers, 1975). The Ht1l
gene was widely used in commercial maize hybrids (Simone,
1978), whereas Ht2, Ht3, and HtN have received only limited
experimental use (Smith and Kinsey, 1980). The Htl gene was

mapped on chromosome 2 (Hooker, 1977; Bentolila et al.,
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1991). Ht2 and HtN were closely linked on chromosome 8 but
not allelic (Zaitlin et al., 1992; Simcox and Bennetzen,
1994). The linkage relationship of Ht3 is still not
identified.

Race-nonspecific resistance is expressed as a reduction
of lesion number and size (Hughes and Hooker, 1971; Hooker
and Kim, 1973; Jenkins and Robert, 1961). This type of
resistance is effective in reducing losses in corn to NCLB
since it is resistant to all presently known races (Smith
and White, 1988). Resistance of NCLB appeared to be
correlated with resistance of Stewart's bacterial wilt and
Goss's wilt (Pataky, 1985). Brewbaker et al. (1989)
evaluated 120 tropical maize inbreds for general resistance
to 19 diseases, insects, and other pests. They concluded
that general resistance to NCLB is widely distributed among
tropical inbreds, and notably in those derived from the Thai
composite Suwanl.

Initial attempts to map race-nonspecific resistance to
NCLB in maize involved a series of translocations. Regions
on the long arm of chromosome 3 (3L) and 5 (5L) and the
short arm of 7 (7S) appeared significantly associated with
resistance (Jenkins et al., 1957; Jenkins and Robert, 1961).
Brewster et al. (1992) reported that chromosome 3, 4S and

the 6L were associated with reducing disease severity. The
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latter two regions were also associated with a reduction in
lesion number and incubation period. The results from
generation mean analysis indicated that much of this
resistance was highly heritable, involving three to six
genes with predominantly additive gene action (Hughes and
Hooker, 1971).

RFLP markers were used to identify the location of QTLs
conferring resistance to E. turcicum in a F,; maize
population by Freymark et al. (1993, 1994). Chromosomal
regions 1S, 3L, 58, 7L, and 8L were associated with reducing
disease severity; 1S, 3L, and 5S were associated with
reduction of lesion number; 5L and 7L were associated with
reducing lesion size. The contribution of loci in the
vicinity of Htl and Ht2 was small relative to the loci
listed above.

The objective of the present study was to use RILs and
RFLP markers to obtain more precise estimates of QTLs

conferring general resistance to E. turcicum.

6.2. Materials and Methods

6.2.1 Disease Nursery
One hundred and ten RILs derived from Hi31 X Kil4 and

10 sub-lines of each parent were evaluated by Dr. H. G. Moon
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for race non-specific resistance to NCLB at Mealani, Hawaii
in December 1993. The testing materials was under natural
infection. A maize hybrid susceptible to NCLB, Hawaiian
supersweet #9, had been planted twice as spreader rows
earlier, and the testing materials were surrounded by
susceptible hybrids to increase the incidence of infection.
Ninety-five RILs from Hi31l X Kil4 were also planted by
Dr. J. Pataky in two separate trials to evaluate the
response to race 0 and race 1 of NCLB, respectively, at
Urbana, Illinois in 1994 (Moon, 1995). In these two trials,
plants were inoculated about one month after planting with
the conidial suspension of each for race 0 and race 1. All
three trials were conducted in a randomized complete block
design with two replications. The disease severity was
scored at one to three weeks after silking, using a 1-9

visual rating scale as described below (Moon, 1995):

1 = No visible lesions or slight infection; a few
scattered lesions on lower leaves.

3 = Light infection; moderate number of lesions on
lower leaves.

5 = Moderate infection; abundant lesions on lower

leaves and few on middle leaves.
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7 = Heavy infection; lesions abundant on lower and
middle leaves extending to upper leaves; lesions on
leaf sheath and/or ear husks.

9 = Heavy infection; lesions abundant on all leaves;

plant may be prematurely killed; ear infection.

6.3. Results and Discussion

6.3.1 Disease Resistance Test

At Mealani, the sub-lines of resistant parent Kil4 and
susceptible parent Hi31l averaged 2.62 and 7.30,
respectively, and ranged from 1.0 to 5.0 and from 6.0 to
9.0. The F, hybrid was rated 3.1, showing resistance to E.
turcicum. The 110 RILs ranged from 1.0 to 8.0, and could
easily be classified into two groups. The RILs with a score
of less than or equal to 4.5 were grouped as resistant; the
susceptible RILs were those with a score higher than 4.5
(Figure 6.1). The distribution curve corresponded closely
with the pattern of 1:1 segregation. A single gene model
for resistance to NCLB was proposed (Moon, 1995).

Ninety-five RILs were tested separately against E.
turcicum race 0 and race 1 at Urbana, Illinois in the summer

of 1994. Each plant was inoculated one month after planting
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Number of RILs

Rating Scale

Figure 6.1. Distribution of 110 RILs of maize (Hi31 X Ki1l4)
for reactions to Exserohilum turcicum at Mealani, Hawaii.
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with a conidial suspension of each for race 0 and race 1.
Infection was very light in the race 0 trial, the sub-lines
of Kil4 and Hi31 averaged only 2.06 and 4.68, respectively,
and ranged from 1.5 to 3.0 and from 3.5 to 6.5. The F, was
rated 1.57, indicating resistance. The averages of the RILs
ranged from 1.0 to 5.0 and showed no clear susceptible group
(Figure 6.2).

In the race 1 trial, the sub-lines of Kil4 and Hi31
averaged 2.05 and 5.42, and ranged from 1.0 to 3.0 and from
3.5 to 6.5 (Figure 6.3). The Fl1 was scored 2.11, showing
resistance. The average score of the RILs ranged from 1.0
to 5.0. No segregation pattern was evident. The poor
blight infection score at Urbana was reportedly due to the

dry field conditions in the summer of 1994.

6.3.2. Mapping QTLs Conferring Race-Nonspecific Resistance

to E. turcicum

One hundred twenty-seven RFLP loci throughout ten
chromosomes were used to map the QTLs controlling resistance
to NCLB. The SAS/GLM procedure was employed to determine
the associations between RFLP markers and the NCLB general

resistance at the 0.05, 0.01 and 0.001 level in the three
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Figure 6.2. Distribution of 95 RILs of maize (Hi31 X Kii1d4)
for reactions to Exserohilum turcicum race 0 at Urbana,
Illinois.
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Figure 6.3. Distribution of 95 RILs of maize (Hi31 X Kii4)
for reactions to Exserohilum tur

inois.

Il

105



trials. The program of MAPMAKER/QTL was also performed, but
no QTL was identified at the LOD threshold 6.0.

The locations and effects of QTLs associated with
general NCLB resistance are summarized in Table 6.1. At the
Mealani trial, three regions on 2S, 3S, and 3L were
associated with NCLB resistance at the one percent level.
The most noticeable QTL was located on chromosome 3 with R?
= 0.14, where another three maize disease resistance genes
rp3, wsm2, and mv, are also located (see Chapter 3).

In the trials at Illinois, the results from race 0 and
race 1 were similar. Chromosomal regions 1S, 4S, 4L, 7S,
and 8S were important for resistance to both race 0 and race
1, whereas chromosomal region 3S for race 0 and 2S for race
1 differed from each other. Because of the poor infection,
the reliability of these results is questionable.

The combined data from the three trials were also
analyzed using single factor analysis of variance. The
averadge disease score was used as combined data when disease
readings of an RIL at the three trials were lower or higher
than each average score. If the disease readings of an RIL
at three trials conflicted, e.g. one was lower than average
but another was higher than average, this RIL was treated as
missing data. The results are also listed in Table 6.1. A

region on the short arm of chromosome 3 exhibited the
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Table 6.1. R~ 2 values for loci significantly associated with
E. turcicum general resistance

inois
Marker Position*1 Mealani Race 0 Race1 Combined
umc164 1 4 0.0456*
umeci157 1 20 0.0789*
npi262 1 84 0.0569* 0.0629*
umci67 1 107 0.1524** 0.2163** 0.1343*
bni8.29 1 264 0.1480**
umc84 1 282 0.0748* (©.0886* 0.0965* 0.1545**
bnl6.32 1 305 0.0952* 0.1703***
umc53 2 13 0.1284** 0.1092* 0.1288*
npi287 2 60 0.1374** 0.0657*
umc131 2 94 0.0836* 0.0935* 0.1043** 0.1171**
umcios 2 155 0.0459*
csuib 3 40 0.0787* 0.1216**
php20024 3 45 0.1389**
umc50 3 60 0.1361** 0.1394** (.1070* 0.2529***
bnl5.37 3 92 0.0877* 0.0571* 0.0864*
ume2 3 180 0.1103**
umc200 4 31 0.0728*
umc193 4 69 0.0796*
umci56 4 90 0.1694*** 0,1108** 0,1137**
umci9 4 123 0.0770* 0.0692*
php20608 4 183 0.1124** 0.0981** 0.1144**
bni8.23 4 200 0.0498*
umc43 5 60 0.1267** 0.1003*
csul73 5 117 0.1397* 0.1309* 0.1357**
ume104 5 214 0.0689*
umci173 6 124 0.0615*
umc132 6 156 0.0543*
umc62 6 166 0.0936*  0.1144*
umci34 6 182 0.0656*
bni14.07 7 105 0.0680* 0.0785*
bnl8.39 7 120 0.2032*** 0,1679***
bnl16.06 7 143 0.1394**  0.0954*
umc35 7 165 0.1104*
npi114 8 1 0.0935* 0.0553* 0.0596* 0.1551**
umci03 8 31 0.0605* 0.2047*** 0.2086*** 0.1579**
bnl7.50 9 86 0.0643* 0.0930*
umci90 9 96 0.0963* 0.1239** 0.1206** 0.1755**
bnl7.50 9 101 0.1102*
bnl5.09 9 145 0.1149* 0.1121** 0.0797* 0.0848*
npi291 9 155 0.2982*** 0,1972** (0.25209***
csuso 9 184 0.1346**  0.1245**
php06005 10 63 0.0993**  0.1023** 0.1068*

*1 the map position was based on UMC 1993 RFLP map
*2 *P =0.05,**P = 0.01, *** P = 0.001
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highest R? value and significance level.

The chromosomal regions on three known loci, Htl, Ht2,
and Htn, with qualitative effects, did not show any
association with the general resistance to NCLB. Freymark
et al. (1993) also found that these regions exhibited
relatively small effects for resistance. These results
might be an exception to Robertson's hypothesis (Robertson,
1985). The chromosomal region 3S was important in
conferring the race-nonspecific resistance to NCLB from the
results of this study. Three regions (1S, 3S, and 7L) have
been reported by Freymark et al. (1993; 1994) as affecting
the disease severity in F,; lines derived from B52/Mol7. In
the same papers, they also reéorted chromosome regions 3L
and 8L associated with disease severity, which did not
appear in the RILs derived from tropical inbreds Hi31 and
Kil4a. The difference of QTLs for NCLB general resistance
may be explained by the diversity between temperate and

tropical germplasms.
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Appendix 1. Response of RILs derived from Hi31/Ki14 for resistance
to maize mosaic virus

NURSERY LOCA.: Waimanalo, Hawaii

DISEASE: MMV Planting Date: April 12, 1994

SETG: Hi31/Ki14 Evalation date: June 29, 1994

RCB Design

MMV (1 Res. - 9 Susc.)

Plot No. inbred 1 2 3 4 5 6 7 8 9 10 AVG
101 G 1 6 7 5 4 5.5
314 G 1 3 1 1 4 5 1 1 229
315 G 2 3 4 5 6 6 6 4 3 7 5 49
102 G 2 3 5 3 2 8 4 3 5 5 4 42
316 G 3 7 3 8 8 4 8 7 6 7 7 65
103 G 3 1 1 1 8 2 8 6 6 7 5 45
317 G 4 2 2 4 2 7 7 6 6 7 7 5
104 G 4 2 1 1 1 1 4 8 7 2 3 3
318 G 9 1 1 1 6 6 8 1 1 1 6 32
105 G 9 7 3 4 1 1 1 1 4 3 4 29
106 G 13 1 1 1 1 1 1 1
359 G 13 5 3 3 1 1 1 1 1 1 1 1.8
360 G 16 7 7 7 7 7 7 7 7 7 7 7
107 G 16 2 2 3 4 6 8 4.17
108 G 17 1 1 1 1 1 1 1 1 1 1 1
361 G 17 1 1 1 1 1 1 1 1 1 1 1
109 G 2t 4 1 1 1 3 1 2 1 1 1.67
362 G 21 6 6 6 6 7 7 7 7 7 7 66
363 G 22 6 5 1 1 1 1 1 1 1 1 19
110 G 22 1 1 1 1 1 1 1 1 1 1 1
111 G 23 1 1 1 1 1 1 1 1 1 1 1
364 G 23 5 5 1 3.67
365 G 25 1 1 1 1 1 1 1 1 1 1 1
112 G 25 1 1 1 1 1 1 1 1 1 1 1
333 G 26 6 6 7 6 6 7 6 8 1 2 55
113 G 26 6 6 1 7 7 8 7 2 8 2 54
336 G 28 6 6 1 6 ‘5 6 6 7 7 8 58
114 G 28 7 8 6 2 6 6 5 7 8 8 63
115 G 29 1 1 1 3 1 1 1 6 1 1 17
389 G 29 1 1 1 1 1 1 1 1 1 1 1
390 G 31 1 1 1 1 6 7 1 5 2.88
116 G 31 1 1 1 1 1 1 1 1 1 1 1
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Appendix 1. cont.

MMV (1 Res. - 9 Susc.)

10 AVG

9

Inbred

Plot No.

32
32
33
33
34

117
391
301

7.1

6.8

118
302

29

1.5
22

119
303

35
35
36
36
37
37
38
38
39
39
41

37

120
121
351

4.9

3.2

122
352
377

32

123
124
348
349

5.3

41

125
350

1.6

126
127
354

355

3.2

45
45
46
46
47
47
49
49

128
356
129
130
328
131
329

330

6.5

5.4

52
52

74

6.2
6.7
7.5

53
54

132
331

133
134
332
337

55
55

56
56
57
57
58
58

1.4

G

135

338

G

136

339

137
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MMV (1 Res. - 9 Susc.)
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Piot No.

59
59

G

138
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3.5

60

347

6.3
22

11

G

139

346
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39

3.2

319

65
65
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67

G
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6.7

G

143

4.7

G

144
344
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68
68
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69
70
70
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73

1.2
517
6.14

G
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6.8
26
7.25

147
324

6

148
326
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4.6
7.5

7

149

6.8
4.5

74
74

150
320
321

75

1.6

75

151

76
76
79
79

322

152
183
341

5.6

G

1.9
6.2

80
80

327

154

366

82
82
83
83

6.7

155
156
367
357

84
84
85

157
158
358

6.5

6.6

85
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MMV (1 Res. - 9 Susc.)

10 AVG

9

Inbred

Plot No.

86

334

86

G

159

87

160

335

87

89

161
307
310

89

90

90

162
163
308

311

1.1
1.5
1.3

22

91

91

92
92
94

164

304

3.2
3.5

94

165

4.9

96

166
305
306

1.1

3.1

96
98

7.7
5.9

6.44

98

167
309

7

100
100
101

7

168
312

1.3
5.2
5.2
3.8
6.9

101

169
170
313
368
17

103
103
104
104
105

1.9

369

105
106

172
370

106

173

3.1

107
107
108

174
371

ar2

3.8

3

108
111
111

175

6.8
4.1

176
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2.6

12

112
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114

114
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376

115

115

179
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MMV (1 Res. - 9 Susc.)

10 AVG

9

1

Inbred

Plot No.

116

385

116

180
386

117

117

181
182
387
388

6.3
2.5

118

118

5.5

119

6.5

119

183
184
378

120

120
121
121

14

379

185
186
380

4.33

7
5

122
122

G
G

4.6

124

187
381

124

3.8

125

382

4.9

125

188
189
383

3.4

126

1.8
3.9

126

128

190
384
353

191

128

1.8
1.5

129

129
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Appendix 2. Response of RILs derived from Hi31/Ki14 for resistance
to fungal, bacterial and viral diseases.

S. Rust *1 N. leaf blight *2
Common SBW*3 MMV
Pedigree Minda Waima  Rust GR RO R1

Hi31 7.9 7.3 7.3 4.7 5.4 6.5 2.1
Ki14 3.3 4.0 2.6 21 241 1.9 7.2
F1 5.5 6.0 3.1 28 3.1 4.1
G 1 6 4.8
G 2 6 25 3.0 3.1 25 3.1 5.7
G 3 4.0 6.5 22 2.8 1.8 1.7 6.2
G 4 S 4.4 5.0 3.1 1.9 1.8 1.6 5.1
G 5 6 7.5 7.8
G 6 6 7.5 3.3
G 7 5 4.0 4.0 4.8
G 8 5 6.4 20 23 2.0 3.1
G 9 7 7.7 7.0 34 4.3 3.6 6.9 4.1
G 10 5 5.6 4.5 3.4
G 12 6 9.0 7.0 2.8 2.6 20 1.5
G 13 7 8.0 5.0 5.5 4.9 2.4
G 14 7 8.1 7.5 8.1 5.0 5.1 7.5
G 15 5 7.0 7.5 7.8
G 16 5 7.8 22 6.6
G 17 4 3.4 6.5 6.9 53 6.0 6.9 20
G 19 6 73 3.5
G 20 8.0 7.9
G 21 5 6.7 6.5 6.3 4.8 5.5 7.2 51
G 22 7 2.8 35 1.9 6.5 6.5 77 3.3
G 23 5 4.3 6.5 3.8 2.8 28 3.3
G 24 7 7.7 6.5 71 4.1 4.3 6.7
G 25 8 71 3.0 7.3 6.0 7.9 7.2 2.0
G 26 4 5.5 35 4.4 6.0 7.3 6.7 6.5
G 27 3.0 3.5 1.8
G 28 4 4.3 6.5 1.7 27 71
G 29 5 3.0 3.5 2.4 5.5 53 2.4
G 30 4.0 6.6 4.3 5.6
G 31 6 8.4 2.9
G 32 5 2.7 6.5 6.4 4.8 5.5 2.0
G 33 5 5.0 6.5 29 5.0 4.0 1.7 8.0
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Appendix 2. cont.

S. Rust *1 N. leaf blight *2
---------------- -- Common SBW*3 MMV
Pedigree Minda Waima rust GR RO R1

G 34 8 25 6.5 7.8 6.3 56 7.9 3.2
G 35 4 3.3 4.0 25 4.5 6.0 3.8 4.0
G 36 5 7.0 4.0 6.5 2.1 2.0 1.5 7.0
G 37 8 5.1 6.5 6.5 5.1 55 4.2
G 38 7 7.3 5.0 4.5 6.4 26 2.0
G 39 4.4 4.0 6.5 4.0 55 7.0 42
G 40 7 6.2 3.5 27 3.0

G 41 5 6.5 4.0 6.6 3.3 3.3 2.0
G 43 7.7 4.0 5.7

G 4 3.0 4.0 22 20 23 1.2 23
G 45 4 22 35 35 53 53 6.5 22
G 46 7 5.4 6.5 3.7 4.1 5.8 2.0
G 47 8 4.3 5.5 7.4 6.5 8.5 7.2 20
G 48 7 7.0 5.0 29 4.5 7.5 7.3

G 49 6 5.0 4.0 3.7 21 8.5 1.8 6.9
G 50 7 7.8 23

G 51 7 7.5 8.5

G 52 2.0 7.5 6.5 7.7
G 53 8 4.3 3.0 3.9 44 4.6 7.6
G 54 6.5 7.0 7.5 49 51 6.0 8.0
G 55 5 3.0 4.0 6.5 6.0 7.0 6.8 20
G 56 29 4.0 6.0 53 6.0 22
G 57 4 2.0 4.5 1.4 25 2.3 1.5 20
G 58 6.0 4.0 21 4.0 2.8 1.3 71
G 59 7 7.0 3.1 3.8 3.0 13 6.5
G 60 8 6.0 5.0 1.6 33 34 1.9 5.9
G 62 4.3 5.0 2.6 3.8 4.4 53

G 63 9 7.7 7.0 29 45 3.9 6.9 27
G 64 7 6.8 7.0 21 2.0 1.9 4.5
G 65 8 3.3 3.6 3.9 20 2.0 20
G 66 8 7.5 8.0 7.2 2.8 33 4.4 6.7
G 67 8 4.3 6.4 6.5 5.9 6.7 2.0
G 68 8 7.0 6.5 6.2 3.9 4.6 6.8 21
G 69 8 8.2 8.0 7.8 6.7
G 70 7.5 6.5 3.2 5.3 6.4 7.2 57
G N 6 7.0 4.0 6.8

G 72 8 7.7 7.5 6.6
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S. Rust *1 N. leaf blight *2
ssmemeeeee weemeeeee- COmmion SBW*3 MMV
Pedigree Minda Waima rust GR RO R1
G 73 6 6.0 49 4.0 2.8 7.1
G 74 5 6.0 5.0 2.4 1.8 1.9 1.9 6.7
G 75 7 6.6 7.5 3.4 5.1 5.4 5.2 23
G 76 7.6 6.5 6.9 3.9 44 20
G 78 6 4.2 6.5 6.5 5.1 5.1 28
G 79 7 3.2 4.0 27 4.8 43 6.3 6.3
G 80 5.6 6.5 27 6.0 5.6 6.1 5.1
G 82 23 3.0 37 45 6.4 53
G 83 8 5.0 4.0 2.7 8.3 6.5 2.0
G 84 5 7.0 5.5 73 3.4 2.5 20
G 85 6 23 34 25 3.0 7.6
G 86 8 5.6 33
G 87 8 8.9 7.5 6.9 4.8 6.0 6.1 2.0
G 88 8 7.0 7.4 2.9 2.6 2.0
G 89 8 7.8 7.0 1.8 2.8 3.1 2.0
G 90 5 6.6 3.5 77 5.0 59 6.1 2.0
G 91 7 3.0 3.5 3.9 5.0 5.3 3.2 23
G 92 5 2.0 4.0 5.7 3.8 55 28
G 94 5 5.6 21 3.5 2.0 44
G 95 8 6.1 8.0 6.6 34 3.6 4.2
G 9 7 3.0 6.0 7.8 4.4 7.0 4.0
G 97 8 4.0 25 23
G 98 7.5 6.5 2.7 2.5 1.6 1.8 6.4
G 99 5 4.3 4.0 23
G 101 7 3.8 4.5 22
G 102 8 6.4 4.0 7.7
G 103 7 3.2 25 23 14 59
G 104 5 7.5 3.5 24 3.0 2.4 3.6 6.4
G 105 8 4.0 5.5 1.9 1.8 20 1.8 4.7
G 106 5 7.5 5.0 1.7 2.9 3.0 3.2 6.5
G 107 3 3.3 3.5 29 4.9 45 3.1
G 108 4 2.0 2.0 2.8 29 20 2.0 3.4
G 111 5 7.1 7.0 23 29 24 3.0 6.5
G 112 7.5 5.5 2.6 4.8 3.0 3.8 5.8
G 113 6 6.0 23
G 114 6 3.0 4.0 3.2 5.0 6.0 2.0
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S. Rust *1 N. leaf blight *2
Common SBW*3 MMV
Pedigree Minda Waima  rust GR RO R1

G 115 5 6.0 3.6 4.9 6.6 6.2 20
G 116 4 5.1 5.0 7.4 5.3 49 6.5 2.0
G 117 5 3.0 4.0 3.0 4.5 53 2.0
G 118 6.6 6.5 5.5 2.6 24 1.6 5.4
G 119 5 6.5 3.0 4.8 3.4 5.0 6.1 7.0
G 120 4 5.3 6.0 6.4 3.0 26 2.0
G 121 5 33 45 6.8 4.0 2.1 6.5 22
G 122 39 7.5 8.3 5.5 4.5 6.2 5.5
G 124 6.5 6.5 2.0
G 125 3 3.3 2.0 22 3.4 33 17 54
G 126 3 4.0 3.5 6.6 6.3 6.0 3.4
G 127 7 7.0 7.0 8.0 6.6 7.5 6.5
G 128 5 5.0 35 5.7 6.9 7.0 6.9 35
G 129 6.5 6.0 7.4 3.6 3.0 3.8 2.7
Count 105 115 Q9 117 101 101 73 93
Mean 5.6 5.2 4.9 4.3 39 42 42 4.0
STD 2.2 22 2.0 24 1.6 20 24 2.1
CV (%) 238 353 40.6 56.2 42.3 48.3 57.1 482

All diseases were recorded on the rating scale of 1-9.

*1 8. rust was scored at Mindanao (Philippines) and Waimanalo.

*2 N. leaf blight was scored at Mealani (HI) for GR (general
resistance) of N. leaf blight and at Urbana (IL) for R 0
(race 0) andR 1 (race 1).

*3 SBW (Stewart's bacterial wilt) was recorded at Henderson
(KY) and others at Waimanalo.
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Appendix 3. Data of 127 RFLP markers on 117 RiLs of maize (Hi31 X Ki14).
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Appendix 3. Cont.

RiLs

19 20

9 10 11 12 13 14 15 16 17 18

8
G2 G3 G4 G5 G6 GB G9 G10 Gi2 G13 G14 GI5 G16 G17 G19 G21 G22 G23 G24

1

RFLP

Restric.

Marker G1

Enzyme

8 B A A B A B A A B
A B A A A A A A A A

A
A

B A A

B

umc26b
umci31

43 EcoRI
44 EcoRl

A A A

A A A

A A A
A

A
A

A A A A B A A A
A A A
B

H
A

A
B
8

A
A
A

umci34
umci103
umci22

45 BamHl
46 Sstl

B B
A A A A

A

A

B A A
B

A A

A

47 EcoRV

A A A B

B

bni5.71

48 Sstl
43 Bglil

A A A

B

B
B

A A
A A A

B
A A A A

B

umc102
npi262

umcS3

B A A A A

A A A A A

A A

A A A A

50 BamH!

§1 Hindill

A

H A A A B A A A A

bnl6.25

52 Dral

B

A A A

A

npi238

53 Hindlll

A A A A B

umc55

54 EcoRl

A

A

umc133

55 Hindlll

B A A A B

H
B

A A A A
B

H
B

A A A A A

A

umc58

56 Hindill
57 Ecofl
58 Dral

A A A A A

B

A A A

B A A B A A
A

A
B

umci21
ume27

B B A A A B A A B

B

B

A A

umci120
umc44
bnls.39
umc62

59 Hindll
60 Dral

A A

B

A A A
A A A

B A A B
B

A

A

A

61 BamHI
62 Ssti

B A A A

A

A A B

B

bnl5.37

63 BamH|

A
A

B
A
A

umci85
bnis.23
bnl7.50

64 Hindill

65 Ssti

A A A

B

A A H
B

B
A A

A

66 BamH|

A A A A A A

B

A A A A A B A A A A

A

php20024

67 Sstl

umc124
umc84
npi286
umcB2

68 Hindlil
69 Ecofl

A A A B
8

B
A

A A
A
B

A A A A

B
B
H

A A B

B

A A A A

70 BamHl|
71 Dral
72 Dral

A A B
B
A A A A
A

B
A A A A

H A A A A

A A A

A

A A A
B
A

umc82b
npis7

B
B

73 EcoRV
74 Sstl
75 Xbal
76 Xbal

A A A A B A A

B

ume35

umc36

csul73
npi414

B
A

77 EcoRV

78 Hindill

A A A A

A

umc198

umc198b

79 Hindiil

A A B

B
B
B
B
A

npi400
umcB1

80 Bglll

81 BamHi
82 EcoRl
83 Ssti

umei17

A A A

B8
A

umc113
bnl5.59

A A A A

A A A A B

B

84 BamHi

85 Dral

A A A A B

H

H

umc157

119



Appendix 3. Cont.

RiLs

19 20

9 10 11 12 13 14 15 16 17 18
G2 G3 G4 G5 G6 GB G9 G10 G12 G13 G14 G15 G16 G17 G19 G21 G22 G23 G24

8

1

Gt

RFLP

Restric.

Marker

Enzyme

A B A A A A B

A

bnl5.09 A A A A A

86 Hindill

A

B
A

B A A

B

umc54

ume13

87 BamHI

88 EcoRl

B
A A A A A

B
B

A A A
B
A A A A A

B
A A

B
A
B
A
A

A A A

B

A

A

umec156

umc38

89 EcoRV
90 BamHI
91 BamHI
92 Sstl
93 EcoRl
94 Bglll
95 Dral
96 Ssil

97 Sstl

B A A
B

A A A A A A A A

A A

A

A

umc190
c5u86

B
A

B A A A

A

A H A A A A A

H

A A A
A

bnl1.297
umc9s

B A A A

A
A

B
A A A A
A A A A A A

A A A A A A

php20725 A A A A A

csu16

A A A A

A

B
B

A A A A B
A

A A A

O

A A A A

umc72

» O <

O

A A A
B

B
A A A A

umc43
umcS0

98 EcoRV
89 Sstl

&)

A

npi291

100 Hindlll

A A B

8

A A A B

A A A A B
B

npi291b
csu59

101 Hindlil
102 Hindill

103 BamHI

A

B

A A B

A

umec1S

A A B

B A A A
B A

A A A A

A

A

A
B

umci110

csu133

104 BamHI
105 Hindlll
106 EcoRl
107 EcoRI
108 EcoRl

A A A

B A

8

php20581

A A A A B A A A

A A

A

A A B

php20581b B
npi105

A A

B

A

A A A A A B

B

A

npi2s7

109 Hindlil
110 HindIi
111 sstl
112 Bgll

A A A

B

B

B

php20508 B
UMC109

A A A B

A A A B
B
B

A

O <

» O

B
B

B

bnl16.06 A A
bnl16.06b B

113 Bglil
114 EcoRl
115 EcoRl
116 Hindiit
117 Sstl

umc136

A A B

8
A A A

A A

bnl14.07

csuS0

B A A A
A A A
A A A

A A A A

B
B

A A A

A A B

A A A A A A

php20075 A A A A
ume132
ume19

8

A A A A A B A A A A

A

A
A

118 BamHl
119 Dral

B A A B A B
B A A B
A A A A A A

A A B

H

npi393

120 BamHI
121 BamHl

122 BamHi

123 EcoR!

A A B
B A A A

A

B B

B

A A A A A
B

ume123
csu30

B A A B
B A A A A A A

A

npi239

A A A

A A A A A B

8

A
B

A

umeci03
umc164
npi321

124 Hindlll
125 EcoRV
126 Dral

127 Sstl

B A A B

8
B

B 8 A A B

A

A A A A

npi114

120



Appendix 3. Cont.

RiLs

22 28 24 25 26 27 28 29 30 3

32 33 34 35 3/ 37 3B 39 40

21

RFLP

G25 G26 G27 G28 G29 G30 G31 G32 G33 (34 G35 G36 G37 G38 G39 G40 G41 G43 G44 G4S

Marker

A A B A B B A B B HABA AW AUBA AAA AUB A

1 umc39

L L LALLM
M , <M< M <
<COM , £ €M
omm oo m
D LML
DML M
<O LMW
N CL<CO<CM
oMM , OO0 MOMaOo
<D DML
Im<E  MCHOCMm
< DL OMm
< MM < <
OO <CM <L
LM, O0M< MM
LD LCMCM
O LCCMM<<Mm
LMD LD
L LD | €O L £ L
O << ML MO
Ke)
R82,93885
E525E5E55E6E
2345678940!

m <

< @

«<

@ .

<<

< m

m ,

m |

< .

< .

<

<<

o0 <

mw ,

<

A B
- A A

11 umci07 B
12 umci167

<<

<<g

0 <

<

0 <

o<

m o

m <

m

m m

< 0

<<

<<

< <

(13 ]11]

M <

< M

A A A
A B B

13 npi268s
14 npi268b

15 umel

[sa ] e}

mI <

o<
m <
o m
o
< m
<X

m m

H A HB A A B A

m <

A
A
A

I<
m <
om
I

mm

B A A B B B A B

m <

16 php06005
17 umc170

<

<

18 php20855A A A A B A A B A A A A B B A B B

ML ONMmMee< <M
CCMI WM<
N OME <€ <L
OMmOMAM <
<OooOom , < 0m
<O MmMmec < M
I «<m<mm
<L OmM , <O
omMmMmMopomaaon
Mg LM
IIXITX«<m<
L LCL LKL
N M <M
OMe<«< M < <
MMMe<<O<
<0 oMoe<< <M
o< mM<m<
D O<<M<O
L 0O < <€ < 0O <
<L ON<«<m , O
0d 5508
BY8YTTS o
EEEEE5E5E
22NN Y

A

H
B

H

H H B B B B B B A

H B H B H B HHHH A B H

26 ume193 A H A H B B A B

27 umci93b H B H B

B

c C

o]

(o]

28 bnl1206 B A A B B B A B B

B

A

B A B B A A B B

A A A A H H A B

29 umc67

c C
H B B A B A A B A B

Cc

B
B

3 phpi0017A A B A A B

31 umc5i

H B B B B B A A A A B

Cc

B

B A A B B A

C

C

(o]
H B B A B A A B A B B

H A H B B B A B

B

(o]

32 umcidd A A B A A B B B

A

B

Bumeli73 A A A B B B A B B

m <

mm

m <

< m

a ,

o<

o<

m <

mm

< <

o,

<<

[+s I

m <

mnm

A B
B A

b A A B
- B A

34 umci73
35 umc63

A

EE A A A A HA A B A A B -

A

36 umcid0 B A

mm <

< @<

37 ume128 A A A A B A A A A A A A A B A B B

<

m

<

4]

m

[11]

<

<

<

<

m

1]

A
A

A A A
B A

B
B

38 php20608
39 php20608
40 umcS6

m

<

m

m

m

m

<

<

m

m

m

<

<

B

B B A B A B A B A A A B AAAAUDBA B A

A A
A B

<<

m <

<m

<o

<<

@ <

< <

< <

m m

< m

I

< m

Q<

<<

m o

A B
B A

B
B

41 npi107
42 umc26

121



A

B
A
A
B

B A A B
B A A B
B A A B A A A
B
B H A
A A B
A A B B
B
B A B A A A
B A A A A A
A
A A A A B
B
B A A B A
8 A A B

A

32 33 34 35 36 37 38 39 40
A

RiLs
2 23 24 25 26 27 28 29 30 3
B B B A A A A A A
H A
B H A B
H A
B A B A A A A A
H B A A A
A A A A B
B
A A A
B
B A A
B
B B A A A A
A A A A
A A A A A A

B
A

A A

A A

A A

A
A

A A A A A
B

A

B
B
A
B
A
A

B A
A

B A A A
A
A

B
B
A
B
A
A
A
B
B
A
A
A
A
B

G25 G26 G27 G28 G29 G30 G31 G32 G33 G34 G35 G36 G37 G38 G39 G40 G41 G43 G44 G45
A

21
A
A
A
B
B
A
A
B
B
A
A

45 umcid4 A A A

46 umc103
47 umc122

A
A
B
A
A
A
A
B

RFLP

Marker
43 umc26b
44 umci31
48 bnl5.71
49 umc102
50 npi262
§1 umc53
52 bnl6.25
53 npi238
54 umcS5
55 umc133
56 umc58
57 umct21
58 umc27
89 umc120
60 umc44
61 bnls.39
62 umc62
63 bnl5.37
64 umci85
65 bnig.23
66 bni7.50

Appendix 3. Cont.

'

A A A A

B

67 php20024

B
A
A A A
A A

A
A

A

B
A A A
B B

A

B
B

B B
A A B
A A A
B
A A

B

B

A A
B A A A A

B

A A A A A
B

B H A A B
B
B
B A A A
122

A
A

B

A A A A

A A A A A
A A

B H
B A
A A
B B
A A A A A
A
A
-]
A
A A
A B
- A
B
H
B A
A
A
H H

68 umc124
69 umc84
70 npi286
71 umc82
72 umc82b
73 npig7
74 umc35
75 umc36
76 csu173
77 npidi4
78 umc198
79 umc198b
80 npid00
81 umc81
82 umc117
83 umci1d
84 bnl5.59
85 umc157



Appendix 3. Cont.

RiLs

2 23 24 25 26 27 28 29 30 33N

32 33 34 35 36 37 3B 39 40
G25 G26 G27 G28 G29 G30 G31 G32 G33 G34 G35 G36 G37 G3B G33 G40 G41 G43 G44 G45

21

RFLP

Marker

A A A A B B A A A A

B

B

A

86 bnl5.09

B
B
A

87 umc54
88 umci13
89 umc156
90 umc38
91 umci90

92 csuB6

B A A A B8

A

B
A

B
B

A A A A

B A A

A

A A
B

B

A A A A B
B
A A

B

A A A

B
B

A A A

A
A

B A A A A

A

H

A

A

93 bnl1.297
94 umc95

95 php20725 A A A

B
A

A A B A A A A A
A A A A A A

A A A A
A

B

H
A A A A

A A A A

8
A

A
A

96 csulé

97 umc72

A A A

A

A

A

B A A

A

A

98 umc43

¢ O

H B A A A A
c

B

B A A A A

A

A

99 umcS0

8

100 npi291

Q

A A A A B

B

8

A

101 npi291b
102 csuS9
103 umciS

A

B A A A

A

A

[+
B A A A

[+
A A A A A

H A A A

A

A
B

c
A
A

104 umc110
105 csu133
106 php20581 A

A A A A A B A A A

A

A A A

B

107 php20581b B

108 npi105

B
B
B
A

A

109 npi287

B
A

110 php20508 A

B A A A A A

A A B
B

B

A

111 UMC109
112 bnl16.06

A A

B
A

113 bnl16.06b B

A A A A B A A A

A A A A A A

8
A

A
A
A

114 umc136
115 bnl14.07
116 csuS0

117 php20075 A
118 umci132
119 umc19

120 npi393

A A B

A

A A A B

B A A A

A

B
A
A
A
A

B
B

A A A A A A B A A A A A

A

A

A A

B

AAA A A A A A A A B

121 umc123

122 csu30

A

A A A

A

A

123 npi239

A A A B

B
A A A A

B

A

A
A
A
A

124 umc103
125 umci164
126 npi321
127 npit14

A

8
B
B

A A A

A A A A A A

B

123



RiLs
42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60

G46 G47 G48 G49 G50 G51 G52 G53 G54 G55 G56 G57 G58 G59 G60 G62 G63 G64 G65 G66

M1

RFLP
Marker

e e eeetas Seiree Seeees Smee Seeees Seaees Seteen Seeie Seemme Seeees Seeees S G S e mmeeen m— —eeees amsees —— aa—

Appendix 3. Cont.

_ABAABBA

<< . OCcOCcOCDOOCHOD , <OCIT o 0O @ DO CCL
_AAAAAAABABBA CO0C<COM@M®OMONEN , OO <« < I 00 O OO
_BBAABBBBAABA oM< 0O mMm <« 0 << O OO
_BAAAAAAAAAAA LN LCELLCL O € € < OO0 « CCOCAOL
_BBAABBBBAHBA Inom<Oo<cOO0m0 ., DO0OMITOC < < O<CT O O<<OO<g
_ABAB.BBHABBA OO0 CNCHMCMODOMMDOMMO < [20]n < < oo 0 < mom O oODmoCm
~AABA.BAABBAB ITo<<cnn 00 L MI o < < m <o << < <Om<C <O
_BABA.BAAABAB <COCOMCODNCONCONL OM « O < <L  C<C<COCOMm
_AAAABBBAABAA N0 LCCODCC , OO M -} < < M «0m.,O«< << D <L
_HAAABBAAABA.CABBABBBBBBAAB < m < O < 0 M m<g < O CCL
_BBAABBABABAA NCCOOMCONL, <O O « € << CO0O0C <« OOOMCOL
_AAAEAABBBBBA T D COD <DL <m [04] < m m 0o < oo <O
_ABAABBABABBA <C<<cOOnOmOoomn . << <ITIOm < <O <L (o] mMoM< <<
_AAAABBBAABAA DLCOINCLCODLCLCL OO M 0 <« TOOONOC, O <DL
_AB.A.AABBABB ACCC OO <0 < O oM Voo O CTC
_ABBAABABBABH NCO <O LCMCCOLCOD B M < <L <L O mao << <<
_BBAA.AABBBBB <O <CO0NLCCMA o I < o << <O << O aom<om
_AAAB.OAABBAA N0 CCOCCODLCLOMD o T < < o m M @m< < <Oo<<<<O
_BBAAABBBABAA DO CODLCODL, , <OD , < « To ooom, 04 OCcOomm<g
_AAAABABBABAA DN <D LD 20 e < < 0 < <O < <COoOm< <<

a 8.8 8 8 = 8 g8

FHIHHIHEIR S BRI EER R I ERL L T
555255555555 2258585555555 55 5§ 5 &5 5555 5 565585
|roevvorooory orRer2285NRI8 &8 & R 85 ¥83I8 8 58899

124



Appendix 3. Cont.

62 53 54 55 56 57 58 59 60

Rits

42 43 44 45 46 47 48 49 50 51

41
G46 G47 G48 G49 G50 G51 G52 GS3 G54 GS5 GS56 G57 G58 G59 G60 G62 G63 G64 G65 G66

RFLP

Marker

B
A

B
A

B A A A A

43 umc26b
44 umc131
45 umc134
46 umc103
47 umci22

A A A A A

B B
B A A A A A

A A A A A

A A A B B
A

A
A

A A

A A
A
A A A A

A
A

B A A A A
A B A A A

A

A A B

B
A

A A

A A A A

8

A A A A H

B A A A B

B
A

48 bnls.71
49 umc102
50 npi262
51 umc53

A B A A B

A
A

A A A A A A

A A A A A B

A

A
A

[+

c

¢« 0,00
< < <
<  Om
< < 1]
<  Om
o o [+ o]
o < o
< < 4]
< < <
< < ]
O <« ©
O g M
O, O
< < m
< ' <

m < m
-] < <
< » Om
O < <
23

o 3 B
w0 o Q
T @ E
K} c 3
8 3 3

B A A A -

55 umc133

A A A B

A

A
B

56 umc58
57 umci2t
58 umc27
59 ume120
60 umcd4
61 bnl8.39

62 umc62

A

A A A B A A A A B

B

A A A

B
B
A

B
A
A
A

2]
8

A A

A B H A A A A A

A

A A

A A

A

A B B A A A A

A

63 bnl5.37

A A A A A B
B A A A A A

B
B

A A A A B

A

64 umci185
65 bnis.23

66 bnl7.50

A A A A

B A A A A

B

A

H

B

67 php20024 A A

B A A B

A A A A A

68 umei24 H B A A A
69 umc84

70 npi286
71 umc82

B

A A A A A B

A
A

A

B A A A A A A
A A A

A

A

A A
A A

B
B
A

A

A

A

A
B

B
A

72 umc82b
73 npig7

74 umc35
75 umc36
76 csu173

A A A

B

A A A B

H

A A A B
A A A

B

A

A

A

B
B
A

77 npis14

A A A A A A A A A A

A

A
A

78 umc198

79 umc198b

B

B A A A A
A

B
A
B
A
A
A

80 npid00
81 umc81

B H A A A B A A A A
A A A A A

A

A A B

A

B

A A A

82 umci117
83 umcl13

84 bni5.59

A A

A
A

A A A A A

A A

A A A B

B

H

H A A A

85 umc157

125



A
c C
A
A

A
A A
A A
A
A
A

[+
B

62 53 54 55 5 57 58 59 60
B A A A
(o}
B A A B
B B A A A A
B B A A A B
A B A A A
A A B
B A B A A A
B H A A A
B A A A

RiLs

A A A A
A A A

A

B

A A
A A A A

A A

42 43 44 45 46 47 48 49 50 51
B

B

A

A A A

A A A
B

A A A A
B
A A
A
A
A A A

B
B
B

41
G46 G47 G48 G49 GSO G51 G52 G53 G54 G55 G56 G57 G58 G59 G60 G62 G63 G64 G65 G66
A A
B B A A A A A
B B A A H A
A A B B
A
A A A B
A A A B
B A
95 php20725 A A B B

A
A

RFLP
Marker
86 bnl5.09

Appendix 3. Cont.

87 umcS54
88 umcid
89 umc156
90 umc38
91 umc190
92 csu8é
93 bnl1.297
94 umc95

96 csul6

O, 0 0, 0o , OCcngcam <o m < L CcLCLCLCcCLCD , O
< 0,0 . O« <o0mo < <o L LCLLCLLCL .0
0O < O L O <Ccoam << oo mmo < DO ILLCCCOD , O
< O < 1 O , O <CaoC<C<® COg O LCCCOL <
O < MO« ommag <co<om <mao< <o L LCCCD L <
< < [} -] oM «O<Oa oo < o< <<@Om ©
< @ o -] < << Do <Om <@o<m oo CCcOC<OmD< <
< @ -} @ << <CO<CODD <mo< oomoOm<<OC@®M@MmMm @
y O < VO 0o« <Ccom<m o< oo, OL
0,0« 1 O o< O <o L oL LD <
O, 0« < <o, 0nCcom O  OCcCCLCCCCOALCL <
< < < -] << << <D <momm o< OOOBDN < <
< O 0 0O« O O O LCOLCL . OCK
< O, 0, 0o Cco<Ccm , O, O LLLCD , O
< < -} ) yoe < <O m ¢ m< g DM <L <D .
-} -] < < o< <CcONCe , O m <C<comOmCcR L <O @
a < < m <o < <M<, OO <T DO CODLCLCODD <
< < m -] o <m << < @om <mo< OO, £, 0m , OO -]
< < < m << < DO <C<m, O®W<oDI oL@ LI <
< O L, 0 . 0<Com VDo , O O LLCCCL <
-2 a 0
E E E ©& 235 5858¢ 2635 s555gs5558588 §
5 8 8 @ 383 $883%E B8P PIEEEEERIENE B

A A B

B
A

B A A A
126

B
B

A A A
A A A A

B
8

8

A
A

125 umc164
126 npi321
127 npit14



72 73 74 75 76 77 78 79 80

RiLs

62 63 64 65 66 67 68 69 70 71

61
G67 G6s G69 G70 G71 G72 G73 G74 G75 G76 G77 G78 G79 GBO G82 G83 G84 G85 G86 G87

RFLP

Marker

Appendix 3. Cont.

_BAAABAAAAAAA DO LLCCO OM

0 < <O00CCCL
_BBAABBABAABA DCOCLCOMLCBE , <@ OO @ T ,<COOCOL
_AAAAABBAABAA NoCCODCMONLCE , COMT € < << <O,
_AAAABAAAAAAA CCcNCCD , SO < o < < €<« T
_AAAAAABAAAA.CABBBABAAAAAAA < I 00 ,0«<<«g << <,
_BAAAAAABABA.CBBBABABABBAAB 0 < ,0,<O0mmOO<
_AA.A........ R ST & R ' . « oo
_ABABBABBABA.CAAAABBHABBA.HCAO 0 [ OCnO0O<cODO<
_BBAA.AABAAB.CAABBAABABB.AA <0 @ <« 0 O0OmCo<
_BAAAABBAABBA oML OO O ,0Lm <DL
_AAA.BBABAABA ITOoONCOO0CIm , <@ ITTIT @ ,0<<O0CIT<C
_BBA.AAAAABBB COCODMOONCODCOME MM < O @OM @OBCE
_BABB_AAABBAB DD LCLCDLLLODL O € € << <MW
_BBAAAABAABBB COCCONONCODNCONOME <0 V0O <« <OCI
_AAAAAABAAAA_CABBBABAAAAAAA <«T I ,04LC L,
_BA.A.BBAAABA <COMCLL 1 OLL K« <L <O O 4 4 4
_BAABAABABAAA COCONCLCLCMODAOLOL «T €« <« << <O@OM
~AAABABABBBAA CO CLL LML M <C<COM M < < << < M << << Mmm
_BBBAAABAAAAA COLCLCLDITCLCLCODDL <M <« < <M L@
_BBAAAOBAABBA DoM< ILcO<Lm , <000 IO« , mOomom ,

a o N~ 2 mom g KR o o®B 8 = MS%

383809338588 2858548843588 %% 5 § 33 £EG%
EESREEESEEEE 2REEESEE5EEEE EE 5 5 £5 EESs
TNOoTworoood Q2TL2R2285YRIE KK R R 85 8838

A A B A A A
B B B A B A
A B A B A B

B

B A A A

B

A

A
127

B
B
A

A
A

A A B A
A
B

8
B

B BB B B B A A A A B A B

A B A
H A A

37 ume128 A B A A A B
B
A

38 php20608
39 php20608
40 umc96
41 npit07

36 umci4d0 B
42 umc26



Appendix 3. Cont.

Rits

62 63 64 65 66 67 68 69 70 71

72 73 74 75 76 77 78 79 80

61
G67 G68 G69 G70 G71 G72 G73 G74 G75 G76 G77 G78 G79 GBO GB2 G83 GB84 G85 G86 G87

RFLP

Marker
43 umc26b
44 umci131
45 umc134
46 umc103

A

B
B
B

A A A
A

A
H

A
A

A A A A - A A A A A

B B
A A A A B

A A A

A A A A A

A A A A

B

A A A
A A A A A

A

B A A A A A -

B A A A A

47 umci22 A

A
A

A
A

48 bnl5.71
49 umc102
50 npi262
51 umc53

A A B

A A A A - A A A A A A

B
B

A A A A A A

A A A

A A A A

A

A A

A

B

A

52 bnl6.25

A A A

A

B A A

53 npi238

c
A
A

54 umc55

B A A

65 umc133

A A B

A
A
A

A
A
A

56 umc58
57 umc121

58 umc27

B A A
A A A A A

A

A A A A B

8 A A A B

A

8
B
A

59 umc120
60 umcéd4
61 bnl8.39
62 umc62

B A A B
A A A A A

A
B

A A A A A

B

A A A A A

A

A A A

8

A

63 bnl5.37

B

A A A A A A

A A A A
A

64 umc185
65 bni8.23

66 bnl7.50

A A A A B B A A A A B

A

B
A

67 php20024 -

A A B

B

H
A

B
A

68 umci24
69 umcB4
70 npi286
71 umc82

B
B

B A A

A A

A A A

A

A A

B

A

B
B
A

72 umc82b
73 npig7

74 umc35
75 umc36
76 csut73
77 npid14

A A A
A A A

A
A
B
B

A
B
A

B B A B A A B
A A A A A A

A
B8

A A A A A A

78 umc198

A A A

A

A

79 umci98b A

A A B

A

A

80 npi400

81 umc8i

A A B
A A B
A
B

B
8
A
A

A A B A A -

B
8
B

A
A
A
A
B

B
B
A
8

82 umci117 B A A A A

83 umc113
84 bnl5.59

A A A
A

A

A A A A A

A A A

A A A

A

B

85 umc157

128



Appendix 3. Cont.

RiLs

62 63 64 65 66 67 €68 69 70 71

72 73 74 75 76 77 78 79 80

61
G67 G68 G69 G70 G71 G72 G73 G74 G75 G76 G77 G78 G79 GBO G82 G83 G84 G85 GB6 G87

RFLP

Marker

86 bnl5.09

A A A A A - A A A A A A

B

A

B A A A

A

A

A
A
A

87 umc54
88 umc13
89 umc156
80 umc38
91 umc130
92 csuB6

A

A
A

A A A A

A A A

A A A A

B
B

A

B

B
A A A A A A A A A A A A

A A A

B
A
A

A
A A A A A A

B

A A

B A A B
B A A

B

B A A A A

A

B

93 bnl1297 A B
94 umc95

A A A A

A

A A A A A A

A A A A A A

B B A A A B B A A A A
B8 A A A A A A

A

B
H
A

95 php20725 A

96 csu16

B

A A

A
A

97 umc72

A A

A

98 umc43

A A A

B

A

A

99 umc50

A A

100 npi291

A A A

B
A A A A

A
B

101 npi29tb
102 csus9
103 umcis

B
A A A A A

A

B A A A

A

A A A A

A

C
A A A A A

A

104 umc110
105 csu133

B A A A A B

A A

106 php20581 A

A A A A A A

B

A A A A

B

107 php20581tb A A

108 npil0S

A

H

108 npi287

110 php20508 A A B B
111 UMCI09 A A A B

B A A B A A B A A B

A

A
A A A

B

112 bnl16.06 A

B A A B

B

B A A B
A

B

113 bni16.06b B

114 umc136 A A
115 bnl14,07

116 csu50

A A A A B

B

H
A

A A A A - A A A A A A
A A A A A A

B
A

A A A A

B A A H

117 php20076 A A

118 umc132
119 umc19

A

A A A A A A A A

A A
A A A A A

B
B

A
A

A A A A A A

A A A A B B
A A A A

B
A
A

B A A
A A A

A
B

A

A

B
A
A
A

120 npiags

121 ume123

122 csuld0

A

123 npi239

A

A A A A A - A A A A A

B

A

A A A
B A A A
B

A
A

H
B
A
A

124 umc103
125 umci64
126 npid21

A

A A A

B
A A A A A A

A

B

;]

127 npit14

129



Appendix 3. Cont.

RiLs

82 83 84 85 86 87 88 8 90 91
G88 GB2 GO0 GI1 G92 G94 G95 G96 GO7 G98 G99 G100 G101 G102 G103 G104 G105 G106 G107 G108

93 100

98

97

94 95

93

92

81

RFLP

Marker

A

B
H
B

1 umc39
2 bnis.29
3 bnig.2%b
4 npi285
5 umcS
6 umc32
7 umc89
8 bnl6.32

A
A

B A A A
B A

A A A

A A A A A

A

A
A
A
8
A
B
A

9 umc200
10 umc21
11 umc107

12 umc167

A

c
H

B
B

13 npi268
14 npi268b

15 umet1

A

A

A

B
A

16 php06005 A

17 umeci70

A

B

18 php20855 A

19 umc68
20 umc204
21 umc2

22 umc147

A A A A

A

8
A
A

A

23 umc147b A

24 umci6
25 umci6b

A

A

26 umc193

27 umc193b B

O m

[& 2. ]

B

28 bnl1206 A

29 umcé7

A A

A

30 php10017 A
31 umc51

A
A

A
A

32 umc104
33 ume173

B

34 umeli73b A

35 umc63

A A

A

36 umc140

B

37 umci2s

B
A

38 php20608 A

39 php20608b B
40 umcos
41 npit07
42 umc26

A
A

B
A

130



Appendix 3. Cont.

97 98 99 100

96

93 94 95

92

Rils

82 83 84 8 8 87 88 89 90 9N

G88 GB89 G900 G91 GO2 G94 GI95 GI6 G97 G988 G99 G100 G101 G102 G103 G104 G105 G106 G107 G108

81

RFLP
Marker

A

A
A
A

B -
A A A
B A A A

A A A A A

B
A

A
B

43 umc26b
44 umc131
45 umc134
46 umc103
47 umci22

A
A

A A A A

B
B

48 bnl5.71
49 umc102
50 npi262
51 umc53

H
A

A A A A A A
A A A A A
A A A A

A

52 bnl6.25

H

53 npi238

B
A

54 umcSS

55 umci33

56 umcS8
57 umci21
58 umc27
59 umci120
60 umcds
61 bnl8.39
62 umc62

B A A A A A A

A

A
A

A A
A A A

A

A

A A A A A

B
A

C
A A A A

A B A A B

c
A

63 bnl5.37

A
A

64 umc185
65 bnli8.23
66 bni7.50

A A A A

A

A

A

c
A

c
A

67 php20024 H

H

68 umci24
69 umc84
70 npi286
71 umc82

A
A

A A A A A A A

B

A A A A B

B
A

72 umc82b
73 npig7

74 umc35
75 umc36
76 csul73
77 npid14

A A

B

B A A A

A

B
B
B

79 umc198b A

A A A

78 umc198

A
A
B

B
A

80 npi400

81 umc81

B
B
B
A

82 umcii7

A A A A

A

83 umc113
84 bni5.59

A

85 umc157

131



Appendix 3. Cont.

93 94 95 96 97 98 89 100

92

RiLs

82 8 84 85 8 8 8 83 90 91

81
GB8B GB9 GSO GO1 G92 GY94 GI5 G96 GI97 G988 G99 G100 G101 G102 G103 G104 G105 Gi06 G107 G108

RFLP
Marker

A

B A A A

A

B A

86 bnl5.09

A A A

B

87 umcb4
88 umec13d
89 umc156
90 umc3s
91 umc190

92 csuB6

A

B
B

A

A A A

B
A

A

B A A A

A

A A A A A A A A A

B A A B
A A
B

A A

A

B A A A

93 bnl1.297
94 umc95

A A A

A A B

95 php20725 B A

A A A A A A A
A A

A

H

96 csut6

97 umc72

A

98 umc43

A B

A

99 umc50

100 npi291

A

A

101 npi291b

102 csub9
103 umeciS

B
A

A

B A A A

C
B

B A A B

A

B
B

104 umc110
105 csu133
106 php20581 A

A A A

A A A -

107 php2058tb A A A A A

108 npi105

B A A

110 php20508 A A A A

111 UMC109

A

109 npi287

B A A

112 bnl16.06 A

B

113 bni16.06b B A

B A A A A

114 umci36

B

B
8

115 bni14.07
117 php20075 A A

116 csu50

A A B

A

A

A A A A A A A

A
A
A

118 umc132
118 umc19
120 npi393
121 umci23

122 csu30

A B A A B

A

A
A A A A A

A A A

B A A

A

B

123 npi239

B
B
A
A

124 umc103

125 umci164
126 npid21
127 npi114

B A A A B

A

A A A

132



17

112 113 114 115 116

RiLs
105 106 107 108 109 110 111

104

102 103

101

G111 G112 G114 G115 G116 G117 G118 G119 G120 G121 G122 G124 G125 G126 G127 G128 G129

Marker

Appendix 3. Cont.
RFLP

<CO0C<LCCONCONCONC , OO DCOLCLLLCOD <@

OO0, 0M< 0O 00O COCMMOD <@

CNCLCLODLCIT O T CONCCONLCCO , €<

SO0 CO0CLCDNLCLL  OCHNNCLCLCLCODLCLL LI

00 <COMCOLCLLDL <O CCOD<COmM , <<

<OMmMON , <O <O D COCONOND LD O <

OO0 U@ DD COD LD , <<

DCCODNDNLCLCCON , OODMODNODOANLDL , , DO

DO CONCLCOC , ONCOCOMODLCONO , MO

NongCm , <c00m<m, N CCT DO, <M

O CLLLLCLCDL DD LCODLO LA

133

NN MNMONL<OM , <CO<<OMOOMTITomm, , TO

<00, O<CO<ODmM , OCCcONm , <O , <<

DTCOCODC<MOIM<TI T CCOTONCCHM , <

<L <€, COLCCOD , OO LODO , ODOM, , M0
OCOM<CMN<<COmMme< <O MLLOMNLMD
LONO , <D COD OMDNCOMLCLOLCOLM
0 m m Q

[ o o -
Y Nay8-55 ~2R203 S5 0d
mmmmﬁwmmmmaa mmmﬂnﬂmmenman
EECoEEECEEEE oaoELSESEEEEEEE
S60686c3535353895333 €c£5a4a3G4333335353
rNoTnorcoozy OYVWERPORFNRYY

B
B

H
H
A
A
A
B
B
B
A
A
B

B
B
B
B
H

40 umcS6
41 npi107

27 umci93b B
42 umc26

26 ume193 B
28 bni1206 B
29 umc67
30 php10017 B
31 umc51
32 umci04 B
33 umc173 B
34 umc173b B
35 umc63
36 umc140
37 umci28 B
38 php20608 A
39 php20608 A



Appendix 3. Cont.

RiLs

102 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117

101

RFLP

G111 G112 G114 G115 G116 G117 G118 G119 G120 G121 G122 G124 G125 G126 G127 G128 G129

Marker

A
B
A

A

43 umc26b
44 umc131
45 umc134
46 umc103

47 umci22

B
B

B
A

B
A

48 bnl5.71
49 umci02
50 npi262

51 umed3

A

52 bnl6.25

A

53 npi238

B

54 umcS5

55 umc133

A

B
A

56 umcS8
57 umci21
58 umc27
59 umci20
60 umcé44
61 bnis.39

62 umc62

A

B

o Om
@ <
< <«
' o
m -]
< <«
< <
o .
< o
<Om
o m
< <
< o
< <«
< .
o <«
< -]
5 8
-
8 @

B
A

A
A

65 bnlg.23
66 bni7.50

A

A

67 php20024 A

A

A

68 umci124
69 umc84
70 npi2se
71 umcB2

B
A

A

B
B
B
A
B
B
A

79 umciogb B

72 umc82b
73 npio7

74 umcd5
75 umc36
76 csul73
77 npid14

A

78 umc198

B

B
A

80 npi400

81 umcB1

B
A
B
A

82 umec117
83 umci13
84 bni5.59

A

A

85 umc157

134



Appendix 3. Cont.

RiLs

102 103 104 105 106 107 108 109 110 111 112 113 114 115§ 116 117

101

RFLP

G111 G112 G114 G115 G116 G117 G118 G119 G120 G121 G122 G124 G125 G126 G127 G128 G129

Marker

A

A

86 bnl5.09

87 umcS4
88 umcid
89 umc156
90 umc38
91 umc190

92 csuB6

B
B
B
A
A
A
A

A

A

93 bnl1.297
94 umc95

B

95 php20725 A

A
B

96 csut6

97 umc72

A

98 umc43

99 umcS0

100 npi291

A
A
]

101 npi291b
102 csu59

103 umc15

A

A

104 umc110
105 csu133

106 php20581 A
107 php20581b A

A
A

A

108 npi105

109 npi287
110 php20508 H

B
A
A

A
B

UMC109
112 bnl16.06

m

8
B
A

113 bnl16.06b B

A
A
B

114 umc136
115 bnl14.07
117 php20075 B

116 csuS0

B

B
A

118 ume132
119 umci9

120 npi3s3

B
B
A
A

A

121 ume123

122 csul30

123 npi239

A

B

124 umc103
125 umc164
126 npi321
127 npit14

A

B
B
A

135



References

Ajmone-Marsan, P., G. Monfredini, W. F. Ludwig, A. E.
Melchinger, P. Franceschini, G. Pagnotto, M. Motto. 1994.
Identification of genomic regions affecting plant height and
their relationship with grain yield in an elite maize cross.
Maydica 39:133-139.

Asins, M. J., and E. A. Carbonell. 1988. Detection of
linkage between restriction fragment length polymorphism
markers and gquantitative traits. Theor. Appl. Genet 76:623-
626.

Bailey, D. W. 1971. Recombinant inbred strains.
Transplatation. 11:325-327.

Bailey, D. W. 1981. Recombinant inbred strains and bilineal
congenic strains p.223-238. In: The mouse in biomedical
research. Academic Press, New York.

Beavis, W. D. and D. Grant. 1991. A linkage map based on
information from four F, populations of maize (Zea mays L.).
Theor. Appl. Genet. 82:636-644.

Beavis, W. D., O. S. Smith, D. Grant, and R. Fincher. 1994.
Identification of quantitative trait loci using a small
sample of topcrossed and F, progeny in maize. Crop Sci.
34:882-896.

Beckmann, J. S. and M. Soller. 1983. Restriction fragment
length polymorphisms in genetic improvement: methodologies,
mapping, and costs. Theor. Appl. Genet. 67: 35-43.

Beckmann, J. S. and M. Soller. 1987. Restriction fragment
length polymorphisms in plant genetic improvement. In D. J.
Miflin (ed.). Oxford surveys of plant molecular and cell
biology. Vol 3. Oxford Press, Oxford, UK.

Beckmann, J. S. and M. Soller. 1988. Detection of linkage
between marker loci and loci affecting quantitative traits
in crosses between segregating populations. Theor. Appl.
Genet 76:228-236.

Bentolila, S., C. Guitton, N. Bouvet, A. Sailland, S.
Nykaza, and G. Freyssinet. 1991. Identification of an RFLP
marker tightly linked to the Htl gene in maize. Theor. Appl.
Genet. 82:393-398.

136



Bernatzsky, R. and S. D. Tanksley. 1986. Majority of random
cDNA clones correspond to single loci in the tomato genome.
Mol. Gen. Genet. 203:8-14.

Blanco, M. H., M. S. Zuber, J. R. Wallin, D. V. Loonan, and
G. F. Krause. 1979. Host resistance to Stewart's disease
in maize. Phytopathology 69: 849-853.

Bornierbale, M., R. L. Plaisted, S. D. Tanksley. 1994. QTL
analysis of trichome-mediated insect resistance in potato.
Theor. Appl. Genet. 87:973-987.

Bornierbale, M., R. L. Plaisted, S. D. Tanksley. 1988. RFLP
maps based on a common set of clones reveal modes of
chromosomal evolution in potato and tomato. Genetics
120:1095-1103.

Botstein, D., R. White, M. Skolnick, and R. W. Davis. 1980.
Construction of a genetic linkage map in man using

restriction fragment length polymorphism. Am. J. Hum. Genet.
32:314-331.

Bradshaw, H. D. Jr. and R. F. Stettle. 1994. Molecular
genetics of growth and development in Populus. II.
Segregation distortion due to genetic load. Theor. Appl.
Genet. 89:551-558.

Brewbaker, J. L. 1964. Agricultural Genetics. Prentice-
Hall, Englewood Cliffs, NJ.

Brewbaker, J. L. 1974. Continuous genetic conversions and
breeding of corn in a neutral environment. Proc. 29th Ann.

corn and sorghum conf., Am. Seed Trade Assoc., Washington,
D.C.

Brewbaker, J. L. 1979. Disease of maize in the wet lowland
tropics and the collapse of the classic Maya civilization.
Economic Botany. 33:101-118.

Brewbaker, J. L. 1981. Resistance to maize mosaic virus. In
"Virus and Viruslike Diseases of Maize in the United
States", D. T. Gordon, J. K. Knoke, and G. E. Scott, eds.
OARDC, Wooster, Ohio. So. Coop. Series Bull. 247:145-151

Brewbaker, J. L. 1992. Resistance of tropical maize inbreds
to major virus and fungal diseases. In: Huang, S. C., S. C.
Hsieh, D. J. Liu, (eds.) The impact of biological research
on agricultural productivity. Proceedings of the SABRAO
international symposium. National Chung-Hsing University,
Taichung, Taiwan, R.0.C. pp. 85-94.

137



Brewbaker, J. L. 1993. Biometry on a spreadsheet. P. 133.
Kailua, HI.

Brewbaker, J. L. 1994a. Experimental design on a
spreadsheet. P. 152. Kailua, HI.

Brewbaker, J. L. 1994b. Quantitative genetics on a
spreadsheet. P. 159, Kailua, HI.

Brewbaker, J. L. and Flaviano Aquilizan. 1965. Genetics of
resistance in maize to a mosaic-stripe virus transmitted by
Peregrinus maidis. Crop Sci. 5:412-415.

Brewbaker, J. L., S. K. Kim, and M. L. Logrono. 1989. The
MIR (maize inbred resistance) trials: performance of
tropical-adapted maize inbreds. Univ. Hawaii Inst. Tropical
Agric. Human resources Res. Ser. 062. pp. 27.

Brewbaker, J. L., S. K. Kim, and M. L. Logrono. 1991.
Resistance of tropical maize inbreds to major virus and
virus-like diseases. Maydica 36:257-265.

Brewster, V. A., M. L. Carson, Z. Wick III. 1992. Mapping
components of partial resistance to northern leaf blight of
maize using reciprocal translocations. Phytopathology
82:225-229,

Brim, C. A. 1966. A modified pedigree method of selection in
soybeans Crop Sci. 6:220.

Bubeck, D. M., M. M. Goodman, W. D. Beavis, and D. Grant.
1993. OQuantitative trait loci controlling resistance to
Gray leaf spot in maize. Crop Sci. 33:838-847.

Burr, B., E. Erola, F. A. Burr and J. S. Beckmann. 1983.
The application of restriction fragment length
polymorphisms plant breeding. pp. 45-49. In J. K. Setlow and
A. Hollaender (eds.). Genetic engineering principles and
methods (5th ed.) Plenum Press, NY.

Burr, B., F. A. Burr, Keith H. Thompson, Marc C. Albertson
and Charles W. Stuber. 1988. Gene mapping with
recombinant inbreds in maize. Genetics 118:519-526.

Burr, B., B. and F. A. Burr. 1991. Recombinant inbreds for
molecular mapping in maize: theoretical and practical
considerations. Trends Genet. 7:55-60.

Carson, M. L. and C. G. Van Dyke. 1994. Effect of light and
temperature on expression of partial resistance to
Exserohilum turcicum. Plant Dis. 78:519-522.

138



Carter, W. 1941. Pereginus maidis Ashm., and the
transmission of corn mosaic. Ann. Entom. Soc. Am. 34:551-
556.

Chang, C., J. L. Bowman, A. W. Dejohn, E. S. Lander, and E.
M. Meyerowitz. 1988. RFLP linkage map for Arabidopsis
thaliana. Proc. Natl. Acad. Sci. USA. 85:6856-6860.

Chase, C. D., V. M. Ortega and C. E. Vallejos. 1991. DNA
restriction fragment length polymorphisms correlate with

isozyme diversity in Phaseolus vulgaris L. Theor. Appl.
Genet. 81:806-811.

Churchill, G. A., J. J. Giovannoni, and S. D. Tanksley.
1993. Pooled-sampling makes high-resolution mapping

practical with DNA markers. Proc. Natl. Acad. Sci. USA.
90:16-20.

Coe, E. H. 1993. Gene list and working maps. Maize Genet.
Coop. Newsl. 67:133-166.

Coe, E. H., D. A. Hoisington, M. G. Neuffer. 1990. Linkage
map of corn (maize) (Zea mays L.) (2n=20). pp. 39-67. In:
O'Brien, S. J. (ed.). Genetic maps, 5th edn. Cold Spring
Harbor Laboratory, Cold Spring Harber, N.Y.

Coe, E. H., M. G. Neuffer, and D. A. Hoisington. 1988. The
genetics of corn. In:Sprague, G. F. and J. W. Dudley.
(eds.). Corn and corn improvement. 3rd edn. ASA-CSSA-SSSA,
Madison. pp. 81-258.

Cowen, N. M. 1988. The use of replicated progenies in
marker-based mapping of QTLs. Theor. Appl. Genet. 75:857-
862.

Darvasi and M. Soller. 1994. Selective DNA pooling for
determination of linkage between a molecular marker and a
quantitative trait locus. 138:1365-1373.

Diers, B. W., L. Mansur, J. Imsande, R. C. Shoemaker. 1992.
Mapping of Phytophthora resistance loci in soybean with

restriction fragment length polymorphism markers. Crop Sci.
32:377-383.

Doebley, J. and A. Stec. 1993. Inheritance of the
morphological differences between maize and teosinte,

comparison of results for two F, populations. Genetics
134:559-570.

139



Domoney, C., T. H. N. Ellis., and D. R. Davies. 1986.
Organization and mapping of legumin genes in Pisum. Mol.
Gen. Genet. 202:280-285.

Dudley, J. W. 1993. Molecular markers in plant improvement:
manipulation of genes affecting quantitative traits. Crop
Sci. 33:660-668.

Edwards, M.D., C. W. Stuber and J. F. Wendel. 1987.
Molecular-marker-facilitated investigations of quantitative-
trait loci in maize. Genetics 116: 113-125.

Edwards, M.D., T. Helentjaris, S. Wright and C. W. Stuber.
1992. Molecular-marker-facilitated investigations of
quantitative trait loci in maize. Theor. Appl. Genet.
83:756-774.

Ellis, T. H. N. 1986. Restriction fragment length
polymorphism markers in relation to quantitative characters.
Theor. Appl. Genet. 72: 1-2.

Everson, E. H. and C. W. Schaller. 1955. The genetics of
yield differences associated with awn barbing in the barley
hybrid (Lion X Atlas!®) X Atlas. Agron. J. 47:276-280.

Evola, S. V., F. A. Burr and B. Burr. 1986. The suitability
of restriction fragment length polymorphisms as genetic
markers in maize. Theor. Appl. Genet 71:765-771.

Falconer, D. S. 1989. Introduction to Quantitative
Genetics. 3rd ed. John Wiley & Sons, Inc. New York.

Feinberg, A. P. and B. Vogelstein. 1983. A technique for
radiolabeling DNA restriction fragments to high specific
activity. Anal. Biochem. 132:6-13.

Figdore, S. S., W. C. Kennard, K. M. Song, M. K. Slocum, and
T. C. Osborn. 1988. Assessment of the degree of restriction
fragment length polymorphism in Brassica. Theor. Appl.
Genet. 75:833-840.

Fraser, R. S. S. 1986. Genes for resistance to plant
viruses. Crit. Rev. Plant Science. 3:257-294.

Fraser, R. 8. S. 1992. The genetics of plant-virus
interactions: implication for plant breeding. Euphytica.
63:175-185,

Freymark, P. J., M. Lee, W. L. Woodman, and C. A. Martinson.
1993. Quantitative and qualitative loci affecting host-

140



plant response to Exserohilum turcicum in maize (Zea mays
L.). Theor. Appl. Genet. 87:537-544.

Freymark, P. J., M. Lee, C. A. Martinson, and W. L. Woodman.
1994. Molecular-marker- facilitated investigation of host-
plant response to Exserohilum turcicum in maize (Zea mays
L.): components of resistance. Theor. Appl. Genet. 88:305-
313.

Futrell, M. C., A. L. Hooker, and G. E. Scott. 1975.
Resistance in maize to corn rust, controlled by a single
dominant gene. Crop. Sci. 15:597-599.

Gardiner, J. M., E. H. Coe, S. Melia-Hancock, D. A.
Hoisington and S. Chao. 1993. Development of a core RFLP
map in maize using an immortalized F, population. Genetics
134:917-930.

Gebhart, C., E. Ritter, T. Debener, U. Schachtschabel, B.
Walkemeier, H. Uhrig and F. Salamini. 1989. RFLP analysis
and linkage mapping in Solanum Tuberosum. Theor. Appl.
Genet. 78:65-75.

Gevers, H. 0. 1975. A new major gene for resistance to
Helminthosporium turcicum leaf blight of maize. Plant Dis.
Reptr. 59:296-299.

Goldman, I. L., T. R. Rocheford, and J. W. Dudley. 1993.
Quantitative trait loci influencing protein and starch
concentration in the Illinois long term selection maize
strains. Theor. Appl. Genet. 87:217-214.

Goldman, I. L., T. R. Rocheford, and J. W. Dudley. 1994.
Molecular markers associated with maize kernel oil
concentration in an Illinois high protein X Illinois low
protein cross. Crop Sci. 34:908-914.

Graner, A., A. Jahoor, J. Schondelmaier, H. Siedler, K.
Pillen, G. Fischbeck, G. Wenzel and R. G. Herrmann. 1991.
Construction of a RFLP map of barley. Theor. Appl. Genet.
83:250-256.

Grodzieker, T., J. Williams, P. Sharp, and J. Sambrook.
1974. Physical mapping of temperature sensitive mutations
of adenovirus. Cold Spring Harber Symp. Quant. Biol. 39:439-
446.

Haley, C. S., S. A. Knott, and J. Elsen. 1994. Mapping

quantitative trait loci in crosses between outbred lines
using least squares. Genetics 136:1195-1207.

141



Helentjaris, T. 1987. A genetic linkage map for maize based
on RFLPs. Trends in Genetics 3: 217.

Helentjaris, T., Gretchen King, Mary Slocum, Chris
Siedenstrang and Sharon Wegman. 1985. Restriction fragment
polymorphisms as probes for plant diversity and their
development as tools for applied plant breeding. Plant
Molecular Biology 5:1099-1118.

Helentjaris, T., M. Slocum, S. Wright, A. Shaefer and J.
Nienhuis. 1986. Construction of genetic linkage maps in
plants using restriction fragment length polymorphism.
Theor. Appl. Genet. 72:761-769.

Helentjaris, T., D. Weber and S. Wright. 1986. Use of
monosomics to map cloned DNA fragments in maize. Proc. Natl.
Acad. Sci. USA. 83:6035-6039.

Helentjaris, T., David Weber and Scott Wright. 1988.
Identification of the genomic locations of duplicate
nucleotide sequence in maize by analysis of restriction
fragment length polymorphisms. Genetics 118:353-363.

Herold, R. 1972. Maize mosaic virus. CMI/AAB Description of
plant viruses #94.

Hinze, K., M. Ishimoto, and K. Kitamura. 1991. Restriction
fragment length polymorphism-mediated targeting of the ml-o
resistance in barley (Hordeum vulgare). Proc. Natl. Acad.
Sci. USA. 88:3691-3695.

Hoisington, D. A. and E. H. Coe, Jr. 1990. Mapping in maize
using RFLPs. Gene manipulation in plant improvement II:331-
352.

Holland, J. B., D. V. Uhr, and M. M. Goodman. 1994. Linkage
of RFLP markers to genes controlling resistance to southern
corn rust. Maize Genetics Cooperation Newsl. 68:85

Hooker, A. L. 1977. A second major gene locus in corn for
chlorotic~lesion resistance to Helminthosporium turcicum.
Crop Sci. 17:132-135.

Hooker, A. L. 1981. Resistance to Helminthosporium turcicum
from Tripsacum floridanum incorporated into corn. Maize
Genet. Coop. Newsl. 55:87-88.

Hooker, A. L. and S. K. Kim. 1973. Monogenic and multigenic

resistance to Helminthosporium turcicum in corn. Plant Dis.
Reptr. 57:586-589.

142



Huen, M., A. E. Kennedy, J. E. Anderson, N. L. V. Lapitan,
M. E. Sorrells, and S. D. Tanksley. 1991. Construction of a
restriction fragment length polymorphisms map for barley
(Hordeum vulgare). Genome. 34:437-447.

Hughes, G. R. and A. L. Hooker. 1971. Gene action
conditioning resistance to northern leaf blight in maize.
Crop Sci. 11:180-184.

Hunter, R. L. and C. L. Markert. 1957. Histochemical
demonstration of enzymes separated by zone electrophoresis
in starch gel. Science. 125:1294-1295.

Ivanoff, S. 1936. Resistance to bacterial wilt of open-
pollinated varieties of sweet, dent and flint corn. J.
Agric. Res. 53:917-926.

Ivanoff, S. and A. J. Riker. 1936. Resistance of bacterial
wilt of inbred strains and crosses of sweet corn. J. Agric.
Res. 53: 927-945.

Jansen, R. C. 1993. Interval mapping of multiple
quantitative trait loci. Genetics 135:205-211.

Jenkins, N. A., N. C. Copeland, B. A. Taylor, and B. K. Lee.
1981. Dilute (d) color mutation of DBA/2J mice is
associated with the site of integration of an ectopic MulVv
genome. Nature. 292:370-374.

Jenkins, M. T., A. L. Robert. 1961. Further genetic studies
of resistance to Helminthosporium turcicum Pass. by means of
chromosomal translocations. Crop Sci. 1:450-455.

Jenkins, M. T., A. L. Robert, and W. R. Findley Jr. 1957.
Genetic studies of resistance to Helminthosporium turcicum
Pass. by means of chromosomal translocations. Agron. J.
49:197-201.

Jinks, J. L. 1981. The genetic framework of plant breeding.
Philos. Trans. Roy. Soc. Lond. B 292:407-419.

Keim, Paul, Brian W. Diers, Terry C. Olson and Randy C.
Shoemaker. 1990. RFLP mapping in soybean: Association
between marker loci and variation in quantitative traits.
Genetics 126:735-742.

Knapp, S. J. and W. C. Bridges. 1990. Using molecular
markers to estimate quantitative trait locus parameters:
Power and genetic variances for unreplicated and replicated
progeny. Genetics 126:769-777.

143



Knapp, S. J., W. C. Bridges, JR. and D. Birkes. 1990.
Mapping gquantitative trait loci using molecular marker
linkage maps. Theor. Appl. Genet. 79:583-592.

Koester, R. P., P. H. Sisco, and C. W. Stuber. 1993.
Identification of quantitative trait loci controlling days
to flowering and plant height in two near isogenic lines of
maize. Crop Sci. 33: 1209-1216.

Kunkel, L. 0. 1921. A possible causative agent for the
mosaic disease of corn. Hawaii Sugar Planter's Assoc. Bot.
Ser. 3:44-58.

Kyetere, D. T. 1995. Genetic basis of tolerance to maize
streak virus using molecular markers. PhD thesis. The Ohio
State University. 78pp.

Lande, R. 1981. The minimum number of genes contributing to
quantitative variation between and within populations.
Genetics. 99:541-553.

Lande, R. and R. Thompson. 1990. Efficiency of marker
assisted selection in the improvement of quantitative
traits. Genetics 124:743-756.

Lander, E. S. and D, Botstein. 1989. Mapping mendelian
factors underlying quantitative traits using RFLP linkage
maps. Genetics 121:185-199.

Lander, E. S., P. Green, J. Abrahamson, A. Barlow, M. J.
Daly, S. E. Lincoln, and L. Newburg. 1987. MAPMAKER: an
interactive computer package for constructing primary
genetic linkage maps of experimental and natural
population. Genomics 1:174-181.

Landry, B. S., R. V. Kesseli, B. Farrara, and R. W.
Michelmore. 1985. A genetic map of lettuce with RFLP,
isozyme, disease resistance and morphological markers.
Genetics 116:331-337.

Landry, B. S., R. Kesseli, H. Leung and R. W. Michelmore.
1987. Comparison of restriction endonucleases and sources of
probes for their efficiency in detecting restriction
fragment length polymorphisms in lettuce (Lactuca sativa
L.). Theor. Appl. Genet. 74:646-653.

Leonard, K. J., Levy, Y., and D. R. Smith. 1989. Proposed

nomenclature for pathogenic races of Exserohilum turcicum on
corn. Plant dis. 73:776.

144



Levy, Y. and K. J. Leonard. 1990. Yield loss in sweet corn
in response to defoliation or infection by Exserohilum
turcicum. J. Phytopathology. 128:161-171.

Lincoln, S. E., M. J. Daly, and E. S. Lander. 1993. Mapping
genes controlling quantitative traits using MAPMAKER/QTL
Version 1.1. Whitehead Institute. Cambridge, MA.

Maisonneuve, B., Y. Bellec, P. Anderson., and R. W.
Michelmore. 1994. Rapid mapping of two genes for resistance
to downy mildew from Lactuca serriola to existing clusters
of resistance genes. Theor. Appl. Genet. 89:96-104.

Mats, E. C., F. A. Burr, and B. Burr. 1995. Molecular map
based on T X CM and CO X TX recombinant inbred. Abstract in:
37th ann. maize Genet. Conf. p. 40. Asilomar, CA.

McCouch, S. R., G. Kochert, Z. H. Yu, Z. Y. Wang, G. S.
Khush, W. R. Coffman and S. D. Tanksley. 1988. Molecular
mapping of rice chromosomes. Theor. Appl. Genet. 76:815-829.

McMullen, M. D. and R. Louie. 1989. The linkage of
molecular markers to a gene controlling the symptom
response in maize to maize dwarf mosaic virus. Mol. Plant-
Microbe Interact. 2:309-314.

McMullen, M. D. and R. Louie. 1991. Identification of a
gene for resistance to wheat streak mosaic virus in maize.
Phytopathology. 81:624-627.

McMullen, M. D., M. W. Jones, K. D. Simcox and R. Louie.
1994. Three genes control resistance to wheat streak mosaic
virus in the maize inbred Pa405. Mol. Plant-Microbe
Interact. 7:708-712.

Messeguer, R., M. Ganal, M. C. de Vicente, N. D. Young, H.
Bolkan, and S. D. Tanksley. 1991. High resolution RFLP map
around the root knot nematode resistance gene (Mi) in
tomato. Theor. Appl. Genet. 82:529-536.

Miller, J. €. and S. D. Tanksley. 1990. Effect of different
restriction enzymes, probe source, and probe length on
detecting restriction fragment length polymorphism in
tomato. Theor. Appl. Genet. 80:385-389.

Miller, J. C., and S. D. Tanksley. 1990. RFLP analysis of
phylogenetic relationships and genetic variation in the
genus Lycopersicon. Theor. Appl. Genet. 80: 437-448.

Ming, R. J. L. Brewbaker, M. D. McMullen, R. C. Pratt, H. G.
Moon, T. A. Theresa, and D. T. Kyetere. 1995. RFLP mapping

145



of maize mosaic virus resistance gene. Maize Genet. Coop.
Newsl. 69 (in press).

Ming, R. J. L. Brewbaker, M. D. McMullen, H. G. Moon, T. A.
Theresa, and R. Holley. 1995. RFLP mapping of genes
conferring resistance to E. stewartii. Maize Genet. Coop.
Newsl. 69 (in press).

Moghadam, P. F. and J. K. Pataky. 1994. Reactions of
isolates from matings of races 1 and 23N of Exserohilum
turcicum. Plant Disease 78:767-771.

Moon, H. G. 1995. Quantitative genetic analysis of
recombinant inbred lines (RILs) from tropical maize
singlecrosses. Ph.D. thesis. University of Hawaii. 241pp.

Muehlbauver, G. J., P. E. Staswick, J. E. Specht, G. L.
Graef, R. C. Shoemaker, and P. Keim. 1991. RFLP mapping
using near-isogenic lines in the soybean. Theor. Appl.
Genet. 80:437-448.

Nault, L. R. and E. D. Ammar. 1989. leafhopper and
planthopper transmission of plant viruses. Annual Review of
Entomology 34:503-529.

Nienhuis, J., T. Helentjaris, M. Slocum, B. Ruggero and A.
Shaefer. 1987. Restriction fragment length polymorphism
analysis of loci associated with insect resistance in
tomato. Crop Sci. 27:797

Parker, G. B. 1980. Inheritance of resistance in dent corn
to wheat streak mosaic virus and Erwinia stewartii. Ph.D.
dissertation. University of Illinois, Urbana. 52pp.

Parker, G. B. and A. I.. Hooker. 1993. Inheritance of
resistance to Erwinia stewartii in four inbred lines of dent
corn: qualitative and quantitative analyses. Maydica.
38:223-229.

Pataky, J. K. 1985. Relationship among reactions of sweet
corn hybrids to Goss' wilt, Stewart's bacterial wilt, and
northern corn leaf blight. Plant Disease 69: 845-848.

Pataky, J. K. 1992. Relationships between yield of sweet
corn and northern leaf blight caused by Exserohilum
turcicum. 82:370-375.

Pataky, J. K., J. M. Perkins, and S. Leath. 1986. Effects
of qualitative and quantitative resistance on the
development and spread of northern leaf blight of maize
caused by Exserohilum turcicum races 1 and 2.
Phytopathology. 76:1350-1352.

146



Paterson, Andrew H., Joseph W. DeVerna, Brenda Lanini and
Steven D. Tanksley. 1990. Fine mapping of quantitative
trait loci using selected overlapping recombinant
chromosomes in an interspecies cross of tomato. Genetics
124:735-742.

Paterson, A. E., Lander, J. D. Hewitt, S. Peterson, S. E.
Lincoln and S. D. Tanksley, 1988. Resolution of
quantitative traits in to mendelian factors by using a
complete linkage map of restriction fragment length
polymorphisms. Nature 335:721-726.

Paterson, A. E., E. S. Lander, J. D. Hewitt, S. Peterson, S.
E. Lincoln and S. D. Tanksley. 1988. Resolution of
quantitative traits into mendelian factors by using a
complete linkage map of restriction fragment length
polymorphisms. Nature 335:721-726.

Posnette, A. F. 1969. Tolerance of virus infection in crop
plants. Rev. Appl. Mycol. 48:113-118.

Pratt. R. C., E. Adipala, and P. E. Lipps. 1993.
Characterization of race-nonspecific resistance to
Exserohilum turcicum races 0 and 1 in maize OhS10 S1
progenies. 77:1227-1232.

Pratt, R. C., R. J. Anderson, R. Louie, M. D. McMullen and
J. K. Knoke. 1994. Maize responses to a severe isolate of
maize chlorotic dwarf virus. Crop Sci. 34:635-641.

Ragot, M., and D. A. Hoisington. 1993. Molecular markers
for plant breeding: comparisons of RFLP and RAPD genotyping
costs. Theor. Appl. Genet. 86:975-984.

Rasmusson, J. M. 1935. Studies on the inheritance of
quantitative characters in Pisum: 1. Preliminary note on the
genetics of flowering. Heriditas. 20:161-180.

Rayapati, P. J., J. W. Gregory, M. Lee, and R. P. Wise.
1994. A linkage map of diploid Avena based on RFLP loci and
a locus conferring resistance to nine isolates of Puccinia
coronata var. 'avenae'. Theor. Appl. Genet. 89:831-837.

Reiter, R. S., J. G. Coors, M. R. Sussman, and W. H.
Gabelman. 1991. Genetic analysis of tolerance to low-
phosphorus stress in maize using restriction fragment length
polymorphisms. Theor. Appl. Genet. 82:561-568.

Reiter, R. S., J. K. G. Williams, K. A. Feldmann, J. A.

Rafalski, S. V. Tingey and P. A. Scolnik. 1992. Global and
local genome mapping in Arabidopsis thaliana by using

147



recombinant inbred lines and random amplified polymorphic
DNAs. Proc. Natl. Acad. Sci. USA. 89:1477-1481.

Rhind, D., J. M. Waterston, and F. C. Deighton. 1952.
Occurence of Puccinia polysora Undrew in West Africa. Nature
169:631.

Riedel, G. E., S. L. Swnberg, K. D. Kuranda, K. Marquette,
P. Lapan, P. Bledsoe, A. Kennedy and B. Y. Lin. 1990.
Denaturing gradient gel electrophoresis identifies genomic
DNA polymorphism with high frequency in maize. Theor. Appl.
Genet. 80:1-10.

Robbins, W. A. Jr and H. L. Warren. 1993. Inheritance of
resistance to Exserohilum turcicum in PI 209135, 'Mayorbela’
variaty of maize. Maydica. 38:209-213.

Robbins, M. A., H. Witsenboer, R. W. Michelmore, J. F.
Laliberte. and M. G. Fortin. 1994. Genetic mapping of
turnip mosaic virus resistance in Lactuca sativa. Theor.
Appl. Genet. 89:583-589.

Rodriguez-Ardon, R., G. E. Scott, and S. B. King. 1980.
Maize yield losses caused by southern corn rust. Crop Sci.
20:812-814.

SAS Institute. 1989. SAS language guide for personal
computers. Release 6.08 edition, SAS Inst., Inc., Cary, N.C.

Saghai-Maroof, M. A., K. M. Soliman, R. A. Jorgensen, and R.
W. Allard. 1984. Ribeosomal DNA spacer length polymorphism
in barley: Mendelian inheritance, chromosomal location, and
population dynamics. Proc. Natl. Acad. Sci. USA. 81:8014-
8018.

Sarfatti, M., J. katan, R. Fluhr and D. Zamin. 1989. A RFLP
marker in tomato linked to the Fusarium oxysporum
resistance gene I2. Theor. Appl. Genet. 78:755-759.

Sarfatti, M., M. Abu-Abid, J. katan, and D. Zamin. 1991.
RFLP mapping of I1, a new locus in tomato conferring
resistance against Fusarium oxysporum f. sp. lycopersici
race 1. Theor. Appl. Genet. 82:22-26.

Sax, K. 1923, The association of size differences with seed
coat pattern and pigmentation in Phaseolus vulgaris.
Genetics 8:552-560.

Schroefer, J. F. 1971. Tolerance to plant disease. Ann. Rev.
Phytopath. 9:235-252.

148



Scott, G. E., S. B. King, and J. W. Armour, Jr. 1984.
Inheritance of resistance to southern corn rust in maize
populations. Crop Sci. 24:265-267.

Scott, G. E., and Zummo, N. 1989. Effect of genes with
slow-rusting characteristics on souther corn rust in maize.
Plant Disease 73:114-116.

Sharp, P. J., S. Chao, S. Desai, and M. D. Gale. 1989. The
isolation, characterization and application in the Triticeae
of a set of wheat RFLP probes identifying each homologous
chromosome arm. Theor. Appl. Genet. 78:342-348.

Simcox, K. D., and J. L. Bennetzen. 1993. The use of
molecular markers to study Setosphaeria turcica resistance
in maize. Phytopathology 83:1326-1330.

Simcox, K. D. and M. D. McMullen. 1993. The use of the
"modified dry blot" procedure for RFLP analysis. Maize
Genet. Coop. Newsletter. 67:116-117.

Simcox, K. D., M. D. McMullen, and R. Louie. 1995. Co-
segregation of the maize dwarf mosaic virus resistance gene,
mdml, with the nucleolus organizer region in maize. Theor.
Appl. Genet. (in press).

Simpson, S. P. 1989. Detection of linkage between
quantitative trait loci and restriction fragment length
polymorphisms using inbred lines. Theor. Appl. Genet.
77:815-819.

Smith, D. R. 1971. Inheritance of reaction to Stewart's
disease (bacterial wilt) in dent corn. Master thesis.
University of Illinois, Urbana. 22pp.

Smith D. R. and J. G. Kinsey. 1993. Latent period - a
possible selection tool for Exserohilum turcicum resistance
in corn (Zea mays L.). Maydica 38:205-208.

Smith, D. R. and D. G. White. 1988. Diseases of corn. In:
G. F. Sprague and J. W. Dudley (ed.) Corn and corn
improvement. 3rd edn. ASA-CSSA-SSSA, Madison. pp. 687-766.

Smith, H. H. 1937. The relationship between genes affecting
size and color in certain species of Nicotiana. Genetics
22:361-375.

Soller, M. and J. S. Beckmann. 1990. Marker-based mapping

of dquantitative trait loci using replicated progenies.
Theor. Appl. Genet. 80:205-208.

149



Soller, M. T. Brody, and A. Genizi. 1976. On the power of
experimental design for the detection of linkage between
marker loci in crosses between inbred lines. Theor. 47:35-
39.

Southern, E. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Moi.
Biol. 98:503-517.

Storey, H. H. and K. Howland (Ryland). 1957. Resistance in
maize to the tropical american rust fungus, Puccinia
polysora Underw. I. gene Rpp, and Rpp,. Heredity. 11:289-300.

Storey, H. H. and K. Howland (Ryland). 1957. Resistance in
maize to the tropical american rust fungus, Puccinia
polysora. II. Linkage of genes Rpp; and Rpp,. Heredity 13:61-
65.

Stuber, C. W. 1992. Biochemical and molecular markers in
plant breeding. In: Janick, J. (ed.). Plant Breeding Review.
Jhon Wiley & Sons, Inc. NY. PP. 37-61.

Stuber, C. W., S. E. Lincoln, D. W. Wolff, T. Helentjaris,
and E. S. Lander. 1992. Identification of genetic factors
contributing to heterosis in a hybrid from two elite maize
inbred lines using molecular markers. Genetics 132:823-839.

Stuber, C.W., M.D. Edwards and J.F. Wendel. 1987. Molecular
marker-facilitated investigations of quantitative trait

loci in Maize II. Factors influencing yield and its
component traits. Crop Sci. 27(4) :639-647.

Tanksley, S.D. 1983. Molecular markers in planting
breeding. Plant Mol. Biol. Rep. 1:3-8.

Tanksley, S. D. 1993. Mapping polygenes. Ann. Rev. Genet.
27:205-233.,

Tanksley, S. D., J. Miller, A. Paterson, R. Bernatzky.
1988a. Molecular mapping of plant chromosomes. PP. 157-173.
In: Gustafson, J. F. and R. Appels. (eds.). Chromosome
structure and function. Plenum. New York.

Tanksley, S. D. and E. Pichersky. 1988b. Organization and
evolution of sequences in the plant nuclear genome. pp. 55-
79. In: Gottlieb, L. D. and S. K. Jain. (eds.). Plant
Evolutionary Biology. Chapmann and Hall, London.

Tanksley, S. D., N. D. Young, A. H. Paterson, and M. W.

Bonierbale. 1989. RFLP mapping in plant breeding: new tools
for an old science. Biotechnology 7:257-264.

150



Thakur, R. P., K. J. Leonard, and R. K. Jones. 1989.
Characterization of a new race of Exserohilum turcicum
virulent on corn with resistance gene HtN. Plant Disease
73:151-155.

Thakur, R. P., K. J. Leonard, and S. Leath. 1989. Effects
of temperature and light on virulence of Exserohilum
turcicum on corn. Phytopathology 79:631-635.

Teutonico, R. A. and T. C. Osborn. 1994. Mapping of RFLP
and qualitative trait loci in Brassica rapa and comparison
to the linkage maps of B. napus, B. oleracea, and
Arabidopsis thaliana. Theor. Appl. Genet. 89:885-894.

Thoday, J. M. 1961. Location of polygenes. Nature 191:368~
370.

Thompson, J. N. Jr. 1975. OQuantitative variation and gene
number. Nature 258:665-668.

Ullstrup, A. J. 1965. Inheritance and linkage of a gene
determining resistance in maize to an American race of
Puccinia polysora. Phytopathology 55:425-428.

Ullstrup, A. J. 1977. Diseases of corn. In: G. F. Spraque
(ed.) Corn and corn improvement. 2nd edn. ASA-CSSA-SSSA,
Madison. pp. 391-500.

Walton, M. F., H. Median-Filho, and C. M. Rick. 1982. Use of
naturally-occurring enzyme variation to detect and map genes
controlling quantitative traits in an interspecific
backcross of tomato. Heredity 49:11-25.

Walbot, V. and J. Messing. 1988. Molecular genetics of corn.
pp. 389-425. In:Sprague, G. F. and J. W. Dudley. (eds.).
Corn and corn improvement. 3rd edn. ASA-CSSA-SSSA, Madison.

Wang, G. L., D. J. Mackill, M. Bonman, S. R. McCouch, M. C.
Champoux, and R. J. Nelson. 1994. RFLP mapping of genes
conferring complete and partial resistance to blast in a
durably resistant rice cultivar. Genetics 136: 1421-1434.

Wang, G. L. and A. H. Paterson. 1994, Assessment of DNA

pooling strategies for mapping of QTLs. Theor. Appl. Genet.
88:355-361.

Weller, J. I., M. Soller and T. Brody. 1988. Linkage
analysis of quantitative traits in an interspecific cross of
tomato. Genetics 118:329-339.

Wellhausen, E. J. 1937. Genetics of resistance to bacterial
wilt in maize. Iowa Agric. Exp. Stn. Res. Bull. 224: 69-114.

151



Wexelsen, H. 1933. Linkage of a gquantitative and a
qualitative character in barley. Hereditas 17:323-341.

Whitkus, R., J. Doebley, and M. Lee. 1992. Comparative
genome mapping of sorghum and maize. Genetics 132:1119-1130.

Williams, K. J., J. M. Fisher, and P. Langridge. 1994.
Identification of RFLP markers linked to the cyst nematode

resistance gene (Cre) in wheat. Theor. Appl. Genet. 89:927-
930.

Young, N. D., D. Zamir, M. W. Ganal and S. D. Tanksley.
1988. Use of isogenic lines and simultaneous probing to
identify DNA markers tightly linked to the Tm-2a gene in
tomato. Genetics 120:579-585.

Yu, Z. H., D. J. Mackill, J. M. Bonman, and S. D. Tanksley.
1991. Tagging genes for blast resistance in rice via
linkage to RFLP markers. Theor. Appl. Genet. 81:471-476.

Zaitlin, D., S. J. DeMars, and M. Gupta. 1992. Linkage of a
second gene for NCLB resistance to molecular markers in
maize. Maize. Genet. Coop. Newsl. 66:69-70.

Zamir D. and Y. Tadmor. 1986. Unequal segregation of
nuclear genes in plants. Bot. Gaz. 147:355-358.

Zehr, B. E., J. W. Dudley, J. Chojecki, M. A. Saghai-Maroof,
R. P. Mowers. 1992. Use of RFLP markers to search for
alleles in a maize population for improvement of an elite
hybrid. Theor. Appl. Genet. 83:813-820.

Zummo, N. 1988. Components contributing to partial

resistance in maize to Puccinia polysora. Plant Disease 72:
157-160.

152



