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ABSTRACT

DEVELOPMENT OF SEQUENCE-SPECIFIC MOLECULAR MARKERS BASED ON
PHENYLPROPANOID PATHWAY GENES FOR RESISTANCE TO FUSARIUM
GRAMINEARUM [SCHWABE] IN ZEA MAYS (L.)

C. Joe Martin
University of Guelph, 2011

Advisor:
Professor K. Peter Pauls

The fungus Fusarium graminearum (Schwabe) causes Gibberella ear rot in maize,
resulting in accumulation of harmful mycotoxins in the grain. Disease severity and
pericarp/aleurone dehydrodiferulic acid content are negatively correlated. Furthermore,
quantitative trait locus mapping (QTL) identified colocalization between QTL for both
traits. A candidate gene approach was employed to identify the genes responsible for
the observed colocalization. Candidate genes selected on the basis of their putative
involvement in various aspects of cell wall DFA accumulation were mapped in silico
using the maize genome sequence. Polymorphisms were discovered in putative genes
and converted to molecular markers. The in silico mapping effort was successful in
predicting map locations of the analyzed sequences, and the segregation of certain
marker alleles could explain variation for Gibberella ear rot severity and pericarpaleurone DFA content.
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GENERAL INTRODUCTION
The fungus Fusarium graminearum Schwabe is a devastating pathogen of small
grains such as wheat, and under certain conditions it can cause significant yield and
quality reductions in maize crops. Around the silking stage, the fungus infects maize
ears through the silk channel or through mechanical wounds to the husk which provide
direct access to the developing kernels. Tissue necrosis caused by the fungal infection
can have detrimental effects on yield, but the most significant effect of infection is the
reduction in quality that occurs with the deposition of mycotoxins. F. graminearum
produces and secretes many mycotoxins during disease development, but
deoxynivalenol (DON) and its relatives have received the most attention in the scientific
literature. DON is a potent inhibitor of protein synthesis and it can have serious
negative effects on the welfare of livestock when it is ingested in large doses. When
DON is consumed by livestock in low doses it causes a gradual reduction in the rate of
weight gain, and this is perhaps the most agronomically important effect of grain
contamination. There is no approved chemical control for Gibberella ear rot in Canada,
and to date most commercial maize hybrids are moderately to highly susceptible to this
disease. It is thus generally agreed upon by maize researchers that the development of
resistant lines and hybrids would be the most effective strategy to prevent future
epidemics caused by this pathogen.
Maize resistance to F. graminearum may be conditioned by the physical
characteristics of the pericarp and husk. Additionally, biochemical factors such as grain
phenolics may be contributing to both physical and chemical defense against this
1

pathogen. Ferulic acid is a hydroxycinnamic acid derivative of the phenylpropanoid
pathway that accounts for a large portion of the phenolics that can be extracted from
the insoluble portion of maize cell walls. This phenolic acid is esterified to arabinoxylan
in the cell wall, and it can be covalently cross coupled with other ferulates and lignin.
The formation of covalent crosslinks between ferulates and lignin is believed to increase
the cell wall stiffness and reduce the digestibility of the cell wall in the presence of
hydrolytic enzymes. Since F. graminearum secretes many hydrolytic enzymes and
degrades cell walls in advance of its growth, there is a working theory that the amount
of diferulic acid (DFA) in the cell wall directly affects the expression of resistance by
infected plants. When the cell wall is degraded by F. graminearum, ferulates are
released, and these may have a direct toxic effect on the fungus since exogenous
ferulate application to fungal cultures slows their growth. Negative correlations have
been observed between disease severity and the concentration of DFA in the pericarpaleurone layer of maize grain. Additionally, similar correlations have been observed
between insect feeding severity and DFA content, and this is presumably due to the
increased grain hardness caused by higher than average levels of DFA. The DFAmediated resistance mechanism will be examined in this thesis using QTL mapping
techniques in a recombinant inbred line population of maize with specific focus on the
development

of

phenylpropanoid

pathway

development.
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gene-specific

molecular

marker

CHAPTER 1
Literature Review
Economic Impact of F. graminearum Epidemics
Fusarium graminearum Schwabe [sexual state: Gibberella zeae (Schweinitz)
Petch] is the causal fungus of Gibberella ear rot in maize (Zea mays L.) and Fusarium
head blight (FHB) in wheat (Triticum aestivum L.) and other small grains. Infection of
grain causes yield reductions and contamination with mycotoxins such as
deoxynivalenol (DON) and zearalenone (ZEN) which are harmful to livestock and
humans (Sutton 1982; Parry et al. 1995; Vigier et al. 2001; Pestka and Smolinski 2005).
A type B-trichothecene inhibitor of protein synthesis, DON can cause diarrhea, vomiting,
leukocytosis, and gastrointestinal hemorrhage in experimental animals exposed to high
doses (Pestka and Smolinksi 2005). In livestock, its effects include emesis, feed refusal,
and a resultant decrease in weight gain (Ali et al. 2005). The estrogenic mycotoxin ZEN
can cause fertility disorders in swine and cattle exposed to low doses (Afriyie-Gyawu et
al. 2005).

At high doses it can affect ovulation, conception, implantation, fetus

development, and offspring viability in sows and has negative effects on
spermatogenesis in boars (Afriyie-Gyawu et al. 2005). Additionally, F. graminearum may
produce mono- and di-acetylated DON derivatives, nivalenol, diacetylnivalenol, and
fusarenone-X, however DON is usually the most frequent and predominant mycotoxin
species identified in infected corn, wheat, and barley worldwide (Logrieco et al. 2002,
Pestka and Smolinksi 2005).
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Yield reductions in maize due to Gibberella ear rot can be severe, and losses of
up to 48% have been estimated in susceptible hybrids (Vigier et al. 2001). Between
1991 and 1997, direct losses in the US due to reduced yield and quality caused by FHB
on wheat were estimated at greater than $1.3 billion (Edwards 2004). In Ontario, during
1996, a serious epidemic of FHB caused an estimated 30% yield reduction in winter
wheat.

It was estimated that this yield reduction could have produced $34.5 million

CDN in revenue, and the total losses of the epidemic were estimated at over $100
million CDN (Schaafsma 2002).
There is little research relating disease incidence to economic losses in maize. In
a relevant review, Wu (2007) indicated that there was insufficient data to generate a
thorough and accurate analysis of the economic impacts of Fusarium mycotoxins on the
price of grain. The analysis of the economic impact of feeding infected grain to animals
is even more complex than the analysis of the economic impact of mycotoxin
contamination on grain price. This complexity is due to the fact that ingestion of
contaminated grain by animals produces subtle effects, such as decreased weight gain,
that cannot be directly and accurately correlated to mycotoxin contamination in a
production environment.

Wu (2007) did however estimate that fumonisin

contamination of maize grain by F. verticilloides in the US may cause losses in the range
of $1-20 million USD in a ‘normal’ year and $31-46 million USD in an epidemic year. The
effects of F. graminearum on grain and livestock economy are undoubtedly significant,
but specific quantification of those effects has been difficult.

4

Control of F. graminearum Epidemics
The most effective method of prevention and control of F. graminearum
epidemics is the utilization of resistant cultivars. Since F. graminearum can survive
throughout the winter on crop residues, crop rotation and tillage have been
recommended and shown to reduce DON contamination in wheat; in particular rotating
away from maize before wheat has produced positive results (Munkvold, 2003).
However, there is less evidence supporting the efficacy of these strategies for the
control of F. graminearum on maize than wheat (Munkvold, 2003).
Since the development of epidemics is highly dependent on the coincidence of a
favorable environment for disease and host susceptibility, alteration of planting date is a
possible strategy. In a temperate climate, planting maize as early as possible can reduce
the chances of epidemics; however the unpredictability of the environment can negate
the efficacy of this strategy (Munkvold, 2003). Computer simulations relating weather
trends to the probability of F. graminearum infection of wheat have been developed
and implemented in Ohio and Ontario as warning systems, and a similar system is
currently being developed for ear rot in maize in Ontario (Munkvold, 2003; Ouellet and
Leger 2009). These systems are valuable tools, but they must be combined with other
management practices such as fungicidal applications. In Canada, there is no available
chemical control for the ear rot stage in maize but seed may be treated with the
fungicides Fludioxonil and metalaxyl-m (Agriculture and Agri-Food Canada 2006). If a
perfect forecasting system was developed, there would be no approved chemical
control that could effectively reduce the risk of the impending epidemic.
5

Since the fungus can infect through wounds, control of insect feeding can
provide some level of crop protection (Agriculture and Agri-Food Canada 2006). Various
studies of mycotoxin (DON, fumonisins, and ZEA) contamination have shown that
hybrids expressing insecticidal Bacillus thuringiensis (Bt) proteins consistently
outperformed the controls (Munkvold, 2003).

Given the lack of highly efficacious

prevention and control strategies, the development and implementation of stably
resistant germplasm is of utmost importance.
Genetics of Resistance
Genetic variation for resistance to F. graminearum in corn exists and resistant
lines adapted to the Ontario climate have been released (Reid et al. 1992). There are
two distinct resistance mechanisms preventing Gibberella ear rot in maize (Ali et al.
2005). Silk resistance refers to the ability of the ear to prevent the spread of the fungus
down the silk channel. Although this resistance mechanism is not fully understood, it is
clearly more complex than a physical barrier to fungal entry as there is a negative
correlation between field resistance and the ability of the fungus to degrade excised
silks in vitro (Reid et al. 1992; Reid et al. 1994). Kernel resistance prevents the spread of
the fungus within the ear once it has either grown down the silk channel or entered
through some mechanical wound. Inheritance of both types of resistance has been
studied independently using differential inoculation techniques (Reid et al. 1994;
Chungu et al. 1996; Ali et al. 2005). Screening for resistance is a laborious task and
efficiency is reduced because of the subjectivity of visual disease ranking and because
expression of resistance is highly influenced by the environment (Ali et al. 2005). In
6

experimental populations significant additive, dominance, epistatic, and interaction
effects have been observed with the inheritance of F. graminearum resistance
(Odiemah and Manninger 1982; Hart et al. 1984; Gendloff et al. 1986; Chiang et al.
1987; Presello et al. 2006). However, some studies have estimated that the additive
effect explained more variation than the dominance, epistatic, or interaction effects,
and this is promising for population improvement (Reid et al. 1996, Hart et al. 1984,
Gendloff et al. 1986, Chiang et al. 1987, Presello et al. 2006).

Resistance is

quantitatively inherited and estimates of the number of controlling loci (from 1 to
many) are confounded by significant environmental effects (Ali et al. 2005; Reid et al.
1994).
Cell Wall Strength as a Resistance Mechanism
Composition of the Maize Cell Wall
The primary cell walls (CWs) of plants are largely composed of cellulose (β-1,4linked D-glucan) and hemicellulose, which is a heteropolymer, composed of various
sugars (Reiter 2002). In addition to diverse polysaccharides plant CWs contain various
monomers, oligomers, and polymers of phenolic derivitiaves such as lignin, ferulic acid
(FA) and p-coumaric acid (pCA). The polysaccharide component of maize CWs in general
is 55% hemicellulose (by dry weight), and approximately 70% of this hemicellulose is
arabinoxylan (β-1,4-linked D-xylose with L-arabinose side groups) (Vorwerk et al. 2004;
Juge 2006). Since a large fraction of the CW consists of xylans, the inhibition of
xylanases may have an effect on the susceptibility to fungal attack. One mechanism of
resistance to arabinoxylan degradation is through polysaccharide-polysaccharide and
7

polysaccharide-lignin cross-linking mediated by the coupling of FA molecules (Figure 1.1)
(Grabber 1998; Ralph et al. 2004; Santiago 2007). A FA molecule is linked to an
arabinoxylan chain through an ester linkage between the carboxyl group of FA and the
primary alcohol on C5 of an arabinosyl residue (Hatfield et al. 1999). Linkage to the
lignin polymer occurs through multiple types of ether and C-C bonds (Grabber et al.
2004).

Diferulic acid (DFA) is formed by the peroxidase/laccase mediated radical

coupling of two monomers to yield 8-5’, 8-O-4’, 5-5’, 4-O-5’, or 8-8’ linkages (Figure 1.1)
(Hatfield et al. 1999; Grabber et al. 2004). Various forms of dehydrotriferulic acid and
dehydrotetraferulic acid have been isolated from maize bran, suggesting that FA crosslinks in the CW are diverse and abundant (Funk et al. 2005; Bunzel et al. 2005; Bunzel et
al. 2006).
Cell Wall Degradation as a Virulence Factor of F. graminearum
The pathogen F. graminearum is necrotrophic, although it is believed that there
is a very brief biotrophic phase in the early stages of infection (Goswami and Kistler
2004). Necrotrophic plant pathogens extract nutrients from dead host material, and
when F. graminearum infects a living plant it must kill host tissue throughout the
infection process. Filamentous fungal necrotrophs (as well as many other types of plant
pathogens) commonly secrete cell wall degrading enzymes (CWDEs) such as cellulases,
hemicellulases, and pectinases; and they essentially have the capability to degrade all
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Figure 1.1 Dehydrodimers of ferulic acid. Radical coupling of two molecules of ferulic
acid (1, 2) give rise to the various dimers (3-12). The R group represents an arabinosyl
residue of an arabinoxylan chain in the cell wall. Most dimers are produced through the
coupling of two (E)-ferulic acid molecules, but Z-Z and E-Z dimers have been found
(Grabber et al. 2000). The radical coupling reaction is taken from Hatfield et al. (1999)
and molecules 1-12 are from Grabber et al. (2000).
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components of the host CW in advance of hyphal growth (Vorwerk et al. 2004; Phalip et
al. 2005). There is a large amount of diversity in CWDEs even within a given species of
plant pathogenic fungus. For example, the genome of Aspergillus nidulans (Eidam)
Winter has greater than 250 genes annotated as CWDEs, and F. graminearum secretes
at least 113 enzymes that appear to have CWDE properties (Vorwerk et al. 2004, Soanes
et al. 2007). There are also many putative CWDEs secreted by F. graminearum when
grown on hop (Humulus lupulus, L.) CWs in vitro (Phalip et al. 2005). Much of the
evidence supporting the role of CWDEs in virulence comes from experiments, in which
CWDE mutations caused an avirulent phenotype (Vorwerk et al. 2004; Juge 2006). The
MAP kinase knockout mutant gpmk1 exhibits an avirulent phenotype on wheat, and
Gpmk1 was later found to facilitate induction of extracellular glucanases, xylanases, and
proteases (Kikot et al. 2008). It has been suggested through enzyme-gold and immunegold labeling that F. graminearum does in fact produce cellulases, xylanases, and
pectinases while initiating infection of wheat spikes (Kikot et al. 2008). Thus, the
composition of the host CW appears to be an important factor in plant-pathogen
interactions and likewise in disease resistance.
Correlation between Cell Wall Traits and Resistance
CW-bound FA and DFA have been shown previously to be associated with maize
resistance to F. graminearum. Assabgui et al. (1993) found a significant negative
correlation between (E)-FA content of maize flour and disease severity among 19 inbred
lines as measured by a visual disease severity ranking scale. The (E)-FA content does not
represent FA dimers; however the same study also demonstrated growth inhibition of F.
10

graminearum in the presence of FA in vitro, indicating that free monomers may
contribute to resistance. Bily et al. (2003) obtained similar results to Assabgui et al.
(1993) but they also quantified DFA (which reflects cross-linking) and extracted
phenolics specifically from the pericarp and aleurone. Total DFA had the strongest
Pearson correlation with disease severity scores (r2=0.38, p<0.0001) while 8-O-4’ DFA
(r2=0.30, p<0.0001) and 5-5’ DFA (r2=0.30, p<0.0119) had lower albeit significant
Pearson correlations with disease severity scores (Bily et al. 2003). The 8-5’ DFA
(r2=0.099, p<0.0119) and 8-8’ DFA (r2=0.22, p<0.0001) isomers were also significantly
correlated with disease severity in that study. There are two likely hypotheses as to the
mechanism responsible for these correlations, and they are neither mutually exclusive
nor the only possibilities: 1. Increased cross-linking impedes fungal degradation of host
CWs and 2. FA released by the action of fungal CWDEs is directly toxic to F.
graminearum. Increased FA-mediated crosslinking of cell wall components is inferred
when HPLC analysis of an individual indicates higher than average DFA/FA content. This
may impede fungal degradation of the CW by both increasing the number of bonds that
must be cleaved to achieve complete CW degradation and, through cell wall tightening,
reducing the accessibility of those bonds to the enzymes that degrade them. Since F.
graminearum growth is inhibited by the addition of exogenous (E)-FA in vitro, the
release of FA molecules during CW degradation may directly inhibit the progression of
disease. It should also be noted that the cell wall strength that is gained through FA
crosslinking contributes to insect resistance. Significant negative correlations have been
observed between insect feeding severity and DFA content for European corn borer
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(Ostrinia nubilalis Hübner), southwestern corn borer (Diatraea grandiosella Dyar),
sugarcane borer (Diatraea saccharalis Fabricius), Mediterranean corn borer (Sesamia
nonagrioides Lef.), and the maize weevil (Sitophilus zeamais Motsch.) (Santiago and
Malvar 2010). Taken together, there is a fair degree of evidence supporting the role of
CW bound DFA in resistance to maize pests and diseases.
The DFAs (total, 5-5’, and 8-O-4’) have also been genetically associated with
maize resistance to F. graminearum using QTL analysis (Pauls, K.P. pers. comm.). Ali et
al. (2005) developed a linkage map from the F4:5 generation of a cross between a
susceptible (CG62, female) and a resistant (CO387, male) inbred line developed by
Agriculture and Agri-Food Canada and the University of Guelph, respectively. The F6
population of this cross was used in the aforementioned study conducted by Bily et al.
(2003), and thus DFA has been associated with resistance specifically in this segregating
population. The final population consisted of 144 F5 individuals that were genotyped for
162 markers, many of which are present on the IBM map (Lawrence et al. 2004), and
QTL analysis was performed using disease severity scores following manual inoculation
of silks or kernels with F. graminearum spore suspensions in four environments (Ottawa
in 1999, 2000, 2001 and Tavistock in 2001). The phenolic content data from Bily et al.
(2003), in addition to unpublished data from the 2003 field season (Pauls K.P.,
unpublished), were used to perform QTL analysis in this population with the previously
generated linkage map of Ali et al. (2005). Many markers that were significantly
associated with low disease severity were also significantly associated with high
pericarp-aleurone DFA content.

Specific data regarding these correlations are
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presented in Chapter 2 because it was subsequently determined that disease severity
data from all environments after the Ottawa 1999 field season were incorrectly
extracted from the original field data files for use with QTL mapping software.
Therefore, the reader is directed to Chapter 2 which presents QTL analysis using the
corrected phenotypic scores (see Note to the reader: Disease severity evaluation
revisited).
Candidate Gene Identification
The correlations between disease resistance and CW traits implicate genes
associated either directly or indirectly with the synthesis, deposition, and modification
of DFA as potential causal loci for the observed QTL. The most obvious candidates are
structural genes of the general phenylpropanoid pathway that lead to the synthesis of
FA. Alternately, these genes may be functionally identical between CG62 and CO387
but may be regulated by transcription factors that are polymorphic between the two
parents. Aside from biosynthetic genes and transcription factors, peroxidase (POX)
genes and laccase (LAC) genes may be involved. Cross-linking cannot occur without the
action of one or both of these enzyme types. Further, genes coding downstream or
alternative branches of the phenylpropanoid pathway, such as pigment biosynthesis
genes, or genes involved in the subcellular translocation of phenolics, such as
glutathione-S transferases (GSTs), may contribute to the expression of resistance and/or
the ability of cells to sequester the necessary substrates for the production of other
phenolic products.

Pigment genes (eg. anthocyanin), GSTs, and transcriptional

regulators of the phenylpropanoid pathway have been implicated in the expression of
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fungal disease resistance in maize and other plant species (Lamb and Dixon 1997, Dixon
et al. 2002, Poland et al. 2008). With the completion of the first draft of the maize
genome sequence, it is now possible to perform ‘in silico mapping’ with these candidate
loci, whereby known sequences are aligned to the physical map and subsequently
placed roughly on a relevant genetic map containing QTL for a trait of interest (Schnable
et al. 2009). Potential candidate genes will be discussed in the following sections.
Structural Genes of the Phenylpropanoid Pathway
In grasses, the general phenylpropanoid pathway starts with deamination of
phenylalanine or tyrosine to yield cinnamic acid and p-coumaric acid, respectively,
through the action of phenylalanine/tyrosine ammonia lyase (PAL/TAL). Cinnamic acid
and its hydroxycinnamic acid derivatives give rise to the diverse array of phenolics that
are found in the plant kingdom. The pathway leading towards the synthesis of the
monolignols and FA involves hydroxylation and O-methylation of the phenol ring and
the conversion of the acids to their corresponding aldehydes and alcohols. In the
accepted pathway of the past, which was largely based on in vitro evidence, the same
enzymes catalyze the transitions from acid to alcohol despite the chemical state of the
ring. Likewise, the same enzymes catalyze ring substitutions at specific positions despite
the chemical state of the side chain. This leads to a “metabolic grid” hypothesis that can
be found in most textbooks (see Raes et al. 2003 Figure 1 for metabolic grid). There is
now evidence supporting the existence of specific routes (eg. high substrate specificity
of enzymes) towards the various monolignols (and perhaps FA) rather than a
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generalized metabolic grid (eg. low substrate specificity of enzymes), and this will be
discussed (Raes et al. 2003; Barrière et al. 2004).
There are numerous arguments against the metabolic grid presented in the
literature (Dixon et al. 2001; Humphreys and Chapple 2002; Boerjan et al 2003; Raes et
al. 2003; Barrière et al. 2004; Nair et al. 2004; Chen et al. 2006). For example, the bm3
mutant of maize is deficient in caffeic acid O-methyltransferase (COMT) activity yet it
still has wild type levels of alkali releasable FA (Barrière et al. 2004). The bm3 mutation
occurs within the COMT gene. Collazo et al. (1992) estimated a single copy of this gene
in maize and transgenic plants expressing antisense COMT also had wild type levels of
FA (Barrière et al. 2004; Chen et al. 2006). If there is only one copy of COMT, then lines
mutant (bm3) or antisense (Collazo et al. 1992) for COMT activity should not be able to
produce FA through the action of a functionally redundant locus. Furthermore, COMT
has a much higher affinity for 5-hydroxyconiferaldehyde than caffeic acid (Barrière et al.
2004). Taken together, these data suggest that it is unlikely that FA is derived from the
3-O-methylation of caffeic acid by COMT in vivo. A similar situation exists for the
cytochrome P450 (CYP450) enzyme ferulate-5-hydroxylase (F5H), which has a higher
affinity for coniferaldehyde than it does for FA (Barrière et al. 2004). Coniferaldehyde is
a good competitive inhibitor of FA hydroxylation in vitro and the literature suggests that
5-hydroxylation of FA does not occur in vivo (Ehlting et al. 2006). These observations
were the basis of the pathway revisions proposed by Barrière et al. (2004) and Chen et
al. (2006) that are outlined in Figure 1.2.
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Many of the maize sequences that are available in the public databases are
annotated based on sequence homology alone (Guillaumie et al. 2007). The function of
only two maize genes (COMT and CAD) involved in monolignol synthesis have been
demonstrated experimentally through the studies of mutants, enzymatic assays, and
sequence homology (Guillaumie et al. 2007). Additionally, one PAL gene product (PAL1)
has been studied enzymatically in vitro and its function is well established (Rösler et al.
1997).

Thus, the precise role of the various sequences annotated to code for

phenylpropanoid biosynthetic enzymes in maize is largely unknown.
In addition to uncertainty regarding in vivo biochemical function, nearly all of the
genes in the general phenylpropanoid pathway exist as gene families (Raes et al. 2003).
There are at least five caffeoyl CoA O-methyltransferases (CCoAOMTs) in maize and at
least seven in Arabidopsis based on bioinformatic data (Raes et al. 2003; Guillaumie et
al. 2007). The only phenylpropanoid pathway genes predicted to exist as a single copy
in maize are p-coumarate-3-hydroxylase (C3H), cinnamyl alcohol dehydrogenase (CAD),
F5H, and COMT (Guillaumie et al. 2007). All of the hydroxylases in the pathway are part
of the CYP450 superfamily. The occurrence of large gene families is indicative of
functional redundancy and opens up the possibility that different isoforms of the
structural genes may have unique roles with regard to substrate preference, expression,
cell type, sub-cellular localization, plant maturity, environmental stimuli, or a
combination of these and other factors.

16

Figure 1.2 Monolignol biosynthetic pathway modified from Chen et al. (2006). Ferulic
acid and feruloyl-CoA are highlighted. Pathway intermediates are named in bold italics.
Enzymes are boxed in red. Dotted arrow with X indicates the ring substitution reactions
at the acid level which are not believed to occur in vivo (see text). Dotted arrow with
question mark indicates a hypothetical conversion by an unknown OMT enzyme.
Enzyme abbreviations are as follows: PAL/TAL, phenylalanine/tyrosine ammonia lyase;
C4H, trans-cinnamate 4-hydroxylase; 4CL, 4-coumarate:CoA ligase; CCR, cinnamoyl-CoA
reductase; CAD, cinnamyl alcohol dehydrogenase; HCT, hydroxycinnamoylCoA:shikimate/quinate hydroxycinnamoyltransferase; CCoAOMT, caffeoyl-CoA 3-Omethyltransferase; F5H, ferulate 5-hydroxylase; COMT, caffeic acid Omethyltransferase; ALDH, aldehyde dehydrogenase (REF1) from Nair et al. (2004). Note:
PAL/TAL represents a single enzyme.

17

Regulatory Genes of the Phenylpropanoid Pathway
The identification of candidate transcription factors is not as straightforward as
the identification of genes that correspond to enzymes with a known function. For
example, Borevitz et al. (2000) used an activation tagging approach to identify genes
that might increase the production of valuable secondary products that are found in the
plant kingdom. They identified an activation tagged mutant, pap1-D, which had the
constitutive 35S promoter from cauliflower mosaic virus inserted near MYB
transcription factor. This single gene mutant has markedly increased transcription of
PAL, chalcone synthase (CHS), dihydroflavonol reductase (DFR), and glutathione-Stransferase (GST), as evidenced by RNA gel blot hybridization (Borevitz et al. 2000).
Both CHS and DFR are involved in the biosynthesis of anthocyanin pigments, but GST is
involved in the transport of anthocyanin to the vacuole. Thus, this MYB transcription
factor seems to be capable of regulating a subset of genes extending from the earliest
enzyme of the phenylpropanoid pathway (PAL) to a downstream branch of this pathway
(CHS and DFR) and beyond all biosynthetic branchpoints to the post-synthesis transport
to a sub-cellular organelle (GST).
The majority of characterized transcriptional activators and repressors of
phenylpropanoid biosynthesis belong to the MYB family (Zhao and Dixon 2011). The
MAIZEWALL database presented by Guillaumie et al. (2007) contains 10 MYB accessions
that were either annotated in public databases as being involved with CW biosynthesis
or were homologous to zinnia genes expressed during secondary CW formation in vitro.
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Although functional characterization is lacking for these sequences, determination of
their genome locations using the maize genome sequence would provide more
convincing evidence regarding their potential utility as markers.
There are few well characterized MYB regulators of phenylpropanoid
metabolism. The MYB regulators of anthocyanin biosynthesis, C1 and P1, have a well
established role in phenylpropanoid metabolism and they are both regulators of PAL
and their anthocyanin specific targets (Bruce et al. 2000). There are only two MYBs,
ZmMYB31 and ZmMYB42 that have a well established role in lignin biosynthesis (Zhao
and Dixon 2011).

Transgenic Arabiopsis overexpressing ZmMYB42 had reduced

expression of PAL, C4H, 4CL, HCT, F5H, COMT, and CAD transcripts, whereas constitutive
expression of ZmMYB31 in Arabidopsis resulted in reduced levels of C3H, 4CL, F5H, and
COMT transcripts (Fornalé et al. 2006, Sonbol et al. 2009, Fornalé et al. 2010).
Arabidopsis plants overexpressing these genes had lower lignin content and higher FA
content than their wildtype counterparts (Sonbol et al. 2009, Fornalé et al. 2010). Thus,
ZmMYB31 and ZmMYB42 are the strongest candidate transcription factors that may
influence the correlation between maize response to F. graminearum and DFA content
when one solely considers potential biochemical function.
Genes Responsible for Oxidative Coupling of FA Molecules
POX and LAC enzymes are capable of crosslinking cell-wall bound phenolics such
as ferulic acid. POX and LAC enzymes reduce hydrogen peroxide and molecular oxygen,
respectively, which results in the formation of a highly reactive free radical (Figure 1.1).
The formation of free radicals can provide the energy needed for covalent bond
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formation. Both POX and LAC can oxidize phenolic substrates to facilitate their coupling,
and this is the molecular basis of lignin polymerization (Hatfield et al. 1999). The
polymerization of lignin by specific LAC and POX enzymes has not been fully
characterized at the molecular level.

Wallace and Fry (1999) tested the specific

activities of diverse POX and LAC enzymes on phenolic substrates (including FA) in vitro
and found that POX activity was much higher than that of LAC. These results suggest
that POX may have a more important role in lignification than LAC, however the mRNA
expression patterns of four LAC genes (ZmLac2, ZmLac3, ZmLac4, ZmLac5) correspond
to lignifying tissues (Caparros-Ruiz et al. 2006). The expression of ZmLac3, ZmLac2, and
ZmLac5 is modulated by wounding, and this modulation is similar to other genes
involved in lignification (Caparros-Ruiz et al. 2006). The MAIZEWALL database contains
five peroxidase and four laccase gene annotations that could potentially be associated
with lignin and/or FA coupling (Guillaumie et al. 2007). Expression patterns of the genes
ZmPox2 and ZmPox3 suggest that they are involved in lignification, and ZmPox3 colocalizes to a major lignin and CW digestibility QTL cluster on chromosome 6 (GuilletClaude et al. 2004). The sequences of these loci correspond to two of the five contigs
annotated as POX within the MAIZEWALL database, and the sequence of ZmLac4 is also
represented as a contig in the database. The collection of POX and LAC paralogues from
the MAIZEWALL database in addition to ZmLac2, ZmLac3, and ZmLac5 represent the
strongest candidate genes potentially affecting FA dimerization.
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in silico Mapping
Using sequence homology (BLAST search), it is possible to localize specific
sequences to the various genetic linkage maps of maize, many of which are presented in
the Maize Genetics and Genomics Database (Lawrence et al. 2005).

This can be

considered a form of in silico mapping whereby sequences of interest are queried
against a complete genome sequence database and roughly placed on a linkage map of
interest that may contain valuable QTL information. The placement is based on the
physical proximity of BLAST hit(s) to the markers that are localized on both the genome
sequence and the genetic map of interest.

A prerequisite to the success of this

technique is that there is a high degree of similarity between the physical and genetic
maps with respect to marker order and relative marker distances.
Some “in silico mapping” experiments have been performed with plants and
animals that utilize the vast amount of existing phenotypic and genotypic data
generated by breeding programs to identify correlations almost exclusively by using a
computer (Grupe 2001, Parisseaux and Bernardo 2004).

These methods typically

involve markers with well established genomic locations that have been used to
genotype large numbers of individuals that were phenotyped for many of the same
traits. In this way, association analyses may be carried out between the traits and
markers that are shared among individuals, and putative QTL affecting these traits can
be identified.
In the present work, “in silico mapping” refers to the use of the genome
sequence of the line B73 to localize candidate gene sequences to the existing linkage
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map that was used for QTL analysis of Gibberella ear rot resistance (Ali et al. 2004,
Schnable et al. 2009). Sequences (typically derived from ESTs or cDNA libraries) that are
homologous to genes involved in DFA crosslinking are localized to the physical and
genetic maps using BLAST search and available physical marker positions. In this way,
candidate genes are supported by sequence homology to characterized/annotated
accessions and by chromosomal location relative to a previously identified QTL.
This form of in silico mapping has been recently documented.

Ramu and

colleagues (2010) mapped all publicly available SSR markers (approximately 7000 SSRs
and 100 genes) to the physical map of sorghum (Sorghum bicolor (L.) Moench) by BLAST
searching with the primer sequences of the respective markers. This approach was also
used in maize to integrate the physical and genetic maps relevant to the IBM population
(Wei et al. 2009). That effort primarily involved BLAST searches with full marker
sequences, but primer BLASTs were performed when necessary. Xiao and colleagues
(2007) used an in silico mapping approach to place 228 previously identified resistance
gene analogues (RGAs) on the physical and genetic maps of maize (Xiao et al. 2006). In
their effort, they used the tBLASTx procedure (translated nucleotide query against a
translated nucleotide database) to match RGAs to mapped ESTs/unigenes and BAC end
sequences. Since multiple codons can represent a single amino acid, this technique
reduces the absolute specificity of hits while facilitating the possibility of identifying new
sequences based on putative protein sequence homology. It also reduces the possibility
of a false-negatives resulting from allelic polymorphisms. If enough genomic sequence
data exists (and is accessible), the in silico investigation of markers/sequences can be a
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valuable tool that allows the researcher to target specific genome regions of interest for
marker-trait association studies. This could potentially save research costs by culling out
markers/regions that lack QTL or genes of interest from manual laboratory work.
Main Objectives
The main objective of the present work was to characterize the observed
correlations between pericarp-aleurone DFA content and Gibberella ear rot resistance in
the CG62xCO387 population.

This was accomplished by developing gene-specific

molecular markers and genotyping a population segregating for the traits of interest.
Additionally, new SSRs were added to an important region that was marker-poor in the
original study in order to increase the map resolution. Many candidate genes were
identified based on sequence homology to characterized or annotated accessions. Thus,
in silico mapping was performed with these candidate sequences in order to focus on
genes that were at least predicted to map within or near previously identified QTL
confidence intervals.

This information will also serve as a reference for other

researchers that may be interested in mapping phenylpropanoid pathway genes.
Finally, the QTL analysis presented in Ali et al. (2004) was reevaluated using the
corrected phenotypic scores, and the data regarding pericarp-aleurone phenolics was
analyzed using the same methods. The hypotheses regarding these objectives are as
follows:


Correction of the data generated for Ali et al. (2004) will likely change the
positions of previously identified QTL, but the general trend of multiple loci
having small effects on disease scores following inoculation of maize silks or
kernels with F. graminearum will remain unchanged. Since F. graminearum
response is an environmentally sensitive trait, correlations between disease
scores from different environments are expected to be low.
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Multiple genomic regions will be identified as QTL for pericarp-aleurone
phenolic concentration since the phenylpropanoid pathway contains many
known enzymes and transcriptional regulators.



The physical map of maize can be used as a guide for targeted molecular marker
development such that the positions of unmapped sequences can be predicted
prior to genotyping and linkage mapping in experimental populations.



The segregation of some phenylpropanoid pathway genes (biosynthetic
enzymes, regulatory proteins, enzymes generating phenoxy radicals, and/or
enzymes from closely related pathways and processes) in the CG62xCO387
mapping population will be able to explain variation for both F. graminearum
disease scores and the concentration of phenolics in the pericarp-aleurone layer
of kernels.
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CHAPTER 2
Phenotypic and Preliminary QTL Analysis of F. graminearum Response and PericarpAleurone Phenolics

Introduction
The work of Bily et al. (2003) established that there was a significant negative
correlation between F. graminearum disease severity and the concentration of DFAs in
the pericarp/aleurone layer of the maize grain. Among seven maize genotypes there
was a correlative trend in the years 2000 (R2=0.51, p=0.0824) and 2001 (R2=0.48,
p=0.0657) in Ottawa between the visual disease score following kernel inoculation and
the total DFA content (sum of 5-5’, 8-O-4’, 8-5’, and 8-5’b DFA in μg/g DW) of the
pericarp-aleurone fraction of the grain. When the total DFA was compared to the
content of the fungal biomass marker, ergosterol, in whole grain samples of infected
ears the regressions had steeper negative slopes and explained more variation in the
data (2000: r2=0.79, p=0.0100; 2001: r2=0.72, p=0.0077). The same trend was observed
among the members of the CG62xCO387 mapping population, and the data presented
in Bily et al. (2003) was used in the present thesis. They found that the visual disease
scores of kernel inoculated material from the CG62xCO387 population were significantly
correlated with all isomers of DFA and the total. Previous researchers have found a
relationship between cell wall diferulates and maize resistance to pests and diseases
such as Gibberella stalk rot, corn borer, and maize weevil (reviewed in Santiago and
Malvar 2010). The growing body of evidence supporting the role of diferulates as
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resistance factors to fungal diseases of maize prompted further characterization of the
observed correlations presented by Bily et al. (2003).
Prior to the discovery of the correlation between diferulates and disease
severity in the CG62xCO387 population, QTL analysis had been conducted across four
environments (Ottawa 1999, 2000, 2001, and Tavistock 2001) using the visual disease
scores of the RILs following inoculation of silks or kernels with F. graminearum (Ali et al.
2005). Composite interval mapping identified numerous genomic regions associated
with kernel and silk scores on a linkage map obtained from the segregation of 162
markers in the F5 generation of the population (Ali et al. 2005). The correlations
between disease severity and pericarp-aleurone DFA content in the population
suggested that composite interval mapping using the pericarp-aleurone phenolic data
would identify colocalizations of QTL for both traits.
It was subsequently determined that there were errors in the dataset that was
used for disease severity QTL analysis presented in Ali et al. (2005). These errors
necessitated reanalysis of the original disease data, and they will be described in detail
in the results section of this chapter. Therefore, the first objective of the present study
was to perform composite interval mapping with the corrected disease scores from the
four testing environments.

While the overall means of environments remained

unchanged, the analysis of variance and correlations between environments were
performed using the corrected data. The second objective of the present study was to
characterize the phenotypic data distributions of the pericarp-aleurone phenolic
content of RILs grown in Ottawa 2001 and 2003. Composite interval mapping was
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performed with phenolic content data from these environments in order to find regions
of colocalization between disease and phenolic QTL. Extending the work of Bily et al.
(2003), correlations were investigated between phenolic content and disease scores
from additional environments, and the relationships between the levels of individual
dimers and monomers were examined.
The specific hypotheses that will be addressed in this chapter are as follows:


Correction of the data generated for Ali et al. (2004) will likely change the
positions of previously identified QTL, but the general trend of multiple loci
having small effects on disease scores following inoculation of maize silks or
kernels with F. graminearum will remain unchanged. Since F. graminearum
response is an environmentally sensitive trait, correlations between disease
scores from different environments are expected to be low.



Multiple genomic regions will be identified as QTL for pericarp-aleurone phenolic
concentration since the phenylpropanoid pathway contains many known
enzymes and transcriptional regulators.
o Due to the known correlation between F. graminearum disease scores
and pericarp-aleurone phenolics, there should be regions of
colocalization between QTL for these traits.
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Materials and Methods
Plant Material
The plant materials used in this study were described in Ali et al. (2005).
Phenotypic and genotypic analysis was performed on a recombinant inbred line (RIL)
population consisting of 144 individuals that was derived from the cross CG62xCO387,
two elite inbred lines. CG62 was developed in the University of Guelph breeding
program, and it is susceptible to F. graminearum infection following silk and kernel
inoculation. CO387 was developed in the Agriculture and Agri-Food Canada breeding
program in Ottawa, Ontario, and it is resistant to F. graminearum infection following silk
and kernel inoculation. Field studies of Gibberella ear rot resistance were conducted
with the F4, F5, and F7 RILs, and field studies of pericarp-aleurone DFA content were
conducted with the F6 generation. Genotyping was performed on tissue from the F5
RILs. The population development was described in Ali et al. (2005).
Disease Severity Screening
Field trials for Gibberella ear rot disease ratings in the RIL population were
described in Ali et al. (2005). Trials were conducted in Ottawa, Ontario, with the F4, F5,
and F7 RILs in 1999, 2000, and 2001, respectively, and in Tavistock, Ontario with F 7 RILs
in 2001, giving a total of four testing environments. The design was a randomized
complete block (RCBD) with two replications. Each block contained paired rows of 15
plants each for each RIL or parent. Paired rows of a given RIL or parent were inoculated
with a macroconidial spore suspension at a concentration of 2.5 x 105 spores/ml in
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either silks or kernels. For silk inoculations, 2 ml of spore suspension were injected into
the silk channels, and for kernel inoculations the spore suspensions were injected into
wounds that were generated by driving steel pins into the kernels. A disease rating
scale ranging from 1 to 7 was used, as follows: 1 = no visual sign of infection, 2 = 1%-3%,
3 = 4%-10%, 4= 11%-25%, 5= 26%-50%, 6= 51%-75%, and 7=76%-100% of the ear with
visual signs of infection (Ali et al. 2005).
Analysis of Pericarp-Aleurone Phenolics
Analysis of cell wall bound phenolics of the pericarp-aleurone fraction of kernels
in the RIL population was described in Bily et al. (2003). Field trials were conducted in
Ottawa, Ontario in 2001 and 2003 using the F6 generation.

RILs were grown in

individual rows without replication, and kernels from non-inoculated plants were
collected at harvest time. Kernels from individual rows were bulked for analysis and
lyophilized, and three sub-samples from each bulk were used for phenylpropanoid
extraction.

The extracted phenolics were separated and quantified using high-

performance liquid chromatography (HPLC).
The lyophilized grain samples were soaked overnight in water at 4°C, and the
pericarp-aleurone layers were separated from each endosperm after 10 s of milling with
a pearl mill (Bily et al. 2003). The separations were completed manually and the
pericarp-aleurone samples were lyophilized before extraction (Bily et al. 2003).
Pericarp-aleurone samples consisting of 0.1 g of randomly selected pericarps from row
bulks were digested with 3 ml of 2N NaOH for 3 h in darkness and homogenized after 2
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h of digestion with a Polytron mixer (Bily et al. 2003). Samples were acidified to pH 2.0
with 790 μL of 12N HCl, mixed, and extracted twice with 5 ml ethylacetate (Bily et al.
2003). Organic fractions were collected, dried using a Speed Vac, dissolved in HPLC
grade methanol, and stored at 18°C (Bily et al. 2003).
The HPLC analyses were performed on an Agilent HP Chemstation 1100, with
Diode Array Detector and Mass Spectrometer detector model VL, using a reverse phase
procedure developed by A.C. Bily (unpublished data). All samples were filtered through
a 0.2-μm pore polytetrafluoroethylene filter prior to analysis. Three sub-samples of
pericarps collected from each row were analyzed by HPLC. Certain samples were
subjected to an LC-MS procedure with Atmospheric Pressure Chemical Ionization in
positive mode in order to confirm the identities of DFAs that were predicted by HPLC
(Bily et al. 2003).
Molecular Markers and DNA Extraction
Details regarding the genotypic analysis of the RIL population can be found in Ali
et al. (2005).

Briefly, high molecular weight DNA was obtained through

cetyltrimethylammonium bromide (CTAB) extraction with lyophilized, finely ground, leaf
tissue, followed by two rounds of chloroform-isoamyl alcohol extraction. The RILs and
parents were genotyped with random amplified polymorphic DNA (RAPD), restriction
fragment length polymorphism (RFLP), and simple sequence repeat (SSR) molecular
markers. The RAPD markers were purchased from the University of British Columbia
(Vancouver, British Columbia) and Operon Technologies Inc. (Alameda, California), while
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the RFLP and SSR markers (probe and primer sequence) are publicly available from the
Maize Genetics and Genomics Database (MaizeGDB, Lawrence et al. 2004). In some
cases polymorphic RAPD markers were converted to sequence characterized amplified
region (SCAR) markers.

The polymorphic RAPD amplicon of both parents was

sequenced in order to develop new, highly specific, primers that allow the original RAPD
polymorphism to be visualized on an ethidium bromide stained agarose gel following
electrophoresis. These markers are designated with an S followed by the RAPD marker
number from which they were derived. Multiple SCARs derived from the same RAPD
contain an additional identifier that reflects the band size in base pairs of the sequenced
RAPD amplicons. One RFLP marker, rpl3, was based on a sequence with high similarity
to the rice rpl3 gene, and one SCAR marker, Fi-9, was derived from an expressed
sequence tag (EST) that was cloned from F. graminearum inoculated corn plants (Ali et
al. 2005).
Map Construction
The 162 polymorphic molecular markers were used to construct a linkage map in
the MAPMAKER/EXP version 3.0b software package with the Kosambi mapping function,
as described in Ali et al. (2005). Inspection of the linkage map presented in Ali et al.
(2005) indicated that there was some disagreement between marker orders when a
comparison was made to the intermated B73 x Mo17 Neighbors (IBM2 2008 Neighbors)
linkage map available on MaizeGDB (Lawrence et al. 2004).

The marker data were

analyzed using the JoinMap ® 4 software package (Van Ooijen, 2006) in an attempt to
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correct these inconsistencies. JoinMap ® 4 has some advantages over MAPMAKER/EXP
version 3.0b in that it is computationally more efficient and it accepts heterozygous and
partial genotypic scores.
The data used for the revised analysis included full genotypic information where
available (heterozygous scores), and a maximum likelihood mapping algorithm was used
instead of a regression mapping algorithm. All other parameters were set to their
default values, and groups were identified with a logarithm of odds (LOD) score ≥4.0.
The revised map was used for subsequent QTL analyses. All markers were analyzed with
the Χ2 of goodness of fit to the expected 1:1 allelic ratio (α=0.01).
Statistical Analysis
Phenotypic Data
All statistical analyses of phenotypic data were performed with the SAS software
version 9.1 (SAS Institute Inc., Cary, NC).

An analysis of variance (ANOVA) was

conducted to assess the components of variation for the disease scores and the
pericarp-aleurone phenolic measurements.
Disease scores were analyzed using PROC MIXED procedure as a 3-way ANOVA
with lines, environments, and inoculation method as main effects. The environment
and replicates nested within environments were considered random effects while all
other factors (LINE and INOCULATION METHOD) were assumed fixed. All interactions
involving random factors were considered random effects. Pericarp-aleurone phenolics
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were analyzed using PROC MIXED procedure with lines and subsampling error as
sources of variation. Each year and phenolic within a year was analyzed as a separate
ANOVA. Lines were considered fixed effects, subsampling error was considered a
random effect, and the error term (residual) used to test the significance of the fixed
effect (lines) was the line x subsampling error interaction term.
Least squared means (LSmeans) of lines were requested and were used for
subsequent QTL analyses. Residual analysis was conducted to confirm that the data
were reasonably meeting the assumptions of the ANOVA. The Shapiro-Wilk statistic was
used to assess normality of both residuals and line means.
Pearson correlations were generated between all pairwise combinations of
disease severity data from the various trials (Ottawa 1999, 2000, 2001, and Tavistock
2001) and treatments (silk and kernel inoculations) using PROC CORR procedure.
Pearson correlations were also generated for all pairwise combinations of phenolic
content data within a given testing environment. In order to investigate the correlation
between disease scores and phenolic concentration, Pearson correlations were
generated for all pairwise combinations of disease scores (lines inoculated in the same
way in a given test environment) and phenolic content scores (lines analyzed for the
same phenolic in a given test environment). Significant correlations between disease
scores and phenolic content were further analyzed with PROC REG procedure to
generate regression equations, 95% confidence limits, and coefficients of determination
(R2). Unless otherwise noted, significance was declared at a type-I error rate of 0.05.
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QTL Analysis
Composite interval mapping (CIM) was performed with disease trials and
phenolic trials using the MQM mapping algorithm of the MapQTL® 5 software package
(Van Ooijen, 2004).

Cofactors were selected by backwards elimination with the

automatic cofactor selection procedure recommended by the developers. This was
performed systematically for all traits with removal of false positives until the selected
markers did not change in subsequent rounds of automatic selection. Analyses were
conducted with the default parameters which have a mapping step size of 1.0 cM in
which the likelihood ratio statistic is used to estimate the significance of a QTL-trait
association. Significance thresholds were estimated using 1000 permutations of the
data at a type-I error rate of 0.05. However, putative QTL were declared at a LOD of 2.0
to facilitate identification of all possible genomic regions that are important for the
various traits. Individual markers were tested for trait associations using an ANOVA of
the SAS software (SAS Institute Inc., Cary, NC). This was a one-way ANOVA with the
model Yij = µ + τi + εij, where Y is the response (either disease score or phenolic
measurement for a given line), µ is the mean of all lines for a given treatment, τ is the
treatment effect, and ε is the random variation component of each observation, or
error.
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Results
Note to the Reader: Disease Severity Evaluation Revisited
Upon inspection of the raw phenotypic data for disease trials it was apparent
that an error had been made with respect to the RIL identity of each row in the anlaysis
performed by Ali et al (2005). During population development, the lines (which for
publication and QTL mapping are named 1-144) were given different designations by the
field technicians that handled the materials in their respective locations. Furthermore,
certain lines were ultimately removed from the experiment due to poor seed set and
germination.

The initial population contained 175 individuals. This was gradually

reduced to 144 individuals with subsequent generations of selfing in order to have a
single population that was grown and tested across all or most environments. For
example, line #10 was known as ‘S98 PP-52-7’ when it was initiated as a line in summer
of 1998 (S98 for summer of 1998, PP for the corresponding author, Dr. K. Peter Pauls).
In subsequent generations it was designated as ‘W99-PP-15-1’, ‘S99 PP-1223’, ‘S99 FS13’, ‘W00 PP-15-1’, and ‘S00 PP-15’. Ultimately, line#10 was designated as line #7,
because lines 6, 8, and 9 had poor germination, poor seed set, or some other
complication. Likewise, the original line #7 ultimately became line #6. The field data
files that contained the phenotypic scores for disease resistance used one or more of
these various line designations, and this was the source of the erroneous line scores. In
the Ottawa 2000 environment (kernel and silk inoculations), the ‘W00’, ‘S99’, and ‘S99
FS’ designations were presented, however, another designation, labeled ‘ENTRY’, was
used as final line designations. This designation was simply a placeholder that was used
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for field organization and its value did not reflect the line designations whatsoever. In
the Ottawa 2001 environment, only the ‘S01’ designation was used in the phenotypic
data files for kernel and silk inoculations. However, this designation occurred in 2
columns of the spreadsheet. One was labeled as ‘SOURCE’ and the other was labeled as
‘NAME’.

The ‘NAME’ column was used to translate ‘S01’ designations to line

designations (#1-144) and generate line means, however this designation placed both
replicates of each line in the same block with half of the lines appearing in block 1 and
the other half appearing in block 2. The ‘SOURCE’ designation corresponded to a field
arrangement of complete blocks (line replicates appearing once in each block), and was
therefore determined to be correct. The relevant spreadsheet containing phenotypic
data from the 2001 Tavistock environment presented only the ‘S99’ line designations.
There was no logical correlation between the phenotypic values used for the original
QTL analysis and the designations contained in this file.

The trait values were

reevaluated by translating the ‘S99’ designations presented within that file to the final
line designations (#1-144), and this resulted in a markedly different dataset. Thus the
line scores for the affected field trials (Ottawa 2000, Ottawa 2001, and Tavistock 2001,
kernel and silk inoculations) changed dramatically, with the majority of the row
identities being changed in all affected trials.

Thus, summary statistics such as

environmental, treatment, and parental means and coefficients of variation remain
consistent with those reported in Ali et al. (2005). However, ANOVA, phenotypic
correlations, and QTL analysis results were affected by the error. The reader is directed
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to the Ali et al. (2005) publication for the relevant summary statistics. The results of the
affected analyses will be presented herein.
Disease Severity Evaluation
The phenotypic correlations between disease severity scores of plants receiving
the same treatment (silk or kernel inoculation) in different testing environments were
quite low, but many were significant at α=0.05. The strongest correlations between
disease scores of plants receiving the same treatment existed between the Ottawa 1999
and Ottawa 2000 trials (Table 2.1).

These trials contained the most complete

representations of the population as the seed stocks declined in volume with increasing
levels of inbreeding, and they were the only environments that had significant
correlations between the disease scores of the kernel inoculated lines. The kernel
scores from the Tavistock 2001 trial produced a higher correlation coefficient when
compared to Ottawa 1999 and Ottawa 2000 (0.18 and 0.18, respectively) kernel scores
than did the Ottawa 2001 trial when it was compared to these environments (0.04 and 0.10, respectively). There were more significant correlations among the silk scores from
different environments than kernel scores from different environments. Significant
correlations were observed between the Tavistock 2001 silk scores and the Ottawa 1999
and Ottawa 2000 silk scores in addition to the significant correlation between Ottawa
1999 and Ottawa 2000 silk scores. Disease scores from the Ottawa 2001 trial were not
positively and significantly correlated with disease scores from any other testing
environment (Table 2.1). However, there was a significant negative correlation between
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Table 2.1 Pearson correlation coefficients between disease scores of the
CG62xCO387 mapping population in four testing environments (Ottawa 1999-2001
and Tavistock 2001) using two inoculation methods (kernel and silk). Values marked
with an asterisk are significant at α=0.05.

Kernel

Kernel

Ottawa 1999
Ottawa 2000
Ottawa 2001

Ottawa
2000

Ottawa
2001

0.57*

0.04
-0.10

Silk
Tavistock
2001
0.18
0.18
0.10

Silk

Tavistock 2001

Ottawa
1999

Ottawa
2000

0.36*
0.36*
-0.14

0.27*
0.53*
-0.21*

0.15
-0.01
0.31*

0.27*
0.28*
-0.03

0.26*

0.19*

0.17

0.42*

0.42*

-0.08
0.00

0.40*
0.36*
0.14

Ottawa 1999
Ottawa 2000
Ottawa 2001

Ottawa
2001

Tavistock
2001

Table 2.2 Three-way ANOVA of disease response in the CG62xCO387 recombinant
inbred line population following kernel or silk inoculation with F. graminearum
spores. Field trials were carried out over 3 years in Ottawa and 1 year in Tavistock
using a randomized complete block design with two replications. α=0.05.
Estimate

Standard error

Z Value

Pr Z

ENVIRONMENT

0.0639

0.066

0.96

0.1676

REPLICATE (ENVIRONMENT)

0.0126

0.011

1.13

0.1284

LINE*ENVIRONMENT

0.256

0.041

6.30

<0.0001

ENVIRONMENT*INOCULATION METHOD

0.0125

0.014

0.90

0.1838

LINE*ENVIRONMENT*INOCULATION METHOD

0.0168

0.039

0.43

0.3350

RESIDUAL

0.786

0.038

20.81

<0.0001

Effect

Num DF

Den DF

F value

Pr > F

LINE

142

348

2.19

<0.0001

1

3

91.08

0.0024

142

348

1.65

<0.0001

Covariance Parameter

INOCULATION METHOD
LINE*INOCULATION METHOD
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Ottawa 2001 kernel scores and Ottawa 2000 silk scores. Independent ANOVA (Appendix
I) for the disease response in the Ottawa 2001 environment indicated that, unlike all
other trials, the lines were not a significant source of variation in that test. It was
therefore expected that the Ottawa 2001 environment would be poorly correlated with
the others and that some spurious associations may be observed.
Within disease trials, all kernel inoculation scores were significantly and
positively correlated with their respective silk inoculation scores (Table 2.1).

The

strongest correlations were observed between silk and kernel scores in the same
environment, but significant correlations were observed between silk and kernel
inoculations across all environments except Ottawa 2001. The correlation coefficients
between silk and kernel scores from the same environment ranged from 0.31 to 0.53.
The correlation coefficients between silk and kernel scores from different environments
ranged from -0.21 to 0.36 (Table 2.1).
These results are consistent with the mixed model ANOVA that describes the
entire experiment (Table 2.2). Although the 1999 environment on average had lower
disease scores than the remaining environments (Ali et al. 2005), the environments
overall were not a significant source of variation (P=0.1676). There was no significant
interaction between inoculation method and environment (P=0.1838) which is
consistent with the strong correlations between silk and kernel inoculations across
environments.

The inbred lines were in fact segregating for the F. graminearum
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response trait following silk or kernel inoculations as evidenced by the significance
(P<0.0001) of the line term in the ANOVA (Table 2.2).
The line by environment interaction term was significant (P<0.0001) and in turn
the line by inoculation method term was also significant (P<0.0001). Genotype by
environment variability is expected in trials of Gibberella ear rot resistance, and this
contributes to the line by inoculation method interaction taken across environments.
The lower correlations between silk and kernel scores from different environments
relative to single environments, and the particularly low correlations between the
Ottawa 2001 environment and all other environments are the major contributing
factors to the high line by inoculation method variability. Although the RILs performed
similarly in the Ottawa 2001 environment based on the previously mentioned
independent ANOVAs (Appendix I), there was sufficient segregation for resistance in the
other trials to produce significant genotypic variability across all trials.
Pericarp-Aleurone Content of Hydroxycinnamic Acid Derivatives
The variation among lines (LINE) was significantly greater than the variation
among subsamples within lines (RESIDUAL) for all tested phenolics across both years
(P<0.0001, Table 2.3). The subsampling error (REP) was not a significant source of
variation for any tested phenolic in either year (P>0.05, Table 2.3). The concentration of
the E isomer of ferulic acid (EFA) in maize pericarps was 12 to 16 times higher than that
of p-coumaric acid (pCA) based on the results of the 2001 and 2003 trials, respectively
(Table 2.4). The 5-5’ and 8-O-4’ isomers are the predominant DFAs at concentrations
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greater than 1000 μg·g-1 dry weight (DW), while the 8-5’ and 8-5’b isomers occur at
concentrations of approximately 550 and 350 μg·g-1 DW, respectively (Table 2.4). The
average total DFA content, extrapolated as the sum of the investigated DFA species, was
between 3333 and 3460 μg·g-1 DW of the pericarp-aleurone fraction of the grain in both
testing years (Table 2.4). Similar to the distribution of disease scores (Ali et al. 2005),
the distributions of phenolics among the RILs was continuous and normal to somewhat
skewed (Appendix II).
There were significant correlations between the various isomers of DFA within
the lines of the mapping population (Table 2.5). In the two testing environments, all
DFA species exhibited significant positive Pearson correlations. The 5-5’ and 8-O-4’
isomers tended to have higher correlation coefficients between each other and with
total DFA, as they make up the majority of the total, but all were significant at P<0.05.
There were stronger correlations between EFA and the DFA isomers than there were
between pCA and the DFA isomers. No significant correlations were observed between
pCA and the DFA isomers or between pCA and EFA.
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Table 2.3 Mixed model analysis of variance of pericarp-aleurone content of cell wall
phenolics [(E)-FA, pCA, 5-5’ DFA, 8-O-4’ DFA, 8-5’b DFA, and 8-5’ DFA] in Ottawa 2001
(left panel) and Ottawa 2003 (right panel). Pericarp-aleurone samples were derived
from bulks of individual rows of CG62xCO387 RILs without replication or randomization.
Three subsamples derived from a single row were analyzed by HPLC. The subsampling
error was considered a random effect (REP) and lines were considered fixed effects
(LINE). The LINE*REP interaction (RESIDUAL) was used to test the significance of the Ftest for the fixed effect.

Cov. Parm. DF
REP
2
RESIDUAL 138
Effect
LINE
Cov. Parm. DF
REP
2
RESIDUAL 138
Effect
LINE
Cov. Parm. DF
REP
2
RESIDUAL 138
Effect
LINE
Cov. Parm. DF
REP
2
RESIDUAL 138
Effect
LINE
Cov. Parm. DF
REP
2
RESIDUAL 138
Effect
LINE
Cov. Parm. DF
REP
2
RESIDUAL 138
Effect
LINE

Ottawa 2001
(E)-FA
Estimate
SE
43836 71511.0
1931814 232563.0
Num DF Den DF
69
138
pCA
Estimate
SE
0
.
20021 2392.9
Num DF Den DF
69
138
5-5' DFA
Estimate
SE
597
729.0
9259
1114.6
Num DF Den DF
69
138
8-O -4' DFA
Estimate
SE
67
230.0
11382 1370.2
Num DF Den DF
69
138
8-5'b DFA
Estimate
SE
297
366.6
4835
584.2
Num DF Den DF
69
138
8-5' DFA
Estimate
SE
61
84.3
1624
195.5
Num DF Den DF
69
138

Z Value
0.61
8.31
F value
15.18

Pr Z
0.2699
<0.0001
Pr > F
<0.0001

Cov. Parm. DF
REP
2
RESIDUAL 79
Effect
LINE

Z Value Pr Z Cov. Parm. DF
.
.
REP
2
8.37 <0.0001 RESIDUAL 79
F value Pr > F Effect
51.0 <0.0001 LINE
Z Value
0.82
8.31
F value
14.9

Pr Z
0.2066
<0.0001
Pr > F
<0.0001

Cov. Parm. DF
REP
2
RESIDUAL 79
Effect
LINE

Z Value
0.29
8.31
F value
10.6

Pr Z
0.3862
<0.0001
Pr > F
<0.0001

Cov. Parm. DF
REP
2
RESIDUAL 79
Effect
LINE

Z Value
0.81
8.28
F value
6.7

Pr Z
0.2086
<0.0001
Pr > F
<0.0001

Cov. Parm. DF
REP
2
RESIDUAL 79
Effect
LINE

Z Value
0.72
8.31
F value
5.4

Pr Z
0.2344
<0.0001
Pr > F
<0.0001

Cov. Parm. DF
REP
2
RESIDUAL 79
Effect
LINE
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Ottawa 2003
(E)-FA
Estimate
SE
0
.
8858082 1391913.0
Num DF Den DF
47
79
pCA
Estimate
SE
0
.
25585
3971.6
Num DF Den DF
47
79
5-5' DFA
Estimate
SE
411
1846.6
55269
8801.0
Num DF Den DF
47
79
8-O -4' DFA
Estimate
SE
439
1132.9
25768
4130.4
Num DF Den DF
47
79
8-5'b DFA
Estimate
SE
0
.
8691
1365.7
Num DF Den DF
47
79
8-5' DFA
Estimate
SE
3
106.8
3942
628.0
Num DF Den DF
47
79

Z Value
.
6.36
F value
4.4

Pr Z
.
<0.0001
Pr > F
<0.0001

Z Value Pr Z
.
.
6.44 <0.0001
F value Pr > F
39.6 <0.0001
Z Value
0.22
6.28
F value
8.6

Pr Z
0.412
<0.0001
Pr > F
<0.0001

Z Value
0.39
6.24
F value
6.6

Pr Z
0.3493
<0.0001
Pr > F
<0.0001

Z Value
.
6.36
F value
6.9

Pr Z
.
<0.0001
Pr > F
<0.0001

Z Value
0.03
6.28
F value
3.5

Pr Z
0.4882
<0.0001
Pr > F
<0.0001

Table 2.4 Least squared means (± standard error) of pericarp-aleurone content of cell
wall phenolics [(E)-FA, pCA, 5-5’ DFA, 8-O-4’ DFA, 8-5’b DFA, and 8-5’ DFA] in Ottawa
2001 and Ottawa 2003. Total DFAs are the sum of the individual isomers (5-5’ DFA, 8-O4’ DFA, 8-5’b DFA, and 8-5’ DFA). Values are expressed in μg g-1 dry weight.
Phenolic

Ottawa 2001

Ottawa 2003

(E)-FA
pCA
5-5' DFA
8-O-4' DFA
8-5'b DFA
8-5' DFA
Total DFAs

21740 ± 373.7
1744 ± 69.7
1292 ± 25.6
1101 ± 24.0
564 ± 12.4
376 ± 6.4
3333

22868 ± 543.6
1360 ± 87.1
1518 ± 58.5
1029 ± 37.0
559 ± 21.6
355 ± 10.5
3460
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Phenotypic Correlations: Gibberella Ear Rot Resistance and Pericarp-Aleurone
Phenolics
Significant negative correlations were observed between the disease severity
scores and pericarp-aleurone DFA content (Figure 2.1). The strongest correlations to
resistance include the 5-5’ and 8-O-4’ isomers and total DFAs. The regressions with the
5-5’ and 8-O-4’ isomers were able to explain 30% and 22% of the total variation,
respectively, when their concentrations were compared Ottawa 1999 disease scores
following silk inoculation (Figure 2.1). The silk inoculation disease scores were more
frequently correlated with phenolic content than the kernel inoculation disease scores.
The regression slopes were also more negative when silk inoculation scores were
compared to phenolics content than when kernel inoculation scores were compared to
phenolics content.
There were no significant negative relationships between phenolic monomers
(pCA and (E)-FA) and any disease trial. However, there was one significant positive
correlation between pCA content and silk resistance in the Tavistock 2001 environment
(Figure 2.1). Similarly, the only disease trial scores that correlated with DFA content
were from the 1999 and 2000 environments except for one positive correlation
between 5-5’ DFA content and kernel resistance scores in the Ottawa 2001
environment. The disease scores from the Ottawa and Tavistock 2001 trials for silk and
kernel resistance exhibited the general trend of negative associations with phenolic
content, but these correlations were not significant (data not shown). There were no
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Table 2.5 Pearson correlation coefficients between pericarp-aleurone phenolic content
in the CG62xCO387 mapping population in 2 testing environments (Ottawa 2001 and
2003). Pericarp-aleurone phenolics were measured by HPLC. Values marked with an
asterisk are significant at α=0.05. pCA= p-coumaric acid, (E)-FA = (E)-ferulic acid, DFA =
dehydrodiferulic acid. Panel A = Ottawa 2001, Panel B = Ottawa 2003.

A

B

pCA
(E)-FA
DFA total
8-5' DFA
5-5' DFA
8-O-4'
DFA

pCA
(E)-FA
DFA total
8-5' DFA
5-5' DFA
8-O-4'
DFA

(E)-FA
0.19

Total 8-5'
5-5'
8-O-4'
DFA
DFA
DFA
DFA
-0.16 -0.22 -0.11
-0.12
0.29* -0.07 0.43*
0.22
0.55* 0.91* 0.94*
0.33* 0.47*
0.82*

8-5'b
DFA
-0.17
0.08
0.65*
0.44*
0.40*
0.49*

(E)-FA
0.21

Total 8-5'
5-5'
8-O-4'
DFA
DFA
DFA
DFA
0.15
0.28
0.05
0.23
0.61* 0.55* 0.63* 0.58*
0.91* 0.97* 0.97*
0.81* 0.92*
0.92*

8-5'b
DFA
0.20
0.50*
0.91*
0.87*
0.83*
0.86*

Figure 2.1 Regression analysis of disease severity scores and pericarp-aleurone
content of total dehydrodimers of ferulic acid (DFAs) and their isomers in the
CG62xCO387 mapping population (See following page). n=70. Only pairwise
combinations of traits that exhibit significant Pearson correlations (α=0.05) were
included in the analysis. Regression equations, R2 values, 95% confidence intervals,
and significance of the regression are presented. DFA content is expressed as μg/g
of pericarp-aleurone dry weight (DW) and disease scores are based on a visual
ranking scale. Panels are organized by phenolic dependent variable and the sign of
its correlation (-ve : A-O, +ve : P-Q) with disease trial scores where: A-D: Total DFA,
E-H: 5-5’ DFA, I-K: 8-O-4’ DFA, L-M: 8-5’ DFA, N-O: 8-5’b DFA, P-Q: positive
correlations with 5-5’ DFA and pCA, respectively.
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significant correlations between the 2003 phenolic content data and the disease
severity scores from any environment.
QTL for Kernel Resistance
Seventeen QTL were detected for kernel resistance in the three Ottawa testing
environments based on a critical LOD score of 2.0 that was chosen for the original
analysis of the data in the Ali et al. (2005) publication. No QTL were detected the
Tavistock 2001 trial at the 2.0 LOD threshold. Five QTL were detected on chromosome
1; three QTL each on chromosomes 4, 6, and 7; and one QTL each on chromosomes 5, 8,
and 9 (Table 2.6). The number of QTL is reduced to eight on chromosomes 1, 4, 7, and 9
if the critical LOD of the permutation test is used to declare significance. Among the 17
putative QTL, 12 were contributed by CO387 and 5 were contributed by CG62.
The various QTL for kernel resistance explained 4.4-17.5% of the phenotypic
variation. Only one QTL (S535_1-umc1917) on chromosome 1 was detected in more
than one environment, and it explained 5.1% and 6.1% of the phenotypic variance in
Ottawa 1999 and 2000, respectively, but did not exceed the calculated significance
threshold of 3.0 LOD in either test. However, 2 of the QTL identified on chromosome 4
(S610_2-Fi-9 and Fi-9-umc1329) were possibly detecting the same locus, and therefore
the interval encompassing both QTL (S610_2-umc1329) was detected in both the
Ottawa 2000 and 2001 trials. This interval explained 5.7 -14.5% of the trait variation
with additive effects of 0.30 to 0.80, and in the Ottawa 2001 trial it had a high LOD
relative to the mean of all trials (LOD=4.3). The other nearby QTL (BC351_210049

umc1142) was contributed by the susceptible parent, suggesting that it may in fact
represent a separate marker-trait association. The 2 QTL at BC143_3000-BC595_1200
and BC595_1200-umc1112 on chromosome 7 may also be detecting a single genetic
element, and the exact position of the causal locus is difficult to estimate given that the
LOD maxima occur in large gap regions. They explain 8.7-17.5% of the total variance
with additive effects of 0.31-0.53, respectively, and both exceed LOD 3.0. Similarly, the
umc1979-umc1014 and umc1014-umc1250 intervals on chromosome 6 have
overlapping LOD profiles across environments. These QTL were contributed by CG62
and explain 4.4-9.4% of the total variance, respectively. They have similar additive
effects (-0.21 and -0.34) and similar LOD scores (2.12 and 2.81) in Ottawa 1999 and
2001, respectively. The remaining QTL were detected in only one test for kernel
resistance and were not directly neighboring other QTL as in the previous examples.
QTL for Silk Resistance
Five QTL for silk resistance were identified by MQM (CIM) with 2 QTL on
chromosome 1 and 1 QTL each on chromosomes 4, 6, and 7 based on a LOD threshold
of 2.0 (Table 2.6). The significance threshold based on 1000 permutations of the data
ranged from 2.8 to 3.3 LOD (α=0.05) for the various testing environments and
inoculation types with an average critical LOD of 3.0. The silk resistance QTL on
chromosomes 1 and 7 were significant at LOD 3.0. These QTL were detected in multiple
environments and resistance was donated by CO387 while the remaining QTL were
detected in only one environment with the resistance being donated by CG62.
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Table 2.6 Composite interval mapping of quantitative trait loci (QTL) for Gibberella ear rot resistance in the CG62 x CO387 recombinant inbred
line population following kernel and silk inoculations in four environments.
Kernel Inoculation
a
Marker Interval
Ottawa 1999
Ottawa 2000
Ottawa 2001
Tavistock 2001
Additive
Additive
Additive
Additive
2c
d
e
2
2
2
effect
LOD
R
effect
R
effect
R
effect
M1
Pos M2
Pos Chr R
LOD
LOD
LOD
umc1177b
umc1402
S535_1
BC351_1500
S119_1
BC351_2100
S610_2
Fi_9
umc1019
umc1979
umc1014
umc1805
BC143_3000
BC595_1200
umc2332
umc2014
bnlg1810

0 umc1071
103 BC324_2000
179 umc1917
223 BC373_650
386 S487_4
58 umc1142
70 Fi_9
83 umc1329
161 bnlg386
99 umc1014
118 umc1250
167 umc1859
160 BC595_1200
208 umc1112
304 BC324_1400
107 umc1032
22 umc1170
Marker Interval

26
119
196
241
419
66
83
95
205
118
135
189
208
247
339
122
33

1
1
1
1
1
4
4
4
5
6
6
6
7
7
7
8
9

11.3
7.7
5.1
4.4
8.7
5.8
-

0.33
0.27
0.23
-0.21
0.31
0.26
-

5.33
3.91
2.47
6.1
0.27
6.5
0.29
5.7
0.30
2.12
3.38
5.9
0.28
2.78
Silk Inoculation
Ottawa 1999
Ottawa 2000
Additive
Additive
effect
R2 effect
LOD

2.42
2.11
2.54
2.03
-

7.3
9.7
14.5
7.0
9.4
7.2
17.5
13.7

-0.34
-0.66
0.80
-0.32
-0.34
0.32
0.53
0.41

2.63
3.15
4.30
2.71
2.81
2.44
4.50
4.64

Ottawa 2001
Additive
R2 effect
LOD
14.1
0.34
3.15
-

-

-

-

Tavistock 2001
Additive
R2 effect
LOD

R2
M1
Pos M2
Pos Chr
LOD
umc1955
367 S119_1
386 1
13.6
0.41
3.94
8.3
0.42
2.15
S119_1
386 S487_4
419 1 12.4
0.34
3.45
Fi_9
83 umc1329
95 4
10.3
-0.53
2.74
umc1143
0 umc1229
24 6
6.0
-0.23
2.05
BC324_1400 339 umc1671
379 7 12.1
0.34
3.34
9.9
0.45
2.43
16.1
0.92
2.86
a Markers (M1, M2), and their absolute positions (Pos), that flank the LOD peak of a putative QTL
b QTL with logarithm of odds (LOD) values greater than the permutation test threshold for ≥1 trait in ≥1 testing environment are in bold
c Percentage of variance explained (R2) was based on additive effects
d Positive additive effect indicates that the CO387 allele conferred resistance,
51 while negative additive effect indicates that the CG62 allele conferred
resistance; additive effect is expressed as effect on disease score (see methods)
e Maximal LOD likelihood score observed for an individual QTL

The QTL for silk resistance individually explained 6.0 to 16.1% (11% on average)
of the phenotypic variation with additive effects ranging from 0.34 to 0.92 (0.44 on
average). The QTL in the interval BC324_1400-umc1671 on chromosome 7 had the
highest additive effect (0.92) and explained the largest proportion of phenotypic
variation (16.1%). This was the most consistent QTL as well, being detected in the
Ottawa 1999, Ottawa 2000, and Tavistock 2001 tests for silk resistance. The other 2 QTL
that exceeded the significance threshold determined by permutations were located
near each other on chromosome 1 in a gap region between the 3 marker interval
S119_1-S487_4-umc1153 (Table 2.6, Figure 2.2). These QTL explained similar amounts
of the trait variation and had similar additive effects. It is therefore possible the flanking
markers of both confidence intervals are actually detecting the same locus. Thus, a QTL
interval is proposed that spans the umc1955-S487_4 region (Table 2.6). The proposed
interval was detected across all environments, explains 8.3-14.1% of the trait variation,
and has additive effects ranging from 0.34 to 0.42. The remaining QTL are located
around the intervals Fi_9-umc1329 on chromosome 4 and umc1143-umc1129 on
chromosome 6 and explain 10.3% and 6% of variation for silk resistance, respectively.
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Figure 2.2 Genetic linkage map based on the segregation of 162 molecular markers in the F5 generation of the
CG62xCO387 mapping population. Chromosome numbers are indicated above each chromosome. Distances
between markers (cM) are to the left and marker names are to the right of each chromosome. The positions of QTL
for F. graminearum response or pericarp-aleurone phenolics are indicated as vertical bar (see legend on next page).
Phenolic QTL are on the left and disease QTL are on the right of each chromosome. The thick portion of the bar
represents the region of a given QTL with ≥2.0 logarithm of odds (LOD) score. The thin portion of the bar represents
the region of a given QTL with 1.0≤LOD score<2.0. Each bar represents a QTL detected in a single environment. Only
those chromosomes with detected QTL are presented.
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Figure 2.2 Continued…

54

QTL for Silk and Kernel Resistance
Three genomic regions were detected that contributed to resistance following
both kernel and silk inoculation.

On chromosome 1, the S119_1-S487_4 interval

colocalized with silk and kernel resistance (Table 2.6). In Ottawa 2000 this region
contained a kernel resistance QTL explaining 6.5% of the variation with a LOD of 2.1, and
in Ottawa 1999 and 2001 it detected silk resistance QTL. As discussed previously, the
umc1955-S119_1 silk resistance QTL detected in Ottawa 2000 and Tavistock 2001 may
in fact represent the same locus as the S119_1_S487_4. Thus, the larger interval
(umc1955-S487_4) was detected in all tests for silk resistance and 1 test for kernel
resistance.
The chromosome 7 QTL for silk resistance BC324_1400-umc1671 did not contain
LOD maxima for kernel resistance; however, the neighboring region (umc2332BC324_1400) was detected in the Ottawa 2000 test for kernel resistance (Table 2.6).
This kernel QTL had a R2 value of 5.9, additive effect of 0.28, and LOD of 2.0. Given the
large gaps surrounding the BC324_1400 marker, it is possible that this represents a true
colocalization of silk and kernel resistance albeit the region is only weakly associated
with kernel resistance.
The interval Fi_9-umc1329 on chromosome 4 was detected in the Ottawa 2000
test for kernel resistance and the Tavistock 2001 test for silk resistance, however
resistance was donated by CO387 in 2000 and by CG62 in 2001 (Table 2.6). The Ottawa
2001 kernel experiment yielded a QTL in the neighboring region, S610_2-Fi_9, which
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was donated by CO387. The kernel resistance QTL distal to this region at BC351_2100umc1142 was contributed by CG62. Thus, the 37 cM region spanning the markers
BC351_2100-umc1329 appears to have trans-linked kernel and silk resistance QTL in the
CG62xCO387 population.
QTL for Phenolic Monomers: pCA and (E)-FA
In the 2001 experiment 4 QTL were detected for pericarp-aleurone pCA content
on chromosomes 1, 5, 6, and 10 (Table 2.7). However, no QTL were detected for EFA
content. Among the QTL for pCA content, 3 were donated by CO387 and 1 (on
chromosome 5) was donated by CG62. The strongest QTL were mmc0241-umc1462 on
chromosome 6 and bnlg210-umc1115 on chromosome 10 which explained 12.3% and
12.9% of the variation, respectively, and exceeded the calculated threshold of 3.0 LOD
as determined by 1000 permutations.

Table 2.7 Composite interval mapping of quantitative trait loci (QTL) for pericarpaleurone content of p-coumaric acid, (E)-ferulic acid, 8-5’ diferulic acid (DFA), 5-5’
DFA, 8-O-4’ DFA, 8-5’b DFA, and total DFA (Sum of individual isomers) in Ottawa in
2001 and 2003. (See following page)
a
Markers (M1, M2), and their absolute positions (Pos), that flank the LOD peak of a
putative QTL.
b
QTL with logarithm of odds (LOD) values greater than the permutation test
threshold for ≥1 trait in ≥1 testing environment are in bold.
c
Percentage of variance explained (R2) was based on additive effects.
d
Positive additive effect indicates that the CG62 allele associated with high phenolic
content, while negative additive effect indicates that the CO387 associated with high
phenolic content. Additive effect expressed in μg g-1 dry weight of pericarp-aleurone
phenolics.
e
Maximal LOD likelihood score observed for an individual QTL
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Ottawa 2001 Experiment
Marker Interval
M1
umc1402b
BC324_2500
BC603_1000
BC351_1500
umc1955
BC324_1500
umc1109
umc1240
umc1019
mmc0241
umc2332
BC324_1400
bnlg244
bnlg210

a

Pos M2
103 BC324_2000
127 bnlg439
218 BC351_1500
223 BC373_650
367 S119_1
147 S161
215 umc1180
0 umc2179
161 bnlg386
156 umc1462
304 BC324_1400
339 umc1671
46 phi022
96 umc1115
Marker Interval

p-Coumaric acid
Additive
2c
d
Pos Chr R effect

119
138
223
241
386
163
218
15
205
164
339
379
56
119

1
1 7.9
1
1
1
4
4
5 9.1
5
6 12.3
7
7
9
10 12.9

-187
188
-226
-230

LODe

(E)-Ferulic acid
Additive
R2 effect
LOD

Total Diferulic acid
Additive
R2 effect
LOD

2.02
2.09
3.05
3.07

-

12.4
-181 2.30 10.1
169
2.19 18.5
-222 3.40 - 24.4
-33
3.64
Ottawa 2003 Experiment
Total Diferulic acid
8-5' Diferulic acid
Additive
Additive
2
R2 effect
LOD R effect
LOD
- 10.7
28
2.52
8.0
287
2.38 8.7
27
2.73
16.8
412
3.69 - 18.8
56
4.68
- 11.1
-32
2.68
9.4
324
2.24 10.7
-359 2.25 11.6
-347 3.09 57
- 11.4
-28
3.23
11.2
-325 2.94 -

p-Coumaric acid
Additive
2
M1
Pos M2
Pos Chr R effect
LOD
umc1976
78 umc1402
103 1
BC351_1500 223 BC373_650 241 1
umc1553
476 umc1129
485 1
bnlg1018
37 bnlg1175
39 2
umc1155
150 umc1722
157 5
umc1019
161 bnlg386
205 5 8.8
222
2.36
bnlg386
205 umc1153
207 5
umc1083
43 umc1105
83 6
mmc0241
156 umc1462
164 6 12.6
-229 3.74
umc1859
189 umc1490
212 6
umc1241
0 umc0171
30 7 17.9
304
4.63
umc0171
30 BC618_1000 50 7
umc1782
299 umc2332
304 7
umc2332
304 BC324_1400 339 7
BC324_1400 339 umc1671
379 7
umc1671
379 umc2222
387 7 12.8
263
3.65
bnlg2235
21 umc1846
45 8
umc1846
45 BC504
52 8
umc1121
63 mmc0181
100 8
umc1231
168 S610_1
187 9 6.6
-171 2.08

-

-

(E)-Ferulic acid
Additive
R2 effect
LOD
32.9
2511 4.23
28.1 -2338 4.27
10.1
1426 2.31
24.8
2032 3.98
-

8-5' Diferulic acid
Additive
R2 effect
LOD

5-5' Diferulic acid
Additive
R2 effect
LOD
8.9
13.6
17.7
34.2
13.9
-

73
-85
106
-142
88
-

8-O-4 Diferulic acid
Additive
R2 effect
LOD

2.45 3.55 3.52 6.64 17.3
3.18 -

5-5' Diferulic acid
Additive
R2 effect
LOD
5.0
109
2.09
12.8
174
3.71
7.9
-150 2.24
14.3
-189 4.56
14.6
-178 4.58
-

-98
-

8-5'b Diferulic acid
Additive
R2 effect
LOD

- 18.6
- 13.1
- 10.7
3.10 -

-51
42
50
-

3.61
2.59
2.07
-

8-O-4 Diferulic acid 8-5'b Diferulic acid
Additive
Additive
2
R2 effect
LOD R effect
LOD
28.9
154
4.66 9.3
86
2.12 12.0
-100 2.22 14.1
-110 2.38 24.3
-84
3.06
-

The 2003 experiment identified 5 QTL for pCA and 4 QTL for EFA on
chromosomes 5, 6, 7, and 9 that accounted for 6.6% to 32.9% of the trait variation
(Table 2.7). There was a direct colocalization of pCA and EFA QTL at the interval
umc1671-umc2222 on chromosome 7, which explained 12.8% and 24.8% of the trait
variation, respectively, and exceeded LOD threshold determined by permutations. In
this case, high values of pCA and EFA were correlated with the CG62 allele. The
strongest QTL, however, were located at umc1241-umc0171 on chromosome 7 and
umc1083-umc1105 on chromosome 6 for pCA and EFA, respectively. The umc1241umc0171 interval explained 17.9% of pCA variation and umc1083-umc1105 explained
32.9% of EFA variation. In both cases the high phenolic phenotype is dependent on the
CG62 alleles.

The strongest QTL contributed by CO387 were mmc0241-umc1462

explaining 12.6% of pCA content variation and umc1859-umc1490 explaining 28.1% of
EFA content variation.

Both QTL are located on chromosome 6 and fulfill the

permutation test LOD threshold.
There was low correlation between the two experiments; however the interval
mmc0241-umc1462 on chromosome 6 was detected in both years for pCA content and
its effect was remarkably similar between environments (12.3% to 12.6% variation
explained, -226 to -228 additive effect, and 3.05 to 3.74 LOD in 2001 and 2003,
respectively).
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QTL for FA Dimers
A total of 19 QTL were identified that influence the pericarp-aleurone content of
individual isomers of DFA and total DFA content in the two testing environments (Table
2.7). Surprisingly, eight QTL were contributed by the high phenolic parent, CO387, and
11 QTL were contributed by the low phenolic parent, CG62. The individual QTL
explained 5.0% to 34.2% of the total variation for the respective traits, with an average
of 14% explained for all QTL.
Several genomic regions were identified that contribute to the variation for
multiple DFA isomers across one or more environments. Three such regions are located
on chromosome 1, 2 on chromosomes 7 and 8, and one on chromosome 5. The region
with the largest effect overall was on chromosome 7 spanning the intervals umc2332BC324_1400 and BC324_1400-umc1671. The former region was associated with 5-5’, 8O-4’, and total DFA in 2001 and 5-5’ DFA in 2003; the latter was associated with 8-5’ DFA
in 2001 and total DFA in 2003. The LOD profiles of QTL in the region are largely
overlapping, and the differences in the exact position of LOD maxima can be attributed
to the large gaps surrounding the BC324_1400 marker and experimental error that
affect QTL localization to a specific map coordinate. The region explains the largest
amount of variation in the genome with 8-5’, 5-5’, 8-O-4’, and total DFA QTL explaining,
respectively, 24.4%, 34.2%, 17.3%, and 18.5% of the total variation in 2001. QTL for 5-5’
and total DFA in 2003 explained 7.9% and 10.7% of the variation. All QTL detected in
2001 were significant based on the permutation test, but none of the 2003 QTL met this

59

threshold. All DFA QTL were contributed by CO387, however this region is directly
flanked by EFA QTL (proximal and distal) and pCA QTL (distal) that were contributed by
CG62. In addition to this major region surrounding BC324_1400, there is also a region at
the distal tip of the short arm of chromosome 7 in which there is a loose colocalization
between total DFA and pCA QTL. This could be considered a loose colocalization
because the marker intervals defining the QTL are neighboring, but the regions of the
LOD profiles exceeding a LOD of 2.0 are largely non-overlapping.

The pCA QTL

(umc1241-umc0171) explained 17.9% of the variance in 2003 and was significant based
on permutations, and the total DFA QTL (umc0171-BC618_1000) explained 9.4% of the
variance but was not significant based on permutations.
Chromosome 1 contained three separate regions of phenolic QTL colocalization,
the most important of which seems to be the BC351_1500-BC373_650 region
contributed by CG62. In 2001 this region explained 10.1% of variation in total DFA and
the neighboring interval, BC603_1000-BC351_1500, explained 13.1% of 8-5’b DFA
variation. In 2003, it explained 8.0%, 8.7%, 5%, and 28.9% of variation in total, 8-5’, 5-5’,
and 8-O-4’ DFA, respectively. Although there was a high correlation between QTL
positions in this region, only the 8-O-4’ DFA QTL was significant based on permutations.
The second region, umc1402-BC324_2000, affected 8-5’b and total DFA in 2001,
explaining 18.6% and 12.4% of the variance, respectively, and the neighboring region,
umc1976-umc1402, explained 10.7% of 8-5’b DFA variation. However, the umc1976umc1402 region was a CG62 allele, while the important allele for umc1402-BC324_1400
was derived from CO387. There was also a nearby but non-overlapping QTL for pCA in
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2001 at BC324_2500-bnlg439 that was derived from CO387. The final region of phenolic
QTL clustering on chromosome 1 was umc1553-umc1129. In 2003 this QTL accounted
for 16.8% and 12.8% of total and 5-5’ DFA, respectively. Both QTL were significant
based on the permutation test.
Chromosome 8 contained two regions with multiple overlapping phenolic QTL,
all of which were detected in the 2003 experiment. Between the three marker interval
bnlg2235-umc1846-BC504, all DFA QTL were represented and were contributed by
CO387. They explained between 11.4% and 24.3% of the variation within each DFA
trait. Total, 8-5’, and 5-5’ DFA QTL remained significant following the permutation test,
and the 8-5’b QTL was only 0.2 LOD below the calculated threshold. The 8-O-4 DFA QTL
did not meet this criterion. The second region was located in the interval umc1121mmc0181 and it was important for total DFA and 5-5’ DFA. It explained 11.2% of total
DFA and 14.6% of 5-5’ DFA variation, but only the 5-5’ DFA QTL met the permutation
test LOD threshold.
Chromosome 5 contains a region of loosely clustered, repulsion linked QTL for 8O-4, 8-5’, and 5-5’ DFA QTL in addition to a QTL for pCA. The umc1155-umc1722
interval accounted for 9.3% of the variation in 8-O-4’ DFA content in 2003. The region
umc1019-bnlg386, which is 4 cM distal to umc1722, explained 17.7% of 5-5’ DFA
variation in 2001 and 8.8% of pCA variation in 2003. These three QTL were contributed
by CG62. The interval bnlg386-umc1153 contained QTL for 8-5’ and 8-O-4’ DFA that
accounted for 11.1% and 12.0% of the variation for those traits in 2003. These two QTL
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were contributed by CO387.

Among these five QTL, only the 5-5’ DFA QTL was

significant based on permutations. The remaining DFA QTL on chromosomes 1, 2, 4,
and 9 for 8-5’b, 8-5’, 5-5’ and 5-5’ DFA, respectively, did not overlap other phenolic QTL
regions. The most important singly occurring QTL in this group is bnlg1018-bnlg1175 on
chromosome 2 which explained 18.8% of 8-5’ DFA content variation in 2003 and
exceeded the permutation test LOD threshold.
QTL for Gibberella Ear Rot Resistance and Phenolics
Within the CO387xCG62 mapping population, the markers in certain genomic
regions detected QTL for both disease response and pericarp-aleurone phenolic content
(Table 2.8). Tight colocalizations with largely overlapping LOD profiles were observed
between QTL on chromosomes 1, 5, and 7, and loose colocalizations with only partially
overlapping LOD profiles were observed on chromosomes 6, 8, and 9 (see Table 2.6,
Table 2.7, Figure 2.2).
The strongest evidence for phenolic-disease QTL colocalization was observed at
BC603_1000-BC373_650 on chromosome 1 and umc2332-umc1671 on chromosome 7.
Each of these marker intervals included multiple neighbouring QTL for the various
tested traits. The CG62 allele of the interval BC351_1500-BC373_650 was detected for
kernel resistance and total DFA in Ottawa 2001, and total DFA, 8-5’ DFA, 5-5’ DFA, and
8-O-4’ DFA in Ottawa 2003.

The CG62 allele of the distally neighboring interval,

BC603_1000-BC351_1500, influenced 8-5’b DFA content in the Ottawa 2001 test.
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Table 2.8 Marker intervals containing QTL that were significant for resistance to F.
graminearum and pericarp-aleurone phenolics based on a LOD threshold of 2.0.
Traitc

Marker interval
M1

Pos

umc1402

a

b

Total
DFA

M2

Pos

Chr

103

BC324_2000

119

1

X

X

BC603_1000

218

BC373_650

241

1

X

X

umc1955

367

S119_1

386

1

umc1019

161

bnlg386

205

5

X

umc2332

304

umc1671

379

7

X

a

Kernel

Silk

pCA

8-5'
DFA

5-5'
DFA

8-O-4'
DFA

X
X

X

X

X
X
X

Position in cM bChromosome cIndicates traits that were analyzed by CIM.

63

X
X

X
X

8-5'b
DFA

X

X

X

Thus, the interval spanning both regions (BC603_1000-BC373_650) was detected for
kernel resistance and all isomers of DFA. The nearby distal interval, S535_1-umc1917,
was detected in the Ottawa 1999 and 2000 tests for kernel resistance; however the
CO387 allele was responsible for this association. Although there were numerous QTL
detected across environments and correlated traits in this region, only the 8-O-4’ DFA
QTL was significant based on the permutation test.

The CO387 allele of the

chromosome 7 interval BC324_1400-umc1671 was detected for silk resistance in
Ottawa 1999 and 2000, and in Tavistock 2001. This interval was also detected for 8-5’
DFA in Ottawa 2001 and total DFA in Ottawa 2003. The proximally neighboring interval,
umc2332-BC324_1400, was detected in the Ottawa 2000 test for kernel resistance, the
Ottawa 2001 test for total DFA, 5-5’ DFA, and 8-O-4’ DFA, and the Ottawa 2003 test for
5-5’ DFA. Thus, the larger interval, umc2332-umc1671, was detected for both resistance
traits and all dimerized FA traits except the 8-5’b isomer. The proximally neighboring
interval, umc1782-umc2332 was detected for EFA, and the distally neighboring interval,
umc1671-umc2222, was detected for pCA and EFA in Ottawa 2003. The CG62 allele,
however, contributed high phenolic content in these intervals. Within the umc2332umc1671 interval, silk resistance, total DFA, 8-5’ DFA, 5-5’ DFA, and 8-O-4’ DFA were
significant based on the permutation test.
The CO387 allele of the umc1402-BC324_2000 interval on chromosome 1 was
associated with kernel resistance in Ottawa 1999 in addition to total and 8-5’b DFA in
Ottawa 2001. Kernel resistance and 8-5’b DFA content were significant based on
permutations. The CG62 allele of the distal neighbor, umc1976-umc1402, which had a
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largely overlapping LOD profile was associated with 8-5’ DFA in Ottawa 2003. A CO387
derived QTL for pCA, BC324_2500-bnlg439, was also detected 8 cM proximal to the
BC324_2000 marker.
The umc1955-S119_1 region of chromosome 1 contained QTL for silk resistance
in Ottawa and Tavistock 2001 in addition to an 8-5’b QTL detected in Ottawa 2001. This
area, including its neighbor S119_1-S487_4, was detected across all tests for silk
resistance and one test for kernel resistance. However, it can only be considered a
weak resistance-phenolic QTL colocalization given that the 8-5’b QTL narrowly exceeded
the liberal LOD threshold of 2.0 and that the concentrations of neither of the
predominant isomers were associated with this region. Furthermore, the resistance in
this region was donated by CO387 and the 8-5’b DFA QTL was donated by CG62. There
were, however, 2 distal QTL for 5-5’ DFA and total DFA that were donated by CO387.
The LOD profiles of these QTL overlap that of the Ottawa 2001 silk QTL in the region, but
the maxima occur at unlinked positions.
Chromosome 5 contains a colocalization between CG62-donated QTL for kernel
resistance, pCA, and 5-5’ DFA at the umc1019-bnlg386 interval. The 5-5’ DFA QTL was
significant based on the permutation test. There is 1 proximal QTL for 8-O-4’ DFA at
umc1155-umc1722 that was donated by CG62, while the distal marker pair, bnlg386umc1153, contained QTL for 8-5’ and 8-O-4’ DFA that were donated by CO387. Again,
trans-linked QTL were observed in a linkage block.
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Loose colocalizations between QTL were observed on chromosomes 6, 8, and 9.
These are considered colocalizations because the regions of the respective LOD profiles
exceeding 2.0 are at least partially overlapping and the additive effects carry the same
sign. They are considered loose because the marker intervals defining LOD maxima of
the respective QTL are different. On chromosome 6, the LOD profile of the EFA QTL at
umc1083-umc1105 partially overlaps that of the Ottawa 2001 kernel resistance QTL at
umc1979-umc1014 which in turn overlaps the Ottawa 1999 kernel QTL at umc1014umc1250. All QTL were donated by CG62. Similarly, the LOD profile of the mmc0241umc1462 pCA QTL partially overlaps the Ottawa 2001 kernel resistance QTL, umc1805umc1851, which in turn partially overlaps the umc1859-umc1490 QTL for EFA content.
In this case, QTL were donated by CO387. The Chromosome 8 QTL for total DFA and 55’ DFA at umc1121-mmc0181 are situated near the Ottawa 1999 kernel resistance QTL
at umc2014-umc1032, and favorable trait values were donated by CO387. However,
there is almost no overlap between the predicted QTL positions. Chromosome 9
contains QTL for kernel resistance (bnlg1810-umc1170) and 5-5’ DFA (bnlg244-phi022)
which are separated by 13 cM, but the region of significant LOD of the 5-5’ DFA QTL
extends distally towards the kernel resistance QTL rather than proximally away from the
kernel resistance QTL. However, the resistance QTL was donated by CO387 and the 5-5’
DFA QTL was donated by CG62.
The described colocalizations accounted for the majority of the resistance QTL
identified in the present study. The only QTL for resistance that do not at the minimum
have a loose colocalization with QTL for phenolics are the kernel resistance QTL at
66

umc1177-umc1071 on chromosome 1, silk and kernel resistance QTL around
BC351_2100-umc1329 on chromosome 4, silk resistance QTL at umc1143-umc1229 on
chromosome 6, and kernel resistance QTL around BC143_3000-umc1112 on
chromosome 7. There were, however, a higher proportion of phenolic QTL that did not
colocalize to resistance QTL than resistance QTL that did not colocalize to phenolic QTL.
These occur on chromosomes 2, 4, 5, 7, 8, 9 and 10. Overall, major, statistically
significant, resistance QTL that were detected across environments were observed at or
near regions of importance for high pericarp-aleurone phenolic content.
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Discussion
Variation in F. graminearum Response and Pericarp-Aleurone Phenolics in the
CG62xCO387 Population
The central objective of the current thesis, which was to examine relationships
between QTL for resistance to F. graminearum and phenolic synthesis in the
CG62xCO387 population, necessitated a reanalysis of the disease data published in Ali
et al. 2005, as described in the results. For the most part, this reanalysis confirmed the
original conclusions, namely that:


the members of the mapping population exhibited significant variation for
disease scores following either silk or kernel inoculation with F. graminearum



silk inoculations consistently produced lower disease scores than kernel
inoculations



significant genotype-by-environment (GxE) interaction among disease scores was
observed

The results were generally consistent with those of two studies in which kernel and
silk inoculations were performed on maize plants in a similar manner to the present
work (Schaafsma et al. 1997, Reid et al. 2002). Both studies found significant GxE
interactions, and Schaafsma et al. (1997) found that kernel inoculations on average
produced higher disease severity than silk inoculations.

Other studies of F.

graminearum response have also observed significant GxE interactions (Chungu et al.
1996, Vigier et al. 2001, Presello et al. 2006). The GxE interaction was apparent from
the weak correlations observed across environments. The environmental sensitivity
increases the importance of replicated multi-environment trials for the accurate
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assessment of germplasm.

The environments could not be pooled in subsequent

analyses due to the significant GxE interactions that were observed.
The variation for pericarp-aleurone content of hydroxycinnamic acid derivatives
in the mapping population was consistent with previously published results with a few
exceptions. For example, in a study of whole grain samples of maize, wheat, and
sorghum, Bily et al. (2004) found that (E)-FA was more abundant than pCA on average
and that the predominant dimer was 8-O-4’ DFA. The second most abundant dimer was
the 5-5’ form of DFA which was followed by the 8-5’ isomers. In the present study, the
5-5’ DFA isomer occurred at the highest concentration, but within the maize accessions
analyzed by Bily et al. (2004), two out of six did in fact have a higher 5-5’ DFA than 8-O4’ DFA concentration. Another study conducted by García-Lara et al. (2010) found that
the 5-5’ DFA isomer was the most abundant in pericarp samples from an F2:3 population
of maize. The discrepancy between the present results and Bily et al. (2004) could
therefore be due variation among maize genotypes, variation due to tissue sampling
(whole grain vs. pericarp-aleurone), or a combination of both.
Analysis of GxE interaction for pericarp-aleurone content of hydroxycinnamic
acid derivatives was not conducted in the present study because very few lines were
present in both testing environments (2001 and 2003).

Although the relative

distribution of phenolics was consistent between the 2001 and 2003 trials, the
concentrations of phenolics were not significantly correlated between years based on
the limited data that was available for comparison (N=20, data not shown). Because it
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was probable that GxE played a role in the present study, each year was analyzed
separately. García-Lara et al. (2010) also found that GxE interaction was significant for
cell wall phenolics across both years of their study.
The consistently positive correlations observed between (E)-FA concentrations
and the concentrations of its dimerized counterparts was expected. The FA molecules
are oxidized by peroxidase or laccase enzymes creating a free radical at the O-4 position.
Three possible resonance structures result from this oxidation during stabilization
leading to potential 4’, 5’, and 8’ linkages due to the existence of the free radical at
these positions (Bunzel 2010). It is possible that the ratios of the various DFA dimers are
shaped by the structural characteristics of the cell wall which dictate the spatial
orientations of the FA molecules at the time of radical coupling. In this way, the given
pool of FA that can be coupled is converted to the most energetically favourable ratio of
the possible FA dimers based on radical coupling chemistry (Boerjan et al. 2003, Bunzel
2010). The fact that (E)-FA was correlated with the DFAs supports this idea as plants
with high (E)-FA content had generally higher levels of all DFAs and a similar ratio of
DFAs to other genotypes with low phenolic content overall.
The lack of significant correlations between pCA and the various FA species
observed in the present work contrasts with the results of García-Lara et al. (2010) who
found that pericarp pCA content was significantly and positively correlated with 8-5’
DFA, 8-O-4’ DFA, and 8-5’b DFA, but not with with (E)-FA and 5-5’ DFA. However,
Assabgui et al. (1993) found that while (E)-FA was negatively correlated with disease
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severity, pCA was positively correlated with disease severity. The interpretation was
that lines exhibited high pericarp-aleurone pCA content when they had not converted
high amounts of pCA into FA and thus DFA. It is unknown why the results of García-Lara
et al. (2010) contrast those of the present work and by extrapolation the work of
Assabgui et al. (1993), however examination of the correlation analysis from García-Lara
et al. (2010) indicated that a general trend was conserved between their work and the
present study. Calculation of the average coefficient when pCA was compared to the
other phenolics [(E)-FA and DFAs, 0.22], the average coefficient when (E)-FA was
compared to the other phenolics (pCA and DFAs, 0.28), and the average coefficient
when the DFA species (including total) were compared to the other relevant phenolics
(pCA, (E)-FA, and DFAs, 0.44) indicated that stronger correlations were observed
between DFA species than were observed between pCA and DFA species or (E)-FA and
DFA species.

This trend also occurred in the present data since (E)-FA had low

correlation coefficients when compared to the other phenolics and pCA was not
significantly correlated with any other phenolics. Since the lines were not grown with
replication, quantification of the environmental variance in the field was not possible.
Thus, it is not possible to speculate about the effect the environment may have had on
the significance or direction of the observed correlations. The precise reason for the
lack of correlation between pCA and other phenolics in the present work is not known,
but it is probably a combination of genotypic variability, sample size, and the discussed
biochemical considerations.
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Correlation between Pericarp-Aleurone Phenolics and F. graminearum Response
Most statistically significant correlations between pericarp-aleurone content of
hydroxycinnamic acid derivatives and disease severity exhibited a negative relationship.
The strongest and most abundant correlations were observed between disease scores
and the total DFA, 5-5’ DFA, and 8-O-4’ DFA from 2001. This is logical mathematically as
the total is simply the sum of the individual components, and the 5-5’ and 8-O-4’ DFA
represent the majority of that total. The lack of correlation between the 2003 phenolic
trial and any disease trials is likely a function of the small sample size that was available
for testing (N=42). This problem was confounded by the fact that certain lines that had
phenolic data from 2003 lacked data for disease response from certain environments,
further reducing the sample size available for correlation analysis.

There were,

however, two questionable positive correlations between disease severity and phenolic
content. These occurred between Ottawa 2001 5-5’ DFA content and Ottawa 2001
kernel scores and between Ottawa 2001 pCA content and Tavistock 2001 silk scores.
The kernel and silk scores from the Ottawa 2001 environment were poorly correlated
with other disease trials, and pCA content was poorly correlated with other measured
phenolics.

Although Assabgui et al. (1993) found significant positive correlations

between pCA and disease severity, their observation was consistent among 19 inbreds
across 2 years of testing.

The positive correlation observed in the present work

occurred within a single experiment and a single treatment (silk inoculation). It is
therefore believed that these are spurious associations. They occurred only once out of
all analyzed pairwise combinations of phenotypic data distributions.
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The many significant negative correlations that were found between disease
severity in the various environments and the levels of pericarp-aleurone
hydroxycinnamic acid derivatives support the role of DFA-mediated resistance to F.
graminearum in maize. The vast majority of disease-phenolic correlations occurred
between the well correlated traits/environments. The fact that dimers rather than
monomers of FA were associated with this trend further supports the role of
crosslinking in resistance.The correlation itself does not provide evidence that DFA is the
cause of resistance. However, it is established that DFA crosslinking reduces cell wall
degradability and that F. graminearum must degrade the cell wall during infection. It is
also known that (E)-FA reduces mycotoxin production in vitro and that fungal esterases
have the capacity to release free FA molecules during cell wall degradation (Boutigny et
al. 2009). The model is reviewed in Santiago and Malvar (2010), and the growing body
of evidence in the literature suggests that DFA may in fact be the cause of the observed
correlations between its concentration in vivo and resistance to maize pests and
diseases.
QTL for F. graminearum Disease Response Following Silk or Kernel Inoculation
The results of the present work support the hypothesis that numerous genomic
regions affect kernel or silk resistance in the current population. The number of QTL for
kernel (17) and silk (5) resistance were similar to the number of QTL identified in the
previous analysis of the disease data for this mapping population (Ali et al. 2005) and
this supports the general consensus that the trait is controlled by several genes. Chungu
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et al. (1996) estimated that F. graminearum resistance following kernel inoculation was
controlled by 4.6-13.7 effective factors (genes) based on generation means analysis of
F1, F2, and backcross progeny. Similarly, Nankam and Pataky (1996) estimated that
kernel resistance to F. moniliforme was conditioned by 3-12 effective factors in a sweet
corn inbred. Presello et al. (2005) performed pedigree selection in maize families for
the improvement of both kernel and silk resistance. They observed that the response to
selection was much greater when performed in later rather than earlier generations,
and that was possibly due to the fact that the traits were controlled by multiple genes.
The detection of multiple significant QTL in the present work is consistent with these
hypotheses.
The only kernel resistance QTL that was detected in more than one environment
(between S535_1 and umc1917 on chromosome 1) explained less than 10% of the
variation in kernel scores from Ottawa 1999 and Ottawa 2000, and it did not have a
significant LOD score based on permutations of the data.

Its validity is however

supported by the fact that the same region was identified in a QTL analysis of maize
resistance to F. moniliforme Sheldon (Xiang et al. 2010). Based on the meta-analysis of
ear rot QTL conducted by Xiang et al. (2010), this region could explain 23.1 % of the
variation in ear rot response.
Similarly, the chromosome 4 region around S610_2-umc1329 was centered on a
meta-QTL identified by Xiang et al. (2010). This region contained three separate QTL for
kernel resistance and a single QTL for silk resistance based on the present work. It
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explained 11.5% of the variation in ear rot scores based on the meta-analysis and was
detected in two independent populations segregating for resistance to F. moniliforme
(Xiang et al. 2010).
As with the chromosome 4 kernel QTL, the BC143-3000-BC595_1200 and
BC595_1200-umc1112 QTL region from chromosome 7 was also supported by the metaanalysis with a different population segregating for F. moniliforme resistance (Xiang et
al. 2010). In a more recent meta-QTL analysis, the region was also associated with grain
moisture content, a trait that correlates well with resistance (Xiang et al. 2011). This
suggests that the region may contain a true QTL, and in the CG62xCO387 population it
explained between 8.7% and 17.5% of the variation in kernel scores in Ottawa 1999 and
Ottawa 2001, respectively. The two kernel QTL between umc1979-umc1250 and the
single kernel QTL at umc1805-umc1859 on chromosome 6 were also supported by the
meta QTL analysis. The umc1979-umc1250 region was detected in two independent
populations, while the umc1805-umc1859 region was supported in three independent
populations, each segregating for response to F. moniliforme infection.
It should also be noted that, although the umc1019-bnlg386 QTL for kernel
resistance on chromosome 5 was detected only in the Ottawa 2001 environment, it was
supported by the meta-analysis.

The region was detected for resistance to F.

moniliforme in one population and for resistance to both F. moniliforme and Aspergillus
flavus (Link:Fr) in a different population (Xiang et al. 2010).
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Of the five identified silk QTL, two were supported by detection across multiple
environments. The chromosome 7 QTL region centered on the BC324_1400 marker was
the most consistent, being detected in 3 silk tests and 1 kernel test. The region did not
colocalize with QTL in the meta-analysis performed by Xiang et al. (2010). The region
did, however, colocalize with grain moisture QTL from the Xiang et al. (2011) metaanalysis. The BC324_1400 marker itself may actually be the QTL as it has been cloned
and represents a guanylyl cyclase-like gene whose transcript abundance increases more
rapidly and to a higher magnitude in the resistant parent than in the susceptible parent
following F. graminearum inoculation (Yuan et al. 2007). Adequate support for the
validity of this region is provided by the present study alone. The other consistent and
significant silk QTL around the S119_1-S487_4-umc1153 region of chromosome 1 was
loosely supported by the meta-analysis of Xiang et al. (2010). Based on the IBM2 2008
Neighbors genetic coordinates, the meta-analysis identified a QTL for F. moniliforme
resistance from a different population that was around 70 cM proximal to the umc1153
marker that was present on the CG62xCO387 map. Given that many of the nearby
proximal markers were individually significant for the traits detected by QTL analysis
(single marker ANOVA, data not shown, α=0.05) and that the genetic distances on the
IBM2 2008 Neighbors map are much larger than those on the CG62xCO387 map, it is
likely that a marker at the precise location of the F. moniliforme QTL would be linked to
the QTL markers from the present study (eg. <70 cM proximal to QTL). Taken together,
it seems that all regions containing F. graminearum resistance QTL clusters except the
BC324_1400 region of chromosome 7 were supported by the results of other studies.
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QTL for Pericarp-Aleurone Phenolics
The large numbers of QTL for pericarp-aleurone phenolics dispersed across the
genome suggests that these traits are controlled by multiple genes. In total 29 QTL were
identified across all chromosomes except chromosome 3.

This is expected since it is

known that the biosynthesis of lignin depends on the action of many enzymes and
transcription factors. In a meta-QTL analysis of cell wall digestibility traits, QTL for pCA
and FA (ether and ester releasable) occurred on chromosomes 1,2,3,4,6,7, and 9 based
on results from two published studies (Barrière et al. 2007). In a subsequent study,
Barrière et al. (2008) mapped more than 20 QTL for ester pCA, ester FA, ether FA, 5-5’
DFA, and 8-O-4’ DFA on all chromosomes except chromosome 7. García-Lara et al.
(2010) mapped almost 20 QTL across all chromosomes for the pericarp-aleurone
content of the same phenolics that were analyzed in the present study. Thus, the
relative abundance and distribution of QTL for pCA, E-FA, and the 4 DFA species seems
to be consistent with other published results. Furthermore, the meta-analysis describes
QTL for cell wall digestibility such as lignin content (acid detergent lignin/neutral
detergent fiber), and these were similarly distributed across the genome (Barrière et al.
2007).
Many of the genomic regions that were identified as QTL affecting pericarpaleurone phenolics were identified by other researchers as QTL affecting the same or
related traits (Barrière et al. 2007, Barrière et al. 2008, Riboulet et al. 2008a, García-Lara
et al. 2010). All studies used for comparison measured phenolics in maize stover for the
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purpose of silage maize improvement except for García-Lara et al. (2010) in which
pericarp-aleurone samples were used.
However, surprisingly, the most striking observation from the comparison of the
CG62xCO387 derived QTL to published results was that the chromosome 7 region
surrounding the BC324_1400 marker was not supported by any other study. Excluding
8-5’b DFA, this region contained QTL for all analyzed phenolic traits, including
colocalizing QTL for total DFA and 5-5’ DFA from both experiments (Figure 2.2, Table
2.7). This was by far the most consistently detected region for all analyzed traits in the
population. Given that the data supported the region so heavily, it is possible that
genotypic differences caused the discrepancy between the CG62xCO387 population and
the other populations that were analyzed for these traits. For example, the causal
genes in the region must be polymorphic between the parents in order for the region to
be detected as a QTL, and this may have not been the case. Even if the parents were
polymorphic for the causal loci, there could be genetic background effects that diminish
the significance of the region in question. As research in the area continues, it will be
interesting to see whether or not this region is detected in other genetic backgrounds.
The region is certainly affecting the traits in the CG62xCO387 population, but it must be
considered that its additive effects may not be easily transferable to a different genetic
background.
All of the phenolic QTL clusters on chromosome 1 received support from other
published studies, and the consistency between the estimated coordinates of QTL
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position provides strong evidence that genes affecting cell wall phenolics are located in
those regions. The region between umc1976-bnlg439 on chromosome 1 detected QTL
for pCA, total DFA, 8-5’ DFA and 8-5’b DFA explaining 7.9 to 18.6% of the variation in
those traits. QTL for lignin content were detected in this region in two independent
populations, and a QTL map derived from third population placed a QTL for lignin
content in the same bin (Barrière et al. 2007). In one of the populations (F11 x F2), the
umc1976 marker was considered to be the closest marker to the QTL. This marker was
present on the CG62xCO387 map and it was one of the two flanking markers for the 8-5’
DFA QTL in the region (Table 2.7, Figure 2.2). García-Lara et al. (2010) also identified
QTL for (Z)-FA at this region. The nearby proximal phenolic QTL cluster that was
bounded by the BC603_1000-BC373_650 markers was also supported by published
results. This area contained QTL for total DFA and 8-5’b DFA from 2001 and total DFA,
8-5’ DFA, 5-5’ DFA, and 8-O-4’ DFA from 2003. QTL for lignin content were predicted in
this region in 2 independent populations (Barrière et al. 2008, Riboulet et al. 2008a). In
one of the populations, QTL for 5-5’ DFA and 8-O-4’ DFA were also detected. The third
cluster of QTL at the bottom of chromosome one (umc1955-S484_4) mainly consisted
of disease QTL, and it only contained a single phenolic QTL for 8-5’b DFA from 2001
(Table 2.7, Figure 2.1). The cluster did partially overlap the confidence intervals for the
umc1153-umc1129 QTL for total and 5-5’ DFA from 2003. Since the 8-5’b DFA QTL was
weak (R2=10.7, LOD=2.07), it is important to note that the region was identified in other
work. In the FRxWM13 RIL population, a QTL for lignin content was identified in the
region that had a LOD of 5.0 and explained 13% of the variation in that trait (Barrière et
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al. 2007). The nearby marker bnlg1025 was significantly associated with ether labile FA
(eg. hydrolyzed from lignin) in a separate RIL population (Barrière et al. 2007). In a third
population, García-Lara et al. (2010) found QTL for pericarp aleurone content of 8-5’
DFA, 8-5’b DFA, 8-O-4’ DFA, total DFA, pCA, and Z-FA between the markers bnlg1556
and bnlg1347. Based on the IBM2 2008 Neighbors map, the umc1955-S119_1 QTL
region occurs just between these two markers. This provides a great deal of evidence
that the 8-5’b DFA QTL identified in the CG62xCO387 population at the region may in
fact be a true QTL.
There was a cluster of phenolic QTL donated by CG62 at the bottom of
chromosome 5 for pCA, 8-O-4 DFA, and 5-5’ DFA. There were also two nearby distal QTL
for 8-O-4’ and 8-5’ DFA that were donated by CO387. The region specifically around the
CG62 donated QTL was identified in other studies. This large area bounded by the
markers umc1155-bnlg386 contained QTL for lignin content from 3 independent
populations, although 2 of the populations had B73 as the female parent (Barrière et al.
2007). A fourth unrelated population detected QTL for 5-5’ and 8-O-4’ DFA in this
region (Barrière et al. 2008). García-Lara et al. (2010) found a grain hardness QTL in this
region as well, but they did not find QTL for the pericarp-aleurone phenolics that were
analyzed in both their work and the present work. One of the proposed functions of
DFA crosslinking is to provide strength and rigidity to the mature cell wall, and this
relates to the ‘hardness’ of the tissue in question. Given that QTL were identified in this
region for stover lignin, 5-5’ DFA, and 8-O-4’ DFA content from four populations, and
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that pericarp-aleurone pCA, 5-5’ DFA, and 8-O-4’ DFA content QTL were identified in the
current work, this likely constitutes a veritable QTL.
There were two colocalizations of phenolic QTL on chromosome 8 and all were
derived from the 2003 experiment and contributed by CO387. The region between the
markers bnlg2235-BC504 that contained QTL for total DFA, 5-5’ DFA, 8-5’b DFA, 8-5’ DFA
and 8-O-4’ DFA was identified in other QTL studies. Barrière et al. (2008) placed QTL for
8-O-4’ DFA and ester labile FA within this region. García-Lara et al. (2010) placed QTL
for total DFA, 5-5’ DFA, 8-O-4’ DFA, (Z)-FA, pCA, and 8-5’ DFA in the region. The QTL for
8-5’ DFA was detected in both of their testing environments as well. Since all QTL were
derived from the smaller 2003 experiment in the present work, it is promising that the
region seemed to be very important in the larger, replicated studies of Barrière et al.
(2008) and García-Lara et al. (2010). The umc1121-mmc0181 region that contained
colocalizing QTL for total DFA and 5-5’ DFA were identified by Barrière et al. (2007,
2008). Barrière et al. (2007) found QTL for lignin content within the region, and Barrière
et al. (2008) found QTL for ether FA and pCA very close (<10 cM from mmc0181 on
IBM2 2008 Neighbors map, data not shown) to the region. The data were derived from
two independent populations.

Unfortunately, there were very few polymorphic

markers from chromosome 8 in the CG62xCO387 population. It would be useful to add
additional markers to the chromosome 8 linkage group in order to better define the QTL
regions and conduct fine mapping.
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Most of the remaining QTL were identified in only a single environment or for a
single pericarp-aleurone phenolic trait. An exception is the mmc0241-umc1462 QTL for
pCA on chromosome 6 that was detected in 2001 and 2003. A lignin content QTL was
detected near these markers (<10 cM from umc1462 based on IBM2 2008 Neighbors
map, data not shown) in a B73xDe811 population (Barrière et al. 2007). In a larger
region that flanks the mmc0241-umc1462 markers, García-Lara et al. (2010) found QTL
for (Z)-FA, total DFA, 5-5’ DFA, 8-O-4’ DFA, and 8-5’b DFA. The 8-O-4’ DFA QTL was
detected in both of their testing environments. The tight colocalizations between pCA
QTL from both years in the present work and related QTL from other studies make this a
promising region for further analysis. The large region defining the QTL cluster on
chromosome 6 from García-Lara et al. (2010) extends to within 5cM of the umc1859umc1490 QTL for (E)-FA. This (E)-FA QTL region maps within 20 cM of lignin content QTL
presented in Barrière et al. (2007) based on IBM2 2008 Neighbors coordinates. The
region is thus loosely supported by results from other populations. The other (E)-FA QTL
on chromosome 6 at umc1083-umc1105 had a LOD of 4.23, explained 32.9% of the
phenotypic variance, and was supported by other studies. A lignin content QTL was
found less than 10 cM from this region in a F11xF2 population (Barrière et al. 2007). An
ester pCA content QTL was also found near this region based on data from F288xF271
progeny (Barrière et al. 2007). These data combined with the strength of the QTL given
the CG62xCO387 data suggest that this may be important region for cell wall bound
phenolics. The single chromosome 10 QTL for pCA content from 2001 occurred in a
region that was identified in other populations. A lignin content QTL was identified at
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this region in an F11xF2 population (Barrière et al. 2007). Barrière et al. (2008) also
found QTL for 5-5’ DFA, 8-O-4’ DFA, ester FA, and ether FA within the boundaries of the
region. Finally, the 2 5-5’ DFA QTL on chromosome 4 were supported by data from
other populations. Lignin content QTL were detected in two populations near the
BC324_1500-S161 region (Barrière et al. 2007). Additionally, García-Lara et al. (2010)
found a QTL for 8-5’b DFA content at this locus. It should, however, be noted that these
colocalizations were based on the in silico mapping of the S161 marker, and that no
sequence was available for the BC324_1500 marker (data not shown). There is less
confidence regarding this coordinate since it is supported solely by the in silico mapping
result and since the S161 marker is not present on any other linkage map. The
umc1109-umc1180 region was near a lignin content QTL presented in Barrière et al.
2007. The region (specifically the umc1109 marker) also colocalized with an ester pCA
QTL from a different population (Barrière et al. 2007). This region also maps around and
likely within 8-O-4’ DFA and 8-5’ DFA QTL identified by García-Lara et al. (2010), but
precise map comparisons were not possible since one of the relevant markers on their
map was not present in the MaizeGDB database. This was possibly a typographical error
since the marker prefix was ‘bnlg’ and most markers with this prefix are present in the
database with varying degrees of information.
Comparison of the positions of QTL on the CG62xCO387 map to those identified
in other populations with the aid of the IBM2 2008 Neighbors map from MaizeGDB
facilitated the identification of numerous colocalizations. The majority of QTL identified
in the current work were corroborated by QTL for similar or identical traits in unrelated
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populations. This is an important process that establishes confidence in the presented
QTL marker intervals. It is also important in that it suggests that shared QTL may be
transferred into varying genetic backgrounds and produce the desired and expected
results. Even the best QTL for any given quantitative trait in any given population may
not necessarily perform similarly across different genetic backgrounds, and this is likely
due to the effects of the other loci affecting the trait that may or may not have been
previously detected as QTL. The identified colocalizations of QTL across populations
suggest that the respective QTL may in fact be valuable in different genetic backgrounds
and would therefore be valuable for maize breeding.
Colocalization of Disease and Pericarp-Aleurone Phenolic QTL
There were five major disease-phenolic QTL colocalizations presented that were
identified by CIM. From the previous discussion, it was apparent that many genomic
regions were important for these traits across populations, and this generally held true
for regions of disease/phenolic QTL colocalizations.
The umc1402-BC324_2000 region of chromosome 1 contained QTL for kernel
resistance, total DFA content, and 8-5’b DFA content (Table 2.8). The kernel resistance
QTL was not supported by other QTL studies. However the region localized with QTL for
lignin content derived from stover lignin content analysis in 3 separate populations
(Barrière et al. 2007). García-Lara et al. (2010) also placed QTL for (Z)-FA and grain
hardness at this region. In the analysis conducted by Xiang et al. 2011, this region
localized with a grain moisture meta QTL that could explain 18.3% of the phenotypic
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variance and was derived from the projection of 3 QTL. Meta QTL are QTL identified by
using data from numerous, potentially unrelated, populations that segregate for shared
traits to produce a consensus, or ‘meta’ QTL map. As mentioned previously, grain
moisture correlates with disease severity. The relationship between grain moisture
content and cell wall phenolics has not been specifically examined in the literature, but
it is possible that the hydrophobicity of lignin could have some functional relationship to
the grain moisture content throughout grain maturation.

Given the relationships

between resistance, pericarp-aleurone phenolics, and grain moisture, it would be
interesting to investigate the existence of a grain moisture-phenolic correlation.
Although there is no support for the kernel resistance QTL from other studies, it did
have a statistically significant effect (LOD=3.91) based on permutations of the Ottawa
1999 environment data. The colocalizations of phenolic content and grain hardness QTL
provide additional support for the validity of the region as a QTL.
The BC603_1000-BC373_650 region of chromosome 1 contained kernel QTL
based on Ottawa 2001 data and was very close to the confidence intervals of S535_1umc1917 kernel resistance QTL detected in Ottawa 1999 and Ottawa 2000 data. Since
the two regions contain QTL from different parents, they were believed to represent
separate genetic entities. However, the estimated genetic distance between the QTL
was low enough that both regions could be considered as a single heritable unit that
potentially contains multiple loci affecting kernel resistance. The region also contains
QTL for all analyzed DFA species and includes total DFA QTL from both testing
environments. The existence of a phenolic QTL in the region further supported by the
85

fact that this region was also identified as a QTL for F. moniliforme resistance, lignin
content, 5-5’ DFA, and 8-O-4’ DFA QTL from different populations. In addition, GarcíaLara et al. (2010) mapped a QTL for maize weevil resistance to this region. The
resistance and phenolic QTL are both supported by data from multiple independent
populations, and therefore this region is quite likely contributing to the observed
correlation between disease severity and phenolics.
The third QTL region of chromosome 1, umc1955-S119_1, contained QTL for silk
resistance from Ottawa 2000 and Tavistock 2001, and the neighboring interval, S119_1S487_4, contained QTL from the remaining environments for silk resistance and a QTL
for kernel resistance from Ottawa 2000. In all cases the resistance was donated by
CO387, but the 8-5’b DFA QTL was donated by CG62. This region was loosely supported
by QTL for F. moniliforme resistance from meta-analysis conducted by Xiang et al.
(2010), but it was heavily supported by phenolic content QTL from other studies. It was
detected as a QTL for stover lignin content and ether FA by Barrière et al. (2007) and as
a QTL for pericarp-aleurone content of 8-5’ DFA, 8-5’b DFA, 8-O-4’ DFA, total DFA, pCA,
and (Z)-FA by García-Lara et al. (2010). Additionally, Xiang et al. (2011) identified two
nearby grain moisture content QTL that flanked the umc1955-S487_4 region.
Therefore, the disease QTL were heavily supported by data from the CG62xCO387
population, and the phenolic QTL was heavily supported by data from other
independent populations. The parental contributions to these QTL in the CG62xCO387
population were the opposite of what would be expected given the inverse relationship
between disease severity and phenolic content. This creates the possibility that CO38786

donated resistance in the region was related to some resistance mechanism other than
cell wall bound phenolics, while CG62 donated high phenolics from a different locus that
happened to be linked to the region. Since the region contained only a single 8-5’b DFA
QTL that did not have a significant LOD score based on permutations, it was apparent
that this region was not particularly important for pericarp-aleurone phenolics relative
to the other identified QTL in the CG62xCO387 population. It is possible that the CG62contributed QTL for 8-5’b DFA did not affect the phenolic content to the extent that
would be required to modulate the disease response and identify a corresponding
CG62-contributed disease QTL. Although the parental contributions to the QTL in the
region did not afford a simple mechanistic explanation, the region was nonetheless
important for both resistance and phenolics, and the presence of phenolic QTL was
supported by the literature. It would be interesting to measure the traits in a different
population or across an association mapping panel to determine the presence or
absence of marker-trait associations in the region and to carefully assess the allelic
contributions to those associations.
The chromosome 5 interval umc1019-bnlg386 contained colocalized QTL for
kernel resistance from Ottawa 2001, pCA from Ottawa 2003, and 5-5’ DFA from Ottawa
2001 that were donated by CG62. The nearby interval umc1155-umc1722 (4 cM
proximal to umc1019-bnlg386) contained a CG62-donated QTL for 8-O-4’ DFA, and its
confidence interval overlaps the respective intervals of the kernel, pCA, and 5-5’ DFA
QTL to varying degrees (Figure 2.2). Both the ear rot QTL and the phenolic QTL in the
region were supported by results from other studies. As mentioned previously, QTL for
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F. moniliforme and A. flavus resistance were detected in the region based on data from
two populations (Xiang et al. 2010). The region also colocalized with QTL for lignin
content from three populations, QTL for stover 5-5’ DFA and 8-O-4’ DFA from one
population, and a QTL for grain hardness from one population (Barrière et al. 2007,
Barrière et al. 2008, García-Lara et al. 2010). The consistency with published results
suggests that the region may be important in controlling DFA-mediated disease
resistance and that it may be transferrable to other genetic backgrounds. However, the
distal QTL at bnlg386-umc1153 for 8-5’ DFA and 8-O-4’ DFA were donated by the CO387.
This indicates that QTL for both high and low phenolics occur in a linkage block on
chromosome 5 in the CG62xCO387 population. Depending on the precise distance
between the causal loci and the recombination rate in the region, this could potentially
create linkage drag if one were to try to introgress the QTL to different backgrounds. A
similar reciprocal contribution of alleles to cell wall phenolics and digestibility traits
occurred in the QTL analysis of the RIL progeny derived from the lines F838 (high lignin,
high pCA, low cell wall digestibility) and F286 (low ester FA, low ether FA, high cell wall
digestibility) (Barrière et al. 2008). In their study, the marker bnlg1847 from bin 5.06
was linked to a QTL for lignin content donated by F838 and a QTL for 5-5’ DFA donated
by F286. Downstream of this region in bin 5.07, the marker bnlg1346 was linked to a
QTL for 8-O-4’ DFA donated by F286. Therefore, it is possible that the trans-linkage of
QTL affecting cell wall phenolic content in the upper bins of chromosome 5 is a
phenomenon that occurs across diverse germplasm. Since there is a large gap (44 cM)
between umc1019 and bnlg386 on the present map, it was not possible to accurately
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gauge the extent of linkage drag that may occur if the region were introgressed to other
progeny. However, the large amount of genetic distance between the putative QTL
suggests that it would be possible to break the unfavorable linkages and create a fully
favorable haplotype based on the CG62xCO387 data.
The region of chromosome 7 spanning across the 3 markers umc2332,
BC324_1400, and umc1671 was detected as a QTL for silk resistance in 3 environments,
kernel resistance in Ottawa 2000, and for all FA dimers except the 8-5’b isomer. The
total DFA and 5-5’ DFA QTL in the region were detected in the 2001 and 2003
environments. The significant (based on permutation test) QTL for 8-5’ DFA and 8-O-4’
DFA were detected in the 2001 environment only, but this environment should have
produced more meaningful data and more accurate estimations of means than the 2003
environment since it had a larger sample size. The four individual disease QTL in the
region explained between 5.9% and 16.1% of the phenotypic variance with an average
R2 of 11%, and the 6 individual QTL for DFA content explained between 7.9% and 34.2%
of the phenotypic variance with an average R2 of 18.8%. Although there were no ear rot
or cell wall phenolic QTL from other experiments that mapped to this region, there were
QTL for a few correlated traits. The region largely overlaps with a grain hardness QTL
presented in García-Lara et al. (2010), and it also contains the flanking markers of a
grain moisture QTL presented in Xiang et al. (2011). The umc2332 marker maps roughly
20 cM from the right flanking markers of QTL for European Corn Borer and Sugarcane
Borer resistance based on IBM2 2008 Neighbors genetic coordinates (Schoen et al.
1993, Bohn et al. 1996). Significant negative correlations have been observed between
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DFA content and leaf feeding damage by these two insect pests (Santiago and Malvar
2010). Given that many other QTL identified in the CG62xCO387 population colocalized
with ear rot and/or phenolic QTL from other studies, it was surprising that similar
colocalizations were not observed for this region.
The region containing multiple CO387-derived QTL around the BC324_1400
marker was flanked proximally by CG62-derived QTL for (E)-FA and distally by CG62derived QTL for pCA and (E)-FA. The confidence intervals of these CG62-derived flanking
QTL were close enough to the confidence intervals of the CO387-derived QTL that they
were partially overlapping.

This suggests the possibility that introgression of the

favorable alleles around BC324_1400 could inadvertently transmit unfavorable alleles
for (E)-FA and pCA due to linkage. The effect of such an introgression may not be strong
since (E)-FA and pCA had low correlations to DFAs. (E)-FA content correlated positively
and in most cases significantly with the content of other phenolics, but the correlation
coefficients were lower than those describing the correlations between DFA isomers.
pCA was not significantly correlated with any other phenolics, and in the 2001
environment it had negative correlation coefficients when compared to isomers. This is
not to suggest pCA or (E)-FA-independent synthesis of DFA, but rather to note that the
(E)-FA and particularly pCA content did not seem to dictate the DFA content given the
data collected in the CG62xCO387 population.
There is a potential functional relationship between the BC324_1400 marker, F.
graminearum resistance, and pericarp-aleurone content of DFAs. In a subsequent study
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by Yuan et al. (2008), the BC324_1400 marker sequence was determined to represent a
guanylyl cyclase (GC)-like gene, Zmgc1. GCs catalyze the conversion of guanosine 5’triphosphate (GTP) to the signalling molecule guanosine 3’, 5’ – cyclic monophosphate
(cGMP). In tobacco, nitric oxide (NO) transiently but significantly induced cGMP levels, a
cGMP analogue induced expression of PAL, and GC inhibitors suppressed this induction
(Klessig et al. 2000). In Arabidopsis, inhibition of NO synthase (NOS) reduces the
transcript levels of PAL and the flavonoid-specific phenylpropanoid pathway gene CHS
(Romero-Puertas et al. 2004). Also in Arabidopsis, transcription of C4H, the enzyme
converting cinnamic acid to pCA, was induced following addition of an NO donor in cell
death-inducing conditions (Romero-Puertas et al. 2004). In animals NO-dependent
cGMP signalling is well established, and there is now evidence supporting a similar role
of cGMP in plants (Klessig et al. 2000, Romero-Puertas et al. 2004). It is therefore a
possibility that the BC324_2400 marker represents or is tightly linked to the actual
functional polymorphism that was responsible for the detection of multiple disease and
phenolic QTL in the region. It would be interesting to determine whether or not PAL,
C4H, and other phenylpropanoid pathway (particularly lignin/FA-specific) genes
displayed differential expression patterns between maize plants that naturally or
artificially exhibited differential expression of Zmgc1. It would also be interesting to
determine the role of NO in the modulation of expression through NO or NOS addition
and abolition.
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CHAPTER 3
in silico Mapping of Candidate Genes

Introduction
A candidate gene approach was used to characterize the correlations between
pericarp-aleurone phenolics and F. graminearum disease severity in the CG62xCO387
mapping population. The results of the previous chapter provided evidence that there
are numerous genomic regions on the CG62xCO387 linkage map that are significantly
associated with phenolic content and disease scores following inoculation of kernels or
silks with F. graminearum spore suspensions. The biological explanation for the QTL
colocalizations and the correlation of traits is that DFA-mediated cell wall crosslinking
inhibits the ability of F. graminearum to degrade the cell wall in advance of its growth.
Additionally, cleavage of cell wall bound FA by fungal esterases releases free FA into the
apoplast, and FA inhibits mycotoxin production by F. graminearum in vitro (Santiago and
Malvar 2010). If this model is true, then one would expect that shared gene(s) are
responsible for the associations of markers with both high phenolics and low disease
severity at a given QTL.
The biosynthesis of FA remains to be determined in detail, but most of the key
enzymes of the lignin biosynthetic pathway have been identified in maize (Barrière et al.
2007).

Much less is known about phenylpropanoid pathway regulation than the

activities of the biosynthetic enzymes, but a few major regulators have been identified
and bioinformatics approaches can be used to find homologous sequences (Zhao and
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Dixon 2011). The related pathway involving the biosynthesis, regulation, and transport
of plant pigments such as flavonoids has been actively studied and many key genes have
been identified and characterized (Winkel-Shirley 2001). The MAIZEWALL database
created by Guillaumie et al. (2006) is a central repository that contains the vast majority
of potential candidate genes in maize that could be implicated in these biological
processes based on our current knowledge to date. It was therefore possible to create a
list of candidate genes that may be involved in DFA-mediated resistance to F.
graminearum infection in maize by supplementing the MAIZEWALL database with some
additional information from the literature.
The list of candidate genes can be localized to the framework maize map created
by Ali et al. (2005) using their associated nucleotide sequences and the genome
sequence of the maize genotype B73. In the present study, this involved comparing the
physical and genetic maps of maize in order to place BLAST hits on the genetic map for
the CG62xCO387 population by extrapolation. In this way the locations of potential
candidate gene sequences relative to the identified QTL were known, prior to primer
design, PCR, or marker development.
With the advance of sequencing technologies there have been a few examples of
similar techniques in the literature. Xiao et al. (2007) used partial genome sequence to
anchor 153 resistance gene analogues at 172 loci in the maize genome. Barrière et al.
(2009) in silico mapped many MAIZEWALL sequences that were putatively related to cell
wall digestibility. The purpose of the present study was to determine the physical map
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positions of all potential candidate genes in the MAIZEWALL database and the literature.
The colocalization of candidate genes with QTL was considered to be an indication that
the gene sequence would be useful as a molecular marker.
The specific hypotheses that will be addressed in this chapter are as follows:


The physical map of maize can be used as a guide for targeted molecular marker
development such that the positions of unmapped sequences can be predicted
prior to genotyping and linkage mapping in experimental populations.
o If appropriate candidate gene sequences are selected, there will be
colocalization between the positions of some of the selected genes and
the known positions of previously identified QTL affecting the trait(s) of
interest.
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Materials and Methods
Candidate Gene Discovery
The primary source of candidate gene sequences was the MAIZEWALL database,
which is freely available online (Guillaumie et al. 2007). This database is a collection of
annotated maize sequences that are putatively involved with cell wall development. In
short, relevant sequences were collected based on similarity to previously annotated
sequences of maize, similarity to annotated sequences from other species, or similarity
to sequences of genes expressed by Zinnia elegans (L.) during in vitro secondary cell wall
formation. These sequences were then used as queries for the maize GénoPlante-Info
(GPI) database, which contains contigs assembled from maize EST sequences (Samson et
al. 2003). This method led to the identification of 735 GPI contigs that were placed in
the MAIZEWALL database. All known structural genes of the general phenylpropanoid
pathway and lignin-specific branch points were contained in the list.
The MAIZEWALL contigs individually contain enough information to be
considered locus-specific; however they do not necessarily constitute the full length
gene sequence. Therefore, interesting candidate contigs were used as ‘bait’ to identify
the corresponding full length mRNA sequences in GenBank.

Furthermore, as the

candidate gene sequences were ultimately used to perform BLAST searches against the
genome sequence of B73, the sequences representing the B73 alleles of the respective
MAIZEWALL contigs were preferentially acquired. This ensured that maximal identity
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(theoretically 100%) was conserved between the mRNA queries and the B73 genome
sequence.
As mentioned previously, most structural sequences of the phenylpropanoid
pathway are contained in the MAIZEWALL database. However, there are research
publications describing genes that affect phenylpropanoid biosynthesis which are not
contained in the database. Two examples of such sequences are MYB42 and MYB31
(see Results). Therefore, genes of that nature were also considered in the following in
silico mapping analyses. Alternatively, some sequences in MAIZEWALL database were
more comprehensively/accurately described by other researchers. For example, the
database contains CCoAOMT accessions, but Guillet-Claude et al. (2004) sequenced the
full length coding regions of CCoAOMT1 and CCoAOMT2 loci from the genomic DNA of
34 different maize lines. In that case the published sequences were used for further
analysis, and their respective MAIZEWALL contig accession numbers were simply
referenced.
Mapping in silico: Extrapolation of Candidate Gene Physical Coordinates to the
CG62xCO387 Linkage Map

The selected candidate gene sequences (primarily derived from mRNA) were
used to perform BLAST searches against the B73 genome sequence in order to
determine their putative physical coordinates (Altchul et al. 1997). Two web-based
search tools were used interchangeably.

The MaizeGDB and Maizesequence.org

websites contain the updated releases of the B73 genome sequence (Lawrence et al.
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2005, Schnable et al. 2009). The current release of this sequence at the time of writing
is B73 RefGen_v2, but B73 RefGen_v1 coordinates are presented as that release was the
most current at the time research was conducted. The reader is cautioned that physical
map coordinates are not interchangeable between releases, however previous releases
are retained in the databases and they can easily guide one to the corresponding
positions in later releases.
BLAST searches were performed against these databases with a query sequence
that was derived from a B73 cDNA clone, and the hit with the highest expect value
(usually E=0.0, cutoff at E=10-100) and % identity (>95%) was chosen for further analysis.
Rather than defining the entire region, the physical coordinates of the BLAST hit were
recorded as the position of the first nucleotide of the first BLAST hit in its positive
orientation relative to the gene. The resolution of the CG62xCO387 genetic map is so
low relative the physical map that any nucleotide position within the BLAST hit (or
arguably within kb to Mb) could have been selected for further analysis.
Upon identification of a sequence match with a high degree of similarity to the
query, the genome browser GUI was activated, centered on the BLAST hit (default
behavior), and set to a zoom level of 1 Mb. The 1 Mb resolution was usually sufficient
to identify 2 flanking markers that were present on the IBM2 2008 Neighbors genetic
map. If this was not the case, then the genome browser window was moved in the
direction(s) that was lacking a marker. In some cases, the BLAST hit itself was within the
sequence of a mapped marker, indicating that the query sequence had been mapped on
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the IBM2 map. Thus, the positional information for each sequence included the closest
flanking markers present on the IBM2 2008 Neighbors map, the physical coordinates of
the first nucleotide of the first BLAST hit, and the direct marker for the sequence when
available.
Once the positional information for a sequence was gathered, the sequence was
localized to the CG62xCO387 linkage map. This was accomplished by comparing the
IBM2 2008 Neighbors genetic coordinates of the flanking markers (or the direct marker)
to the IBM2 2008 Neighbors genetic coordinates of the markers contained on the
CG62xCO387 map. This made it possible to place each sequence between 2 markers on
the CG62xCO387 map unless it occurred at one of the distal tips of the linkage groups.
Therefore, each sequence could be resolved to a region flanked by two markers on the
CG62xCO387 map. No further improvements to this resolution were attempted as
genetic and physical distances are not easily interchangeable. Given the resolution of
QTL visualization on a genetic linkage map (which could be on the order of Megabases),
this was believed to be sufficient.
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Results
Monolignol Biosynthesis Genes
Phenylalanine/tyrosine ammonia lyase (PAL)
The 5 contigs annotated as PAL homologues in the MAIZEWALL database were
placed on chromosomes 2, 4, and 5 (Table 3.1). PAL_2 was located approximately 87 kb
upstream of PAL_4 on chromosome 4 in bin 4.05, PAL_1 was located approximately 49
kb upstream of PAL_5 on chromosome 5 in bin 5.05, and PAL_3 was located on
chromosome 2 in bin 2.02 (Table 3.1). The PAL_2-PAL_4 region of chromosome 4 was
located within the confidence interval of the Fi_9-umc1329 QTL for kernel and silk
resistance in Ottawa 2000 and Tavistock 2001, respectively, and the S610_2-Fi_9 QTL for
kernel resistance in Ottawa 2001 (Table 3.2, Figure 3.1). The PAL_1-PAL_5 region of
chromosome 5 was located within the umc1155-umc1722 QTL for 8-O-4’ DFA content in
Ottawa 2003, and this QTL overlaps the confidence intervals of the umc1019-bnlg386
QTL for kernel resistance and 5-5’ DFA content in Ottawa 2001 and pCA content in
Ottawa 2003 (Table 3.2, Figure 3.1). The PAL_3 locus was located distal to bnlg1018 on
chromosome 2, which is near a strong QTL for 8-5’ DFA content in Ottawa 2003, but due
to the fact that none of the RAPD markers distal to bnlg1018 were sequenced (BC203,
BC578, BC126, Figure 3.1) the precise location relative to the QTL and flanking markers
could not be determined.
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Cinnamate 4-Hydroxylase (C4H)
The MAIZEWALL database contains two contigs annotated as C4H, however
contig 2521589.2.1 was highly similar to two separate loci on chromosomes 8 and 6
following a BLAST search against the sequenced genome (>90% identity, expect = 0.0).
Thus, three putative C4H homologues were mapped in silico with C4H_1a and C4H_1b
representing contig 2521589.2.1 and C4H_2 representing contig C4H2 (Table 3.1).
C4H_1a was mapped to chromosome 8 in bin 8.03 within the bnlg2235-umc1846 QTL
for total DFA and 5-5’ DFA, the confidence intervals of which overlap those of the
umc1846-BC504 QTL for 8-5’ DFA, 8-O-4’ DFA, and 8-5’b DFA (Table 3.2). The C4H_1a
locus is much closer in physical distance to umc1846 than it is to bnlg2235. The C4H_2
locus is located distal to umc1032 which is the last marker on chromosome 8 in the
CG62xCO387 linkage map. A QTL for kernel resistance is predicted between umc2014umc1032, with maximal LOD near umc1032, however the lack of markers beyond
umc1032 prevents localization of C4H_2 to this QTL region (Figure 3.1). The C4H_1b
locus is predicted between umc1250-mmc0241 on chromosome 6, which neighbors the
mmc0241-umc1462 QTL for pCA content detected in 2001 and 2003 (Table 3.2, Figure
3.1).
Table 3.1 in silico mapping of candidate genes. Each gene has a three corresponding
accessions. These include a MAIZEWALL contig (cDNA MAIZEWALL), an NCBI
cDNA sequence with full length coding region if available (cDNA NCBI), and a BAC
clone representing the genomic sequence (BAC NCBI). Physical positions are
expressed as chromosome (C), approximate bin (Bin), and physical coordinates (Mb)
based on B73_RefGenV1. Genetic positions are expressed as flanking markers (Marker
1, Marker 2) on the IBM2 2008 Neighbors map (IBM2 2008) and on the CG62xCO387
map (CG62/CO387 Map). IBM2 2008 Neighbors markers that directly tag a given gene
are presented if available (Direct Markers). The EC numbers of genes encoding
enzymes are presented (EC).
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Accession

Flanking Markers

cDNA
Locus
PAL_1
PAL_2
PAL_3
PAL_4
PAL_5
C4H_2
C4H_1a
C4H_1b
4CL_1

EC
4.3.1.25
4.3.1.25
4.3.1.25
4.3.1.25
4.3.1.25
1.14.13.11
1.14.13.11
1.14.13.11
6.2.1.12

4CL_2

6.2.1.12

4CL_3
4CL_4
4CL_5
4CL_6
HCT_1
HCT_2
C3H_1
CCoAOMT_1
CCoAOMT_2
CCoAOMT_3
CCoAOMT_4
CCoAOMT_5
CCR_1
CCR_2
CCR_3
CCR_4
CCR_5
CCR_6
CCR_7
CCR_8
F5H_1
F5H_2
COMT_1
CAD_1
CAD_2
CAD_3
CAD_4
CAD_5

6.2.1.12
6.2.1.12
6.2.1.12
6.2.1.12
2.3.1.133
2.3.1.133
1.14.14.1
2.1.1.104
2.1.1.104
2.1.1.104
2.1.1.104
2.1.1.104
1.2.1.44
1.2.1.44
1.2.1.44
1.2.1.44
1.2.1.44
1.2.1.44
1.2.1.44
1.2.1.44
1.14.13
1.14.13
2.1.1.68
1.1.1.195
1.1.1.195
1.1.1.195
1.1.1.195
1.1.1.195

CAD_6

1.1.1.195

CAD_7
ALDH_1
ALDH_2
ALDH_3
ALDH_4
ALDH_5
ALDH_6
ALDH_7
ALDH_8
ALDH_9
ALDH_10

1.1.1.195
1.2.1.3
1.2.1.3
1.2.1.3
1.2.1.3
1.2.1.3
1.2.1.3
1.2.1.3
1.2.1.3
1.2.1.3
1.2.1.3

MAIZEWALL
2161072.2.1
2161072.2.3
3858636.2.1
3670912.2.1
8010462.2.1
C4H2
2521589.2.1
2521589.2.1
2437842.2.1
1716323.2.1,
1716323.2.2
2448387.2.1
3106166.2.1
3071761.2.1
4CL
2478084.2.1
2619423.2.1
2643622.2.1
2455940.2.1
2455940.2.2
2591258.2.1
2430769.2.1
2943966.2.1
3012873.2.2
131555.2.1
4695478.2.1
CCR2
2969912.2.1
2646712.2.1
3230260.2.1
131555.2.3
F5H1
―
2192909.2.3
1804972.2.1
3071507.2.1
2949673.2.1
4424417.2.1
3203838.2.1
Y13733,
2405118.2.1
2485944.3.1
2621801.2.1
3204680.2.1
2192593.2.1
3071667.2.1
1716450.2.1
3204680.2.2
2750698.2.1
2550132.2.1
1805022.2.2
3012720.2.1

BAC
NCBI
NCBI
AY103647.2
AC195904.2
BG319893.1
AC185453.3
EU948681.1
AC213314.3
NM_001158010.1 AC214752.3
BT018802.1
AC195904.2
G010468
AC208713.3
NM_001155686.1 AC195798.3
NM_001155686.1 AC217531.3
AY106966.1
AC212872.3

C
5
4
2
4
5
8
8
6
9

NM_001146857.1 AC225704.2 8

8.06 162.588

AY105995.2
BT035138.2
BT067847.1
NM_001137421.1
BT039231.1
BT063520.1
BT087676.1
AY104406.1
BT034470.1
EU964048.1
NM_001158979.1
NM_001159039.1
NM_001112018.1
AY103770.1
BT061138.1
NM_001112245.1
NM_001155905.1
NM_001175381.1
BT042795.1
BT018028.1
EU957188.1
NM_001148006.1
EU965059.1
NM_001156927.1
NM_001147705.1
BT086371.1
NM_001154254.1
NM_001137309.1

3
1
5
1
5
2
3
6
9
2
4
4
1
9
7
7
5
9
10
9
1
5
4
5
7
7
10
2

3
1.01
5.04
1.07
5.05
2.04
3.06
6.02
9.02
2.07
4.08
4.08
1.07
9.03
7.03
7.02
5
9.02
10.03
9.03
1.07
5.03
4.05
5.04
7.02
7.02
10.03
2.02

1.682
umc1931
gpm244
umc1746
umc1746
11.491
cdo353c
gpm557b
umc1269
umc1976
88.439
s bp1
pza 03049
pi c11
BC399_750
209.512
IDP8950
IDP8655
BC373_650
umc1833
182.824
IDP411
mHbrBG71 umc1155
umc1722
32.324
umc2248
pco137050
―
bnl g1018
185.989 bnl g1160
cs u180
umc1266
bnl g197
78.036
mez1
ma gi 7438
umc1083
umc1105
16.221
cl 4939_2
IDP8586
dups s r6
bnl g244
186.345 TIDP7130
TIDP4656
umc1459
bnl g198
203.767 mon00150::Ac cdo57b
umc1208
bnl g589
203.770 mon00150::Ac cdo57b
umc1208
bnl g589
210.941 cs u694b(uce) ncr(a rs 1) BC373_650
umc1833
96.454
umc2087
IDP7346
S585_2
umc1120
127.870 umc2567
IDP8338
BC595_1200 umc1112
49.865
mmp187
ps r371b
umc1095
umc1095
2.692
gpm111
umc2591
umc1240
umc2179
13.386
cs u471
IDP2364
dups s r6
bnl g244
41.612
php20646
s dg108b
phi 054
bnl g210
96.479
IDP3968
umc1743
S585_2
umc1120
223.428 TIDP4554
AY110356
bnl g1025
umc1128
22.553
umc2578
cdo94a
umc2179
umc1056
32.103
umc2206
gpm325d BC351_2100 umc1142
129.949 umc2066
umc1162
pi c11
BC399_750
102.951 umc2142
IDP872
umc1095 BC595_1200
102.822 cl 36395_1
umc2142
umc1095 BC595_1200
64.294
IDP475
IDP48
bnl g210
umc1115
10.444
phm5822
tps 1
―
bnl g1018

AC230031.1 5

5.04

98.302

umc1563

pco147781

pi c11

BC399_750

bm1

9.01
4.06
4.05
3.09
3.09
9.03
1.07
7.05
6.03/4
2.06/7
10.04

11.347
165.058
86.798
220.115
220.131
33.156
215.472
168.589
103.667
181.258
123.053

s h1
gpm484a
hcp101a
bnl g1536
bnl g1536
umc1420
hmga 102
gpm424a
gpm240a
uky1(P450)
phb2

umc1588
umc1329
pza 03564
bnl g1754
bnl g1754
bnl g430
gpm802
l on2
IDP2138
umc98a
IDP620

bnl g1810
umc1142
BC351_2100
umc2008
umc2008
S585_2
umc1833
umc1760
umc1083
umc1459
bnl g210

umc1170
umc1329
umc1142
umc1639
umc1639
umc1120
umc1278
umc1760
umc1105
bnl g198
umc1115

gpm42a
a l dh2
―
a l dh3
a l dh5
rf2
―
umc1760
―
―
―

Y13733.1
AY107977.2
EU960780.1
BT064965.1
AF348413.1
NM_001111577.1
NM_001112421.1
EU964081.1
BT019095.1
EU974390.1
BT067707.1
BT067636.1

AC190842.3
AC190650.3
AC202995.3
AC177916.3
AC185460.3
AC200505.4
AC200558.3
AC204946.3
AC205992.3
AC191259.2
AC205996.4
AC205996.4
AC186322.4
AC212827.3
AC216049.3
AC199442.3
AC197125.2
AC212720.3
AC199333.3
AC212827.3
AC210173.4
AC218041.3
AC196475.3
AC194671.1
AC234163.1
AC234163.1
AC208560.2
AC215994.3

AC201756.4
AC182825.4
AC193454.3
AC191038.4
AC209813.4
AC189099.3
AC205791.3
AC212124.5
AC194852.3
AC196479.3
AC203433.3

9
4
4
3
3
9
1
7
6
2
10
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IBM2 2008
Marker 1
Marker 2
a s g71
pi p2d
IDP326
pi p2c
umc34
IDP147
pi p2c
pa l 3
pa l 1
pi p2d
umc1005 cs u786(uce)
gpm736
i mp1
s od3
umc1314
hs cf1
umc1789

Direct Markers

Coordinates
Bin
Mb
5.05 185.859
4.05 142.484
2.02 28.041
4.05 142.572
5.05 185.908
8.08 169.133
8.03 82.585
6.05 135.718
9.03 104.711

pco123850

umc2395

CG62/CO387 Map
Marker 1
Marker 2
umc1155
umc1722
umc1142
umc1329
―
bnl g1018
umc1142
umc1329
umc1155
umc1722
umc1032
―
bnl g2235
umc1846
umc1250
mmc0241
S585_2
umc1120
umc1121

mmc0181

IBM2 2008
Marker
pa l 1
pa l 3
pa l 2
―
―
―
pco098406
―
gpm731
IDP1436
umc1746
IDP3928
―
―
gpm105
―
umc2381
omt1
omt2
―
pza 01810
―
cncr1
IDP3968
gpm248
cncr2
―
―
mHbrMC413
IDP7346
―
―
bm3
gpm720
―
IDP872
―
ca d1

Accession
cDNA
MAIZEWALL
2440918.2.1
8636641.2.1
3665490.2.1
2619325.2.1
2763121.2.1
8616263.2.1
QAR1e04.yg.2.1
2440419.2.1

Locus
POX_1
POX_2
POX_3
POX_4
POX_5
LAC_1
LAC_2
LAC_3

EC
1.11.1.7
1.11.1.7
1.11.1.7
1.11.1.7
1.11.1.7
1.10.3.2
1.10.3.2
1.10.3.2

LAC_4

1.10.3.2 QAE36e08.yg.2.1 NM_001152419.1 AC205003.2 1

CHS_1

2.3.1.74

CHS_2

2.3.1.74

CHS_3

2.3.1.74

CHI_1

5.5.1.6

DFR_1
DFR_2
GST4
GST17
GST20
GST21
GST22
GST30
GST39
GST40
GST41
MYB31
MYB42

1.1.1.219
1.1.1.219
2.5.1.18
2.5.1.18
2.5.1.18
2.5.1.18
2.5.1.18
2.5.1.18
2.5.1.18
2.5.1.18
2.5.1.18
―
―

MYB_A

―

MYB_B

―

MYB_C
MYB_D
MYB_E
MYB_F
MYB_G
MYB_H

―
―
―
―
―
―

1738875.2.1,
3802552.2.1
3115079.2.1
QBTB.065K11F02
0919.3.1
3390529.2.1,
2647051.2.1
3184927.2.1
3115139.2.1
―
3829517.2.1
1738980.2.1
3665451.2.1
2441327.2.1
2647391.2.1
3713091.2.1
3829483.2.1
2521556.2.1
―
―

NCBI
AY106450.1
AJ401276.1
NM_001137958.1
NM_001112110.1
NM_001155342.1
NM_001112405.1
BT063171.1
BT064991.1

Flanking Markers
BAC
NCBI
AC195863.2
AC194248.3
AC211202.4
AC208576.3
AC211264.4
AC207620.2
AC202105.4
AC211909.4

C
5
6
3
1
1
3
4
9

Coordinates
IBM2 2008
Bin
Mb
Marker 1
Marker 2
5.03 46.894
gpm732b mHbrBC159
6.05 125.283 pza 01591
gpm233
3.05 142.700 pza 00920
TIDP3725
1.04 63.666 ma gi 23951
IDP7882
1.05 109.325
IDP4552
TIDP7123
3.06 178.920 a s g34b(ms d) IDP4122
4.08 182.808
fer1
umc2404
9.03 73.941
pza 00925
TIDP6148
1.03

46.523

Direct Markers

CG62/CO387 Map
Marker 1
Marker 2
umc1056
pi c11
umc1014
umc1250
umc1102
umc1266
umc1917
BC373_650
umc1917
BC373_650
umc1266
bnl g197
umc1329
umc1086
S585_2
umc1120

IBM2 2008
Marker
―
pox3
TIDP3705
―
―
―
―
―

IDP4708

ts 2

rpl 3

S535_1

―

NM_001148774.1 AC199797.2 4

4.08 198.335

rrb2

TIDP5480

umc1208

bnl g589

c2

NM_001157139.1 AC192559.3 1

1.07 229.238

dcl 102

umc1245

umc1128

umc1955

―

NM_001155550.1 AC191767.3 2 2.08/9 220.852

cl 11737_1

ma gi 86137

umc1516

bnl g469

whp1

NM_001150530.1 AC185520.4 1

AY110479

umc84a

umc1129

umc1797

chi 1

NM_001112174.1
NM_001147885.1
NM_001112605.1
NM_001112084.1
NM_001111516.1
NM_001111517.1
EU965685.1
NM_001111520.1
NM_001111527.1
NM_001112160.1
NM_001111528.1
NM_001112479.1
NM_001112539.1

AC191571.3
AC207471.3
AC202168.4
AC194321.3
AC193456.3
AC212190.4
AC203383.3
AC225334.3
AC203991.3
AC185491.3
AC190801.3
AC192225.2
AC209159.3

7
1
3
5
3
3
10
1
1
1
6
2
4

QBL16c05.xg.2.1
, QBS9a 01.xg.2.1 NM_001146797.1 AC197007.3 8
, QAS2h09.yg.3.5
QBTB.064D08F0
DV520498.1
AC204298.3 5
20918.3.1
2485939.2.1
NM_001146928.1 AC213522.3 5
9009927.2.1
BI233479.1
AC202938.3 4
8635730.2.1
BG841022.2
AC198691.3 3
2943819.2.1
G084583
AC215269.2 1
M73028.2.1
NM_001111873.1 AC185596.3 1
M73028.2.3
G057027
AC185596.3 1

1.11 291.984
7.03
1.06
3.05
5.05
3.08
3.05
10.04
1.04/5
1.04/5
1.09
6.05
2.07
4.09

128.350
189.472
151.143
173.669
205.045
145.493
96.583
80.563
80.379
―
147.226
193.322
222.233

gpm248
AY104360
TIDP3078
IDP2445
thr1
IDP506
a co2
gs t39
gs t42
―
pzb01308
TIDP3237
pza 00155

ma gi 99589 BC595_1200 umc1112
ptk3
BC373_650
umc1833
TIDP2945
umc1102
umc1266
s erk2
mmc0282
umc1155
umc1844
bnl g197
umc1844
TIDP3078
umc1087
umc1102
a cc1
bnl g210
umc1115
cs u3
umc1917
BC373_650
gs t30
umc1917
BC373_650
―
umc1955
S487_4
ml o8
mmc0241
umc1462
nfd101b
umc1459
bnl g198
TIDP2775
umc1208
bnl g589

dfr1
mmp156
gs t4
gs t17
gs t20
gs t21
gs t22
gs t30
gs t39
gs t40
gs t41
―
―

8.05 127.728

gs t15

umc1846

bnl g2235

umc1846

―

5.04 134.543

s dx1

IDP207

pi c11

BC399_750

―

pi p2d
umc1899
IDP137
a cpt1
dek1
dek1

umc126a
TIDP3747
umc2273
umc2505
na s 2
na s 2

umc1722
umc1329
bnl g197
BC373_650
rpl 3
rpl 3

umc1019
umc1086
umc1844
umc1833
S535_1
S535_1

gpm41
―
―
―
p2
―

5.05
4.08
3.07
1.07
1.03
1.03

188.243
184.717
200.142
206.369
48.251
48.221
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Table 3.2 Candidate genes colocalizing with QTL. QTL from Ottawa are indicated by year
(e.g. 99-01) and QTL from Tavistock are indicated by T and year (e.g. T01). Chr =
chromosome. Kernel, Silk, pCA, EFA, Total DFA, 8-5’ DFA, 5-5’ DFA, 8-O-4’ DFA, and 8-5b’
DFA represent the analyzed QTL, respectively.
Gene
Pox_4
Pox_5
GST30
GST39
CHS_2
GST40
ALDH_2
COMT_1
PAL_2
PAL_4
ALDH_1
CCR_5
PAL_1
PAL_5
HCT_1
MYB_C
CCoAOMT_1
ALDH_8
POX_2
C4H_1b
GST_41
CAD_2
CAD_3
CCR_3
DFR_1
C4H_1a
MYB_A
4CL_2
CAD_7
CCoAOMT_2
CCR_6
CCR_7
ALDH_10
CAD_4
GST22

Chr

Kernel

1

99, 00, 01

1

00

4

01

4

00, 01

5

pCA

EFA

Total
DFA
01, 03

01

6

01

6

99

6

03

03

03

99, 00,
01, T01

8-5'b
DFA
01

01

T01

03

03

03

01, 03

99, 01

8

03

8
9

03

9

10

8-5' DFA 5-5' DFA 8-O -4' DFA

01

5

7

Silk

03

03
03
01

01
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03

03

4-Coumarate:coenzyme A ligase (4CL)
The MAIZWALL database contains seven contigs annotated as 4CL, however only
six were mapped in silico. This was due to the high sequence homology between
1716323.2.1 and 1716323.2.2 (96% identity) that prevented the identification of
separate genome coordinates for each contig based on BLAST searches against the
maize genome (data not shown). These contigs were thus grouped into one locus,
4CL_2, which was mapped in silico to chromosome 8, bin 8.06, within the umc1121mmc0181 QTL for total and 5-5’ DFA content from Ottawa 2003 (Table 3.2). The 4CL_2
locus is much closer to mmc0181 than umc1121 as it is only 163 kb from the former
(Figure 3.1). Two 4CL homologues, 4CL_4 and 4CL_6, were predicted on chromosome 1
in bins 1.01 and 1.07, respectively; however neither locus was placed within the
confidence limits of a QTL. The 4CL_1 and 4CL_5 loci mapped in silico to chromosomes
9 and 5, respectively, and were not located near QTL regions. The 4CL_3 locus mapped
to chromosome 3, which did not contain QTL for the analyzed traits, however the SSR
marker umc1746 is located within this gene and was mapped in the current population.
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Figure 3.1 Positions of candidate genes on
the CG62xCO387 genetic linkage map. The
linkage map and QTL were described in
Figure 2.2. Candidate genes are localized on
the linkage map based on their flanking
markers.
An arrow at the end of a
candidate gene position indicates that the
respective flanking marker could not be
determined based on the available markers.
Gene abbreviations and QTL bar styles were
described in the text and in Figure 2.2,
respectively.
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Figure 3.1 continued…
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Hydroxycinnamoyl-CoA shikimate/quinate hydroxy-cinnamoyl transferase (HCT)
Two contigs were annotated as HCT in the MAIZEWALL database.

HCT_1

mapped in silico to chromosome 5 in bin 5.05 near the PAL_1 and PAL_5 loci (Figure
3.1).

It was located just 3 Mb upstream of the PAL_1 physical coordinates.

As

mentioned previously, this region was important for pCA, DFA, and kernel resistance.
The HCT_2 locus was mapped in silico to bin 2.04 of chromosome 2, approximately 4 MB
downstream of the PAL_3 locus in that region. This places the HCT_2 locus physically
closer to the 8-5’ DFA QTL on chromosome 2, however, like PAL_3, there is insufficient
marker data in the region to determine its proximity to the QTL marker interval (Figure
3.1).
p-Coumaroyl-CoA 3′-hydroxylase (C3H)
A single C3H contig was contained in the MAIZWALL database. Although BLAST
searches with this locus against the maize genome retrieved multiple hits there was only
one hit with full query coverage and high sequence identity. This hit was located in bin
3.06 of chromosome 3, which did not contain QTL for the analyzed traits (Figure 3.1).
Caffeoyl-CoA O-methyltransferase (CCoAOMT)
The MAIZEWALL database contains five contigs annotated as CCoAOMT, of
which two were mapped in silico to QTL regions. CCoAOMT_1 was predicted in bin 6.02
of chromosome 6 between umc1083-umc1105, which contained an important QTL for
EFA from the Ottawa 2003 environment (R2 = 32.9) that partially overlaps the
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confidence interval for the umc1979-umc1014 QTL for kernel resistance detected in
Ottawa 2001 (Table 3.1, Figure 3.1).

CCoAOMT_2 was predicted in bin 9.02 of

chromosome 9 in a region that overlaps the confidence interval for a 5-5’ DFA QTL
detected in Ottawa 2001 (Table 3.2). CCoAOMT_3 was mapped in silico to chromosome
2 in a region lacking QTL. CCoAOMT_4 and CCoAOMT_5 are both located in bin 4.08 of
chromosome 4 also in a region lacking QTL. These loci are very close to one another,
separated by approximately 2.5 kb and contained in the same BAC clone sequence.
Cinnamoyl-CoA reductase (CCR)
There are eight accessions annotated as CCR in the MAIZEWALL database, of
which four map in silico at or near the confidence intervals of QTL. The CCR_5 locus was
localized to the top of chromosome 5 in bin 5.00 within the umc1240-umc2179 QTL for
pCA detected in Ottawa 2001 (Table 3.1, Table 3.2). CCR_3 and CCR_4 were both
localized to chromosome 7 in bins 7.03 and 7.02, respectively. The CCR_4 locus contains
the SSR marker umc1095, which was mapped in the present linkage map, however it did
not segregate with the analyzed traits (Figure 3.1). The CCR_3 locus is predicted
between the interval BC595_1200-umc1112, which defines a QTL for kernel resistance
detected in Ottawa 1999 (Table 3.2). The CCR_2, CCR_6, and CCR_8 loci were localized
to chromosome 9. CCR_2 and CCR_8 are near each other in bin 9.03 and are separated
by approximately 25 kb in a region lacking QTL. CCR_6 was located in bin 9.02 about 2.8
Mb upstream of the CCoAOMT_2 locus which overlaps the confidence interval of a 5-5’
DFA QTL from Ottawa 2001 (Table 3.1, Table 3.2). However, there is a relatively weak
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identity (79% identity, expect = 2.0 x 10-107) between the CCR_6 MAIZEWALL contig and
the chromosome 9 BLAST hit. It is reported to this coordinate because it was the only
BLAST hit with high confidence. The CCR_7 locus was mapped in silico to chromosome
10 within the confidence interval of the pCA content QTL on that linkage group (Figure
3.1). CCR_1 was genetically mapped (cncr1) about 5 cM upstream of umc1833 on the
IBM2 2008 Neighbors map, however its physical coordinates are about 686 kb
downstream of the umc1833 locus, between umc1833-umc1278.

The position

reflecting the genetic coordinates is presented herein, and neither possible coordinate
would result in a gene-QTL colocalization.
Ferulic acid 5-hydroxylase (F5H = coniferyl aldehyde/coniferyl alcohol 5-hydroxylase)
A single F5H accession is contained in the MAIZEWALL database, F5H_1, and this
sequence maps in silico to bin 1.07 of chromosome 1 (Table 3.1). The coordinates are
near the kernel resistance/silk resistance/8-5’b DFA QTL cluster in that region, however
they do not overlap the confidence intervals of the relevant QTL (Figure 3.1). F5H_2
shares 92% identity with F5H_1 and it is located at the top of chromosome 5 in a region
lacking QTL. There is no MAIZEWALL contig directly representing this locus, however
Thomas et al. (2010) provided evidence for its expression.
Caffeic acid O-methyl transferase (COMT)
There is a single accession for COMT in the MAIZEWALL database which
represents the brown midrib3 (bm3) mutation. The locus was mapped in silico and
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genetically (via. bm3) to chromosome 4 within the BC351_2100-umc1142 QTL for kernel
resistance that was detected in Ottawa 2001 (Table 3.2, Figure 3.1).
Cinnamyl alcohol dehydrogenase (CAD)
Eight contigs are annotated as CAD in the MAIZEWALL database, and seven were
mapped in silico. This is because the contigs Y13733 and 2405118.2.1 (CAD_6) share
99% sequence identity and arguably represent the same sequence (data not shown).
The CAD_6 sequence was located about 32 Mb downstream of CAD_1 in bin 5.04 of
chromosome 5 in a region lacking QTL. CAD_2 was predicted to be about 129 kb
downstream of CAD_3 in bin 7.02 of chromosome 7. This is about 18 Mb upstream of
the predicted location of the BC595_1200 marker that is associated with kernel
resistance QTL detected in Ottawa 1999 and 2001. Since the marker upstream of
BC595_1200 (BC143_3000) is 48 cM away, it is likely that CAD_2 and CAD_3 are located
within the confidence intervals of the kernel resistance QTL (Figure 3.1). The CAD_7
sequence was localized to chromosome 9 in bin 9.01 within the bnlg1810-umc1170 QTL
for kernel resistance detected in Ottawa 2001 (Table 3.2, Figure 3.1). CAD_4 was
predicted in the bnlg210-umc1115 QTL for pCA content from Ottawa 2001 on
chromosome 10 (Figure 3.1). The CAD_5 sequence was predicted around 20 Mb
upstream of PAL_3 and HCT_2 on chromosome 2 and probably not associated with the
upstream QTL marker interval for 8-5’ DFA content.
Aldehyde dehydrogenase (ALDH)
There are ten contigs annotated as ALDH in the MAIZEWALL database that have
homology to the coniferaldehyde dehydrogenase encoded by the REDUCED EPIDERMAL
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FLUORESCENCE1 (REF1) locus that was implicated in the synthesis of ferulic acid in
Arabidopsis (Nair et al. 2004). The ALDH_1 and ALDH_2 sequences were localized to
bins 4.06 and 4.05, respectively, of chromosome 4 (Figure 3.1). ALDH_2 was predicted
in the same marker interval as COMT_1 in the present map which contained a QTL for
kernel resistance (Figure 3.1). The ALDH_1 sequence was predicted on chromosome 4
about 23 Mb upstream of the PAL_2 and PAL_4 loci in a marker interval that contained
two QTL for kernel resistance and one QTL for silk resistance (Table 3.1, Figure 3.1).
ALDH_8 was predicted on chromosome 6 around 26 Mb downstream of the
CCoAOMT_1 locus in the region containing EFA content QTL and partially overlapping
the confidence interval of kernel resistance QTL (Table 3.1, Figure 3.1). ALDH_10
mapped in silico to chromosome 10 within the confidence interval of the bnlg210umc1115 pCA content QTL (Figure 3.1). ALDH_3 and ALDH_4 localized to bin 3.09 of
chromosome 3, which contained no QTL, and they were separated by about 16 kb.
ALDH_5 and ALDH_9 were predicted on chromosomes 9 and 2, respectively, in regions
lacking QTL.

ALDH_7 contains the SSR marker umc1760, which was mapped to

chromosome 7 on the present map; however this marker was outside the confidence
intervals of the QTL cluster around BC324_1400 (Figure 3.1). The ALDH_6 sequence
mapped in silico to chromosome 1 between umc1833-umc1278, and this was close to,
but not overlapping, the silk resistance/kernel resistance/8-5’b DFA content QTL around
the S119_1 marker (Figure 3.1).
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Monolignol/Hydroxycinnamic Acid Polymerization Genes
Peroxidase (POX)
Five contigs are annotated as POX in the MAIZEWALL database. POX_4 and
POX_5 are predicted on chromosome 1 in bins 1.04 and 1.05, respectively. The markers
in this region detected kernel resistance QTL in Ottawa 1999, 2000, and 2001, total DFA
content QTL in 2001 and 2003, 8-5’ DFA, 5-5’ DFA, and 8-O-4’ DFA QTL in 2003, and 8-5’
b QTL in 2001 (Table 3.2, Figure 3.1).

The POX_2 sequence was localized to

chromosome 6 in bin 6.05 within the umc1014-umc1250 kernel resistance QTL detected
in Ottawa 1999 (Figure 3.1). POX_1 and POX_3 were localized to bins 5.03 and 3.05 of
chromosomes 5 and 3, respectively, in regions lacking QTL.
Laccase (LAC)
None of the 4 MAIZEWALL contigs annotated as LAC colocalized with disease or
phenolic QTL. LAC_1 was predicted on chromosome 3 in bin 3.06. LAC_2 was predicted
on chromosome 4 in bin 4.08. The marker data in the LAC_2 region was insufficient to
predict its precise location relative to the flanking QTL, but based on the physical
distances between the flanking markers and the target locus it seems unlikely that the
gene occurs within QTL confidence intervals. The LAC_3 sequence was localized to
chromosome 9 in bin 9.03. LAC_4 was placed on chromosome 1 upstream of the
disease/phenolic QTL cluster between umc1917-BC373_650, but its position does not
overlap the confidence intervals of the relevant QTL.
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Anthocyanin Biosynthesis/Transport Genes
Chalcone synthase (CHS)
There are four contigs annotated as CHS in the MAIZEWALL database, and three
were mapped in silico.

The contigs 1738875.2.1 and 3802552.2.1 (CHS_1) were

determined to represent non-overlapping segments of the same sequence following
inspection of alignments between the two contigs and the selected reference sequence
NM_001148774.1.

The alignment of 3802552.2.1 ends at position 955 of

NM_001148774.1 and the alignment of 1738875.2.1 begins at position 976 of
NM_001148774.1 (data not shown). CHS_2 was localized to chromosome 1 between
umc1128-umc1955, and this marker interval partially overlaps the confidence interval of
the umc1955-S116_1 QTL for silk resistance that was detected in Tavistock 2001 (Figure
3.1). This QTL is part of the large silk resistance/kernel resistance/8-5’b DFA QTL cluster
in that region. CHS_1 and CHS_3 were placed on chromosomes 4 and 2, respectively, in
regions lacking marker-trait associations.
Chalcone isomerase (CHI)
The two contigs in the MAIZEWALL database annotated as CHI were considered
as one sequence using the same logic that was described regarding the CHS_1 locus.
The alignment of contig 3390529.2.1 to the selected reference sequence
(NM_001150530.1) ends at position 444 of NM_001150530.1, and the alignment of
contig 2647051.2.1 begins at position 466 of NM_001150530.1 (data not shown). The
CHI_1 sequence was mapped in silico to the bottom of chromosome 1 between
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umc1129-umc1791. This is near total DFA and 5-5’ DFA content QTL, but the position
does not overlap the respective confidence intervals (Figure 3.1).
Dihydroflavonol 4-reductase (DFR)
There were two DFR contigs in the MAIZEWALL database. DFR_1 was placed on
chromosome seven between BC595_1200-umc1112, which contained a QTL for kernel
resistance detected in Ottawa 1999 and significantly overlapped the confidence interval
of the BC143_3000-BC595_1200 QTL for kernel resistance from Ottawa 2001 (Figure
3.1). The DFR_2 sequence was localized to chromosome 1 in bin 1.06, a region lacking
QTL.
Glutathione S-transferase (GST)
The nine GST contigs present in the MAIZEWALL database were mapped in silico
in addition to a single GST (GST4) which was not present in the database. Three GSTs
(GST30, GST39, and GST40) were placed on chromosome 1. GST30 was predicted
approximately 184 kb downstream of GST39 between umc1917-BC373_650, the region
containing three kernel resistance QTL, two total DFA content QTL, and individual QTL
for each analyzed DFA isomer (see POX_4 and POX_5). The physical coordinates of
these GSTs place them in between POX_4 and POX_5 (Table 3.1). GST40 was the only
analyzed sequence that mapped directly within the kernel resistance/silk resistance/
DFA 8-5’b content QTL cluster around the S119_1 marker. However, the BAC containing
the GST40 sequence was placed in bin 1.04, while the GST40 RFLP marker was mapped
to bin 1.09 (MaizeGDB, Lawrence et al. 2004). The genetic mapping data was used to
place this locus in bin 1.09 and therefore no physical coordinates are given in Table 3.1.
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GST21, GST4, and GST20 were placed on chromosome 3 which contained no QTL. GST4
was about 6 Mb downstream of GST21.

The GST41 sequence was placed on

chromosome 6 within the pCA QTL mmc0241-umc1462 that was detected in both 2001
and 2003 (Table 3.2, Figure 3.1). GST22 was placed on chromosome 10 within the
marker interval for the pCA QTL reported on that chromosome along with ALDH_10 and
CAD_4 (Figure 3.1). GST17 was placed on chromosome 5 in bin 5.05 which was near but
not within the QTL cluster at the bottom of that chromosome.
Transcriptional Regulatory Genes of Phenylpropanoid Metabolism
MYB Transcription Factors (MYB)
Ten MAIZEWALL contigs annotated as MYB transcription factors were mapped in
silico to eight loci in addition to two MYBs that were not contained in the database. The
MAIZEWALL contigs QBL16c05.xg.2.1, QBS9a01.xg.2.1, and QAS2h09.yg.3.5 were
considered as a single locus (MYB_A). The contigs QBL16c05.xg.2.1 and QBS9a01.xg.2.1
represent partially overlapping sections of the same sequence when aligned to the
reference sequence NM_001146797.1, and the contig QAS2h09.yg.3.5 is much longer
and overlaps the previous two contigs when aligned to the reference sequence. The
QBL16c05.xg.2.1 contig shares 96% identity with QAS2h09.yg.3.5 and this is primarily
due to the large number of unknown base calls contained in the sequence. The
QBS9a01.xg.2.1 sequence shares 100% identity with QAS2h09.yg.3.5. Therefore, the
three contigs were considered to represent the same sequence (data not shown).
The MYB_A sequence was placed on chromosome 8 with C4H_1a in the
bnlg2235-umc1846 marker interval that was associated with all analyzed DFA traits (see
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C4H). The MYB_C sequence was predicted to be on chromosome 5 between the
markers umc1722-umc1019, approximately 2 Mb from the PAL_1-PAL_5-HCT_1 gene
cluster in that region (Table 3.1). This interval directly overlaps the confidence intervals
of the kernel resistance, 8-O-4’ DFA, and pCA content QTL in that region and is very
close to the downstream 5-5’ DFA content QTL (Figure 3.1). MYB_B was also located on
chromosome 5 in bin 5.04, but it was not localized to a QTL region. MYB_F, MYB_G, and
MYB_H were placed on chromosome 1, but they did not localize to QTL regions. MYB_G
was predicted approximately 30 kb downstream of MYB_H on the same BAC clone
(Table 3.1). They were near the umc1917-BC373_650 QTL cluster but did not overlap
the confidence intervals of the QTL (Figure 3.1). MYB_F was placed in bin 1.07. MYB_D
and MYB42 were placed on chromosome 4 in bins 4.08 and 4.09, respectively, and these
regions did not contain QTL. At the time of research, the BAC clone containing MYB42
had been placed on chromosome 3 in a region containing QTL based on the original
publication of the CG62xCO387 map (Ali et al. 2005, data not shown). At the time of
writing, the MYB42 locus had been placed on chromosome 4 at the presented
coordinates based on the B73 RefGen_v1 release, and this was consistent with the
genetic coordinates that were later determined from segregation in the CG62xCO387
population (see Chapter 4). MYB31 was placed on chromosome 2, and it was physically
mapped to approximately 7 Mb downstream of CCoAOMT_3 which was approximately 5
Mb downstream of ALDH_9. MYB_E was placed on chromosome 3 in bin 3.07.
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Discussion
Colocalization of Candidate Genes with Previously Identified QTL
The in silico mapping effort identified 15 genes/groups of genes potentially
involved in phenolic biosynthesis that were located within or near the confidence
intervals of QTL for F. graminearum disease response following inoculation of kernels or
silks and QTL for pericarp-aleurone phenolics (Table 3.2).

These 15 putative

colocalizations comprised 35 independent loci, which represents about 42% of the
analyzed sequences. Four of the 15 colocalizations (12 total genes) occurred in regions
containing putative QTL for both disease response and phenolics.
The most compelling example was the region around the genes POX_4, POX_5,
GST30, and GST39 on chromosome 1. This region contained kernel resistance QTL from
three environments, total DFA QTL from both testing environments, and QTL for
individual isomers of DFA from single environments. It also colocalized with QTL for F.
moniliforme resistance, maize weevil resistance (a trait correlated with phenolic
content), lignin content, 5-5’ DFA, and 8-O-4’ DFA from other published studies (see
Chapter 2). Since POX enzymes act on a variety of substrates and often exist as
multigene families, there is very little evidence supporting the role of specific POX genes
with lignification (Naoumkina et al. 2010). The role of POX proteins in the in vivo
lignification process has not been unequivocally demonstrated, but there is a great body
of evidence supporting their contribution to the polymerization of monolignols (Boerjan
et al. 2003). The precise mechanism must still be worked out, particularly with regard
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to the degree of biological control of polymerization by other proteins (Boerjan et al.
2003). A similar situation exists with GSTs. They exist as large multigene families (larger
than the POX family in maize) and also act on a variety of substrates. GSTs are most
commonly attributed to the detoxification of applied chemicals through the conjugation
of their targets with glutathione and subsequent sequestration to the vacuole (Alfenito
et al. 1998). However, they do have endogenous targets, and they include cinnamic
acid, anthocyanin, and medicarpin in legumes (Alfenito et al. 1998). In maize, the
Bronze2 (BZ2) gene encodes a type III GST and it is involved in the accumulation of
anthocyanin in the vacuole (Maars et al. 1995). It should be noted that the precise
molecular role of GST proteins in the vacuolar sequestration of anthocyanin pigments is
not completely understood. For example, anthocyanin-glutathione conjugates have not
been found in plant extracts, GSTs (maize BZ2 and its orthologue, petunia AN9) were not
able to conjugate glutathione to flavonoids in vitro or in vivo, and mutagenized BZ2
proteins lacking important amino acids for glutathionation activity were able to
complement the null mutant bz2 (Grotewold, 2006). Although the mechanism is not
understood, the involvement of GSTs in vacuolar sequestration of pigments is well
established. The GST 30 and GST39 loci are homologous to type III GSTs and were thus
considered as candidate genes. It should be noted that the petunia AN9, a type I GST,
functionally complements the bz2 mutation and thus type III sequence homology is not
a prerequisite for the utilization of phenolic substrates by GSTs (Alfenito et al. 1998).
The colocalization of these particular POX and GST paralogues with consistent QTL for
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lignin-related products provides some correlative evidence for their potential role in the
phenylpropanoid pathway.
The ALDH_6, F5H_1, CHS_2 and GST40 sequences were predicted to map near
the silk resistance/kernel resistance/8-5’b DFA QTL cluster near the bottom of
chromosome 1 (Figure 3.1). The region was near QTL for F. moniliforme resistance and
grain moisture from other populations, and it colocalized with QTL for lignin content,
ether FA, 8-5’ DFA, 8-5’b DFA, 8-O-4’ DFA, total DFA, pCA, and (Z)-FA from additional
populations (See Chapter 2). GST40 is another type III GST, and CHS_2 is a homologue
of the chalcone synthase enzyme that represents the first enzymatic branchpoint from
the general phenylpropanoid pathway to the synthesis of flavonoids (Mo et al. 1992).
F5H probably hydroxylates coniferaldehyde and coniferyl alcohol in vivo in one of the
final steps of S monolignol biosynthesis (Barrière et al. 2007).

An aldehyde

dehydrogenase such as the putative ALDH_6 may be involved in the in vivo oxidation of
coniferaldehyde to FA (Barrière et al. 2007). Except for the GST40 locus, none of the
genes were within the stated confidence intervals of the respective QTL. However,
since QTL position estimation was not necessarily accurate, the results of single marker
ANOVAs were inspected (data not shown). All markers flanking and intervening the 4
candidate genes could explain variation in disease scores following silk inoculation
(α=0.05) in the Ottawa 1999 and 2000 trials. Although composite interval mapping
identified only a single weak QTL for 8-5’b DFA (LOD = 2.07, R2 = 10.7, Ottawa 2001) in
that region, many of the nearby markers were also significant for pCA content based on
the single marker ANOVAs. This was true for the umc1278 and umc1833 markers that
122

flanked the predicted location of ALDH_6 in Ottawa 2001 and 2003, respectively, and
for the umc1128 marker that mapped between the predicted locations of F5H_1 and
CHS_2 in Ottawa 2003. The combined results of the single marker and QTL analyses
provide evidence for the role of these genes in the DFA-resistance correlation.
The region of chromosome 5 that was predicted to contain PAL_1, PAL_5,
HCT_1, and MYB_C was near individual QTL for kernel resistance, 8-O-4’ DFA, 5-5’ DFA
and pCA. The parental contributions to these QTL (CG62-donated resistance, CG62donated phenolics) suggest that the region could be partially responsible for observed
phenotypic correlations between phenolics and disease. The 5-5’ DFA QTL explained a
large amount of variation (R2 = 17.7%) and had a statistically significant LOD (3.52).
Additionally, the region colocalized with QTL for F. moniliforme resistance, A. flavus
resistance, lignin, 5-5’ DFA, 8-O-4’ DFA, and grain hardness from other studies (See
Chapter 2). The deamination of phenylalanine by PAL to create cinnamic acid is a well
established in vivo reaction in plants. The discovery and characterization of HCT was
more recent than PAL, but the available evidence strongly supports the role of HCTs in
the formation of shikimate or quinate esters of coumaroyl-CoA that are hydroxylated at
their 3’ carbon by C3H (Barrière et al. 2007). The removal of the shikimate or quinate
moieties is also catalyzed by HCT. These observations combined with the fact that the
function of PAL and HCT is fairly well established make this a promising region for
further investigation.
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The CCoAOMT_1 and ALDH_8 loci colocalized to the confidence interval of the
chromosome 6 QTL for (E)-FA that explained 32.9% of the variation in that trait and had
a statistically significant LOD score (4.23). This overlapped the confidence interval of the
nearby kernel resistance QTL that explained 9.4% of the variation in Ottawa 2001 but
did not have a statistically significant LOD (LOD = 2.8). The occurrence of CCoAOMT and
ALDH loci in the putative (E)-FA QTL is logical biochemically because the current
interpretation of the phenylpropanoid pathway suggests that CCoAOMT(s) and/or
ALDH(s) may be acting on the substrates immediately upstream of FA formation and
somewhere downstream of the formation of caffeoyl shikimate/quinate esters (Chen et
al. 2006). However, the role of CCoAOMT in the synthesis of FA has been recently
questioned, primarily because CCoAOMT knockdown with RNAi did not produce the
expected effect on FA content in alfalfa (Chen et al. 2006). As discussed previously, the
precise steps leading to FA synthesis are still up debatable, and for that reason
CCoAOMT should not be excluded from a related candidate gene search. Even if it were
unequivocally demonstrated that CCoAOMT was not directly involved in FA synthesis,
the modulation of its activity could have indirect effects on FA synthesis due to
CCoAOMT involvement in a different branch of the phenylpropanoid pathway. Indeed,
using a macroarray containing MAIZEWALL gene-specific tags as probes, it was
determined that CCoAOMT_1 (but not ALDH_8) was significantly underexpressed in
maize bm1 mutants that have slightly lower than wildtype levels of ester-FA (Guillaumie
et al. 2007). Although the confidence intervals of the resistance and phenolic QTL are
not fully overlapping, the parental contributions support the disease-phenolic
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correlation. The (E)-FA QTL region was located near QTL for lignin content and pCA
content from other studies (See Chapter 2). Furthermore, similar to the situation with
POX, the specific ALDH gene(s) that Chen et al. (2006) suggest might be responsible for
the formation of FA from coniferaldehyde have not been described in maize. They
assign this role to the REF1 gene, first identified in Arabidopsis by Nair et al. (2004),
which shares 63% identity with the putative protein sequence of ALDH_8 (E value = 0.0,
79% positives, data not shown).

The biochemical and genetic evidence from the

literature and the correlative evidence based on segregation of markers in the
CG62xCO387 population support the role of both genes as effectors of FA/DFA
biosynthesis.
The remaining associations between candidate genes and QTL (Table 3.2)
occurred for only one of the two types of traits (disease or phenolics). Notably, the
C4H_1a and MYB_A MAIZWALL contigs were placed on chromosome 8 in the confidence
intervals of the significant total DFA and 5-5’ DFA QTL from Ottawa 2003 that directly
neighbor the confidence intervals of the 8-5’ DFA, 8-O-4’ DFA, and 8-5’b DFA QTL from
the same year. That region colocalized with QTL for ester FA, 8-O-4’ DFA, 5-5’ DFA, total
DFA, (Z)-FA, pCA, and 8-5’b DFA from other studies (See Chapter 2). The C4H enzyme
acts very early in the phenylpropanoid pathway by hydroxylating cinnamic acid to create
pCA, and it could affect the overall flux of metabolites available for lignin/FA synthesis.
However, this is almost certainly an oversimplification because near-isogenic lines of
alfalfa plants with antisense-mediated knockouts of PAL or C4H display differential
patterns of lignification rather than a generalized reduction in lignin content (Chen et al.
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2006). The localization of MYB_A, a putative protein with only an inferred function, to
the region provides a small piece of evidence that it may be involved in
phenylpropanoid pathway regulation. It is also interesting to note that the PAL_2PAL_4-ALDH_1 and COMT_1-ALDH_2 regions of chromosome 4 localized with important
disease QTL (Table 3.2, Figure 3.1). Although there were no significant phenolic QTL,
segregation of markers within the region did explain variation in phenolics based on
single marker ANOVAs. For example, Fi_9 and S610_2 explained variation for pCA in
2001 and total DFA in 2003, respectively, and both BC351_2100 and S610_2 explained
variation in 5-5’ DFA in 2003 (α=0.05, data not shown). All of the 5 markers in the area
(BC351_2100-umc1329) were significant at α=0.10 for one or more measurements of
pericarp-aleurone phenolics, indicating a trend between phenolics and the markers in
the region that was undetected by composite interval mapping techniques. There could
be a biologically significant reason for this trend given the repeated significance of
markers across environments and traits.
Genome Organization of Phenylpropanoid Pathway and Related Genes
The existence of gene clusters with related functions (eg. operons) is a common
theme in prokaryotic organisms. Numerous secondary metabolic gene clusters have
been described in fungi, including the synthesis of trichothecenes by F. graminearum
(Osbourn 2010). Until recently, it was believed that the clustering of related genes of
secondary metabolic pathways in plants was rare or did not occur at all (Osbourn 2010).
The first cluster of genes with related functions that was described in maize included 5
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α-zein genes contained within a 56 kb region of the genome (Liu and Rubenstein 1992).
It was found that genes for cyclic hydroxamic acid (DIMBOA) synthesis were clustered in
maize, and terpene synthesis gene clusters have been identified in rice, oat, and
Arabidopsis (Osbourn 2010). A distinction must be drawn between different types of
gene clusters. A heterogeneous cluster describes a group of linked genes that are not
related at the sequence level and were thus not derived from a tandem duplication
event. The members of the cluster should be related to some common biological
process and may or may not be co-ordinately expressed.

A tandem duplication

describes a group of linked genes that are highly related at the sequence level and were
probably derived from duplication of a single locus in the cluster followed by
divergence. Similarly, a segmental duplication describes groups of genes or loci of any
kind that occur on different chromosomes or far apart on the same chromosome while
still preserving some degree of collinearity and gene/sequence content. The previously
cited α-zein cluster constitutes a tandem duplication as it includes five members of the
α-zein subfamily 4 (Liu and Rubenstein 1992). The α-zein genes are functionally and
phylogenetically related. The DIMBOA synthesis genes Bx2, Bx3, Bx4, and Bx5 are
cytochrome P450s catalyzing sequential substrate-specific hydroxylations, and they are
clustered within 6 cM on chromosome 4 in maize (Gierl and Frey 2001). However, the
Bx1 and Bx8 genes also mapped to this cluster and they encode a homologue of
tryptophan synthase that cleaves indole-3-glycerol phosphate to indole and a
DIBOA/DIMBOA-specific glucosyltransferase, respectively (Gierl and Frey 2001). Thus,
the cluster contains genes with 3 distinct enzymatic functions leading to the common
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goal of DIMBOA synthesis. In that example the CYP450s were phylogenetically related
but functionally diverse. Although the existence of secondary metabolic gene clusters in
plants has been documented, it is certainly not a common theme. A few examples of
tandem duplications, putative heterogeneous clusters, and segmental duplications were
observed following the in silico mapping of genes regulating or participating in the
biosynthesis of phenylpropanoids.
Heterogeneous Clusters of Phenylpropanoid Pathway Genes
Four putative heterogeneous clusters were identified. The sequences of MYB_F,
4CL_6, CCR_1, ALDH_6, F5H_1, and CHS_2 mapped to a 22 Mb region of chromosome 1.
The cluster included a putative transcription factor, a ligase, a reductase, a
dehydrogenase, a hydroxylase (CYP450), and a flavonoid-specific synthase.

A

LAC_4/MYB_H/MYB_G cluster of 1.7 Mb was also found on chromosome 1. This cluster
included and oxidase and 2 putative transcription factors.
HCT_1/PAL_1/PAL_5/MYB_C

within

5.4

Mb

of

Multi-gene clusters of
chromosome

5

and

CAD_7/CCR_6/CCoAOMT_2 within 4.9 Mb of chromosome 9 were also observed. These
clusters were considered heterogeneous because they each contained phylogenetically
unrelated genes that may be involved in the same biological process. There was no
obvious significance regarding the content of clusters. For example, there was no
PAL/C4H/4CL cluster, this significance of which would be that the enzymes have been
demonstrated to catalyze sequential reactions. There is some evidence to suggest that
certain phenylpropanoid biosynthetic enzymes form a metabolic channel through direct
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or indirect protein-protein interactions, and physical linkage of these genes could
potentially allow for correlated expression and proper assembly of multi-protein
metabolomic complexes (Barrière et al. 2007). Elucidation of the specific loci involved in
these interactions would facilitate the identification of clusters relating to metabolomes,
but these specific interactions have yet to be defined. The threshold distance at which
two loci were considered to be or not to be a cluster was unclear and there were no
specific criteria in the literature. An obvious criterion would be <50% recombination
between the two loci, but this could only be speculated given the present data. In that
regard, it seems likely that the stated clusters would constitute linkage blocks in the
CG62xCO387 population. For example, the largest described cluster covered 22 Mb on
chromosome 1. The nearby bnlg1025 and umc1128 markers were separated by 5cM on
the CG62xCO387 linkage map. Based on the approximate physical positions of these
markers in the genome, they are separated by 2 to 4 Mb (data not shown). The
umc1955 locus was mapped 13 cM distal to umc1128, and the two loci were separated
by approximately 11.5 Mb based on the genome sequence. Genetic and physical map
distances are not readily comparable and do not have a linear correlation since
recombination rates differ along and between chromosomes, but it seems that even the
largest cluster of 22 Mb would constitute linked loci.

Given the low amount of

recombination in a typical RIL population, it is possible that many progeny would inherit
the contiguous cluster uninterrupted by recombination.
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Tandem Duplications of Phenylpropanoid Pathway Genes
In addition to heterogeneous clusters of genes with related functions, numerous
2-locus pairs of homologous sequences were observed. These were presumably derived
from tandem duplication events and included GST39/GST30 (184 kb), GST21/GST4 (5.7
Mb), ALDH_3/ALDH_4 (16 kb), PAL_2/PAL_4 (87 kb), CCoAOMT_4/CCoAOMT_5 (2.6 kb),
CAD_3/CAD_2 (129 kb), CCR_3/DFR_1 (480 kb), and CCR_2/CCR_8 (25 kb). Based on the
nomenclature of Leister (2004), these could be considered either ‘ectopic’ or ‘tandem’
duplications depending on the constitution of the intervening and flanking DNA
sequence. The locus pairs may be part of a larger segment that was duplicated in
tandem or they may be ectopic duplications surrounded by DNA that lacks any apparent
pattern of duplication. All locus pairs are sufficiently close that they would certainly be
linked based on genetic mapping techniques unless they occur in regions with
particularly high recombination rates. The resolution of linkage and QTL mapping and
the total number of recombination events that occur in experimental populations
typically used for such techniques (present included) is sufficiently low that these pairs
of loci would commonly be inherited concurrently.
Segmental Duplications of Phenylpropanoid Pathway Genes
A pattern was observed regarding the clustering of PAL loci on chromosomes 2,
4, and 5. Guillaumie et al. (2007) grouped the 5 PAL contigs into 3 classes based on
sequence homology. PAL_2 (class I) and PAL_4 (class III) were linked on chromosome 4,
while PAL_1 (class I) and PAL_5 (class III) were linked on chromosome 5. There is a
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collinearity between the PAL-containing regions of chromosomes 4 and 5 (data not
shown), and this was preserved with respect to the order of PAL classes (I followed by
III, + strand of chromosome). Additionally, there is inverted collinearity between loci in
the region of PAL_3 (class II) on chromosome 2 and loci in the region of PAL_1/PAL_5 on
chromosome 5 with respect to the + chromosome orientation (data not shown). Since
HCT_2 is downstream of PAL_3 on chromosome 2 and HCT_1 is upstream of PAL_1 on
chromosome 5, this inverted collinearity was also preserved. Segmental duplications
are common in maize given its polyploid ancestry, and the observed collinearity
between chromosomes 2, 4, and 5 was described by Wei et al. (2007). They determined
that the long arm of rice chromosome 2 was highly syntenic to the regions of
chromosome 4 and 5 that contain PAL/HCT loci. The same part of rice chromosome 2
was syntenic to the PAL/HCT containing region of maize chromosome 2 and a part of
chromosome 10 that did not contain PAL/HCT loci based on the in silico analysis. In
turn, the long arm of rice chromosome 4 was highly syntenic to the maize chromosome
2 and 10 regions, and less so when compared to the maize chromosome 4 and 5
regions. Indeed, BLAST searches using the predicted protein sequences of PAL_3 and
HCT_2 retrieved weak but nearly full length targets in the relevant syntenic region of
maize chromosome 10. The tBLASTn targets, annotated as ‘L-allo-threonine-lyase’ and
‘transferase,’ had E-values of 7.8x10-5 and 1.4x10-30, respectively, and they were
separated by a distance of 10.9 Mb (data not shown). This observation in particular
provides insight regarding the evolution of the PAL classes. It is clear that the sequence
divergence and relative similarities of the five annotated PAL loci was a result of the
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ancient segmental duplications followed by divergence and rearrangements. The PAL
loci on chromosomes 4 and 5 (class I and III) are highly similar, but there is more
sequence divergence between those loci and the PAL locus on chromosome 2 (class II).
This same pattern exists between the large segmentally quadruplicated regions of maize
chromosomes 2, 4, 5, and 10 that contain the putative PAL/HCT loci and this was
supported by analysis of maize-rice synteny. By examining maize-rice synteny, Wei et
al. (2007) concluded that these segmental duplications occurred before the divergence
of maize and rice and thus were likely to exist in other cereals. They hypothesized that
maize would contain 4 copies of ancient segmental duplications if it was in fact derived
from the allotetraploidization of two progenitors, and the described regions of
chromosome 2, 4, 5, and 10 supported that hypothesis. Wei et al. (2007) performed a
full genome analysis of maize-rice synteny and therefore did not make observations
regarding specific genes. The in silico mapping analysis presented herein demonstrates
that the evolutionary history of the first enzyme of the phenylpropanoid pathway, PAL,
was modulated by one of the largest ancient segmental duplications described in their
work.
Significance of Gene Clusters
There are a few reported examples of phenylpropanoid pathway-specific gene
clustering, and the majority describe tandem duplications. In soybean (Glycine max L.
Merrill), CHS exists as a multi-gene family, and four CHS gene clusters have been
identified in the genome (Akada and Dube 1995). Five DFR homologues form a cluster
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in a 38 kb region of the Lotus japonicus (Regel) K. Larsen genome (Shimada et al. 2005).
In an interspecific backcross population of Coffea species, a PAL homologue mapped to
the same linkage group as a previously mapped CCoAOMT homologue, but the two
markers segregated independently (Mahesh et al. 2006).

The completion of the

genome sequence of the heterozygous Pinot Noir clone ENTAV 115 (Vitis vinifera L. ssp.
sativa) revealed clusters of PAL and MYB homologues (Velasco et al. 2007). Except for
the Coffea example in which the members of the cluster are so distant that they actually
segregate independently, these constitute tandem or ectopic duplications. Therefore,
the heterogeneous clusters likely constitute the first lignin-specific clusters that have
been described in maize. This is particularly important if the physical proximity of the
clustered genes imparts some level of coordinated regulation of a biological process
that is controlled by members of the cluster. However, even if there is no specific
biological advantage obtained by the clustering itself, the occurrence of clusters
suggests that it would be possible to introgress of a favorable haplotype (gene cluster)
into breeding material.
There are a few hypotheses regarding the importance of secondary metabolic
gene clusters. Clusters might facilitate coordinated regulation of genes, either through
sequence-specific transcriptional activation or through epigenetic modifications of
chromatin spanning multiple genes. Additionally, clusters may facilitate the inheritance
of related genes as contiguous units that are uninterrupted by recombination due to
physical proximity (Poyatos and Hurst 2006, Osbourn 2010). The inheritance hypothesis
has implications in plant breeding. A small region, defined by flanking molecular
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markers, could be easily introgressed into progeny of a breeding program. Conversely,
any negative epistatic interactions in the cluster of genes would be difficult to break as
the probability of recombinations in the small region is low. Thus, a cluster of favorable
alleles of tightly linked genes affecting a quantitative trait would be much easier to
introgress into a recipient line than an alternative situation where all members of the
cluster occur at unlinked sites. Characterization of gene clusters affecting traits of
agronomic importance should aid in the implementation of molecular breeding
techniques.
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CHAPTER 4
Marker Development

Introduction
The statistical analysis of marker-trait associations in the CG62xCO387
population allowed the identification of genome regions that were believed to contain
genes controlling F. graminearum disease severity, pericarp-aleurone phenolic
concentration, or both. The in silico mapping analysis provided the genomic coordinates
of genes that were thought to potentially control the synthesis and deposition of
phenolics in the pericarp-aleurone layer of the maize grain. The correlation analysis
between disease scores and phenolic content in the mapping population suggested that
pericarp-aleurone phenolic content, specifically DFAs, were a functional component of
maize resistance to F. graminearum. Given that hypothesis, one would expect that
some of the candidate genes such as DFA biosynthetic enzymes or their regulators
would be localized within the identified QTL. The combined in silico mapping and QTL
data facilitated a priori identification of those candidate genes that were located near or
within QTL and thus shortened the list to genes that were expected to be informative as
molecular markers. Based on these results candidate genes on chromosomes 3, 4, 5, 7,
8, and 9 were selected for targeted molecular marker development.
As previously discussed, the initial in silico mapping placed the GST4 and MYB42
in a linkage block on chromosome 3 that contained a silk resistance QTL (Ali et al.2005).
Preliminary unpublished QTL analysis of pericarp-aleurone phenolics also placed a QTL
for 8-O-4’ DFA in the region, and therefore it was considered to contain genes that
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affected the DFA-mediated disease resistance hypothesis.

However, the updated

version of the maize genome sequence (B73 RefGen_v2) placed the MYB42 sequence on
chromosome 4 in a region lacking QTL for the analyzed traits. The BAC containing the
GST4 sequence remained on chromosome 3, but reanalysis of the corrected disease and
phenolic data abolished the relevant QTL in the region. These genes were initially
chosen because MYB42 is a known regulator of phenylpropanoid metabolism and GST4
shares homology with the bronze2 GST that is involved in vacuolar sequestration of
anthocyanin (Sonbol et al. 2009, Alfenito et al. 1998).
The long arm of chromosome 5 contained QTL for kernel resistance and
pericarp-aleurone content of 8-O-4’ DFA, 5-5’ DFA, 8-5’ DFA, and pCA. The PAL_1 and
HCT_1 loci were predicted to map near this region and were also considered for
molecular marker development. The role of maize PAL in the removal of ammonia from
phenylalanine or tyrosine to yield cinnamic acid or pCA, respectively, is well established
(Barrière et al. 2007). It is also well established that HCT facilitates the addition of
shikimate/quinate moieties to p-coumaroyl-CoA and that these shikimate/quinate
esters are the true substrate for 3’ hydroxylation by C3H (Barrière et al. 2007). Since the
PAL and HCT genes have established functions and their paralogues were predicted to
map near disease/phenolic QTL colocalizations, they were chosen for marker
development.
The region of chromosome 7 around the BC595_1200 marker contained strong
QTL for kernel resistance that explained between 8 and 17% of the phenotypic variance
and had statistically significant LOD scores. This region contained the predicted map
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location of the CCR_3 sequence that was targeted for marker development. The
function of CCR is not as conclusively established as that for PAL or HCT, but it is known
that it reduces p-coumaroyl- and feruloyl-CoA to their corresponding aldehydes
(Barrière et al. 2007). This side chain reduction is a necessary step of monolignol
biosynthesis. Although the region did not contain QTL for phenolics, it was considered
that the CCR_3 locus could be an informative molecular marker. Furthermore, the
region was marker-poor and the possibility existed that new QTL could be identified if
additional markers were added to the region. For that reason, publicly available SSRs
from the region were screened in addition to the effort to map the CCR_3 locus.
The cinnamic acid produced by PAL when it uses phenylalanine as a substrate
must be para-hydroxylated by a C4H enzyme to continue its route towards
monolignol/FA biosynthesis. The function of C4H in this hydroxylation reaction is well
established (Barrière et al. 2007). The C4H_1a locus was placed on chromosome 8
within a cluster of QTL for total DFA, 5-5’ DFA, and 8-5’b DFA. These QTL partially
overlapped QTL for 8-5 DFA and 8-O-4’ DFA, and the region was thus considered to be
important for DFA biosynthesis. As the C4H_1a locus represents an important early
gene in the phenylpropanoid pathway and mapped in silico to a cluster of DFA QTL, it
was considered for marker development.
The final region considered for targeted molecular marker development was
located on the short arm of chromosome 9 near the identified QTL for kernel resistance
and 5-5’ DFA. The CCoAOMT_2 locus was mapped in silico to this region. The CCoAOMT
enzyme methylates caffeoyl-CoA to produce feruloyl-CoA, and this step is probably
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necessary for both G and S monolignol biosynthesis (Barrière et al. 2007). In an
association mapping study, polymorphisms in the CCoAOMT_2 gene could explain cell
wall digestibility, and the region of chromosome 9 containing CCoAOMT_2 colocalized
with QTL for lignin content and digestibility (Guillet-Claude et al. 2004). RNAi knockouts
in Arabidopsis and alfalfa have questioned the role of CCoAOMT in FA biosynthesis
(Barrière et al. 2007). However, the genetic evidence combined with the fact that much
remains to be answered about the activities of CCoAOMT paralogues suggested that the
gene may be a useful genetic marker in the mapping population.
The purpose of the present experiment was to develop molecular markers from
the selected candidate genes for screening in the CG62xCO387 population. The markers
would be created from polymorphisms identified in the sequences of these genes using
simple PCR-based approaches. Wu et al. (1989) described the technique of allele
specific PCR, and it has been widely used since its development. Konieczny and Ausubel
(1993) described the CAPS marker method whereby differential restriction fragment
lengths are produced by cleavage of monomorphic PCR products. With the wide
diversity of restriction enzyme recognition sequences and the ease of PCR primer
development and testing, it was believed that these techniques would be sufficient to
map the identified polymorphisms.
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The specific hypotheses that will be addressed in this chapter are as follows:


The segregation of some phenylpropanoid pathway genes (biosynthetic
enzymes, regulatory proteins, enzymes generating phenoxy radicals, and/or
enzymes from closely related pathways and processes) in the CG62xCO387
mapping population will be able to explain variation for both F. graminearum
disease scores and the concentration of phenolics in the pericarp-aleurone layer
of kernels.
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Materials and Methods
Plant Material and DNA Isolation
Genomic DNA was isolated from CO387 and CG62 using the Qiagen® DNeasy™
Plant Mini Kit following the manufacturers protocol except that the DNA was eluted in
pre-warmed (60°C) HyPure™ Molecular Biology Grade Water (HyClone®). The DNA was
quantified and checked for quality on a 1% TBE agarose gel stained with ethidium
bromide. Quantification was achieved by comparison of samples to the low DNA mass
ladder (Invitrogen®). Genomic DNA from the mapping population was obtained from
the original samples described in Ali et al. (2005). Quantification of these DNA samples
was performed with the Qubit™ fluorometer and the Quant-iT dsDNA HS Assay Kit
(Invitrogen®). Aliquots of all samples were diluted to 10 ng/μl in HyPure™ water and
stored at -20°C.
Primer Design
Design of Gene-Specific Primers
Oligonucleotide primers were designed using Primer3Plus, which is an enhanced
web interface of the Primer3 software (Untergasser et al. 2007). The target sequences
that were used for primer design were described in Chapter 3. The genomic sequence
of B73 that represented a candidate gene and the respective BLAST queries (cDNA
sequence) matching that sequence (see Chapter 3) were aligned using the ClustalW v2.0
software (Larkin et al. 2007). These alignments were used to identify the putative
introns and untranslated regions, and primers were designed outside of these regions.
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Since introns and UTRs seem to accumulate more mutations than coding regions, it was
believed that these gene regions would be most likely to exhibit polymorphisms
between the mapping parents. In turn, it was assumed that the placement of primers
outside of these regions was less likely to result in failed PCR reactions due to
polymorphisms between the reference genotype (B73) and one or more of the
experimental lines (CG62, CO387, and RILs). This also facilitated the prediction of
accurate product sizes as the introns of B73 genes were assumed to be of a similar size
to the introns in the CO387 and CG62 lines. Primers were placed in introns and UTRs if
one or both of the following criteria were met: the CG62/CO387 sequence was already
known, or the primer binding site was monomorphic between 2 or more genotypes
based on publicly available sequence information. Putative paralogues were aligned to
target sequences to determine the paralogue-specificity of primer pair candidates.
General specificity was checked using a BLAST algorithm of GenBank designed
specifically for primer input sequences (Primer-BLAST, Altschul et al. 1997). Primer
sequences are presented in Table 4.1.
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Table 4.1 Nucleotide sequences (5’-3’) of the oligonucleotide primers used in the
present work. The reactions involving bnlg657, bnlg1022, and dupssr11 used a
‘touchdown’ program that was described in the methods and utilizes a range of
annealing temperatures.
Ta °C

Name

Forward primer sequence

Reverse primer sequence

CCoAOMT_1_952
CCoAOMT_2_1013
CCoAOMT_2_899
CCoAOMT_2_673_ASP
PAL_1_791
PAL_1_389_CAPS
PAL_1_347_CAPS
HCT_1_296_CAPS
HCT_1_556
MYB42_918
MYB42_409_ASP
CCR_3_799
CCR_3_1096
CCR_3_840
GST4_700
GST4_635
C4H_1_1321_NEST1
C4H_1_1104_NEST1
C4H_1_271
C4H_1_810_NEST2
C4H_1_685_NEST2
bnlg657
bnlg1022
dupssr11

CCAACGGCAACGGCGAGCAGAAGAC
CAAGCCAGTGCCGCGCCCAGAT
CAAGCCAGTGCCGCGCCCAGAT
CCACCACGGCGACCAAGACGACTG
CGACATCCTGAAGCTCATGTCGTCCAC
GGACCACGCCCTCAGCAGCG
CGCGCCGTGCTGGTGGAC
ATCCGCCGTGCTCCTCCATCGCT
CGGAGGGCTACTTCGGCAACG
ACGCGAAGTAGCAACAAGCAAAAGCC
ACCTGACCTGACCCAGCCAAACC
ACAGGCACACCTCACACGAGCAGCA
GAGAGATGCTGGGTCCTGCTGTTACC
CCCTCATGTGCCCGTGAACGGAATCCT
ACTCCTATCCACTGCGGCCTGG
CGTCGGAGGGCACGGACCTG
AAGGTGATGGCTCAGACTGG
GACTGGTGAGATCCGGTGCG
GCTGGTGCAGAACTTCCAGC
GCATCTGTGCCTCTGTGGTGGTGGCT
GTGGACAAGGACGAATCAACAGCCA
TCTGAGGATGCCCAATCATGCGC
GTGTTGTCGATCCACTCCCT
AGGCAAGGCTTTCTTCATAC

GCCGCCCAGCTTCACCAGCTTCA
65
GAGCCGTTCCACAGCGTGTTGTCGT
65
TCGAACGACCCGTGCTGCTCCTTGT
58
GGGGACGAGCAACAGAGAGAGAGA
68
CCACACACGCACGCACACATACGGA
56
TCCCCTCCCTCCTCTTCTCCTTGGC
67
TTGCCGTCCCACTCCTTGAGGCACT
65
CCCGCCAGGTCGTTCCCGTCC
63
GGGGCAGGCAGGAACGGAAAAG
57
GAAGTCGAGCACGCTGGTCCTGAGC
60
CTCCTCGTCCTCCTCCTCGCCGTC
63
GCCGGTAACAGCAGGACCCAGCATC
60
GGATTCCGTTGGAGTTGCTCTTACACT
62
TGCTGCTCGTGTGAGGTGTGCCTGT
59
CCTCTAGCCACACCTCCAGCTTCGC
59
AGGCAATGAACACACACGAAAGCAACA
57
AAACGGGGCTTAAGTGGTTT
50
GGCTTGCAGACGATGGTGGC
60
AATCTCGATCCATTTGACTAAGTGC
50
CGTGGTTGATCTCGCCCTTCCTCTCGG
60
CATGGCGCACCGGATCTCACC
60
CGTTTCCGTTCGTCACCAGCTCG
Touchdown
GCAAAGATCTGTGAGGGGAC
Touchdown
CGGACGACGACTGTGTTC
Touchdown
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Design of SSR Primers
The SSR primer sequences are publicly available in the MaizeGDB database
(Lawrence et al. 2005).

No modifications were made to these oligonucleotide

sequences (Table 4.1).
PCR Conditions
Two different reaction mixtures were used for PCR. The final reaction volume of
both formulations was 20 μl. For gene-specific primers (CCoAOMT, PAL, HCT, MYB, CCR,
GST, and C4H), the following reagents were used: 20 ng genomic DNA, 1X PCR buffer, 1
mM MgCl2, 0.2 mM of each dNTP (Invitrogen® 100 mM dNTP Set, PCR Grade: dATP,
dGTP, dCTP, dTTP), 1.2 units of JumpStart™ Taq DNA Polymerase (Sigma®), and 5 μM of
each primer. For SSR primers (bnlg657, bnlg1022, and dupssr11), the following reagents
(purchased from same companies as gene-specific primers) were used: 50 ng genomic
DNA, 1X PCR buffer, 3 mM MgCl2, 0.2 mM of each dNTP, 1.2 units of Taq DNA
Polymerase, and 5 μM of each primer. For nested PCR reactions, the gene-specific mix
was used, and 1μl of reaction product from the initial PCR was used instead of the
genomic DNA template. A Bio-Rad® iCycler™ was used for thermal cycling.
Two different PCR cycling programs were used for gene-specific and SSR primers.
For gene-specific primers, the following program was used: 94°C, 3 min; (94°C, 30 sec;
Ta°C, 45 sec; 72°C, 1 min)x35; 72°C, 10 min; and 4°C terminal hold (Ta°C = annealing
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temperature). The annealing temperatures were determined for each gene-specific
primer pair by using the same program that was just described, except that the each
row of the PCR machine’s 96 well heating block was set to a different annealing
temperature. The highest temperature that produced clean, abundant product was
chosen for subsequent reactions (data not shown, Table 4.1). For SSR primers, the
following program was used: 95°C, 5 min; [95°C, 1 min; (65°C - 1°C cycle-1), 1 min; 72°C,
1 min 30 sec]x9; (95°C, 1 min; 55°C, 1 min; 72°C, 1 min 30 sec)x40; 72°C, 2 min; and 4°C
terminal hold. The nine cycle component of the program is referred to as a ‘touchdown’
strategy where the annealing temperature is lowered 1°C each cycle from a starting
temperature of 65°C.
Restriction Digestion
Restriction digestion of amplified PCR products was carried out following the
manufacturers’ protocol. Digestion of fragments with the AvaII (Fermentas®) and BsrNI
(Fermentas®) restriction enzymes was performed for 16 hr at the 37°C and 65°C,
respectively. Incubations were followed by a 20 min inactivation step at 65°C and 80°C,
respectively.
Electrophoresis
All gel electrophoresis involving gene-specific PCR reactions and plasmids was
performed using 1% TBE agarose gels stained with ethidium bromide and visualized with
UV light. PCR products and plasmid samples were run at 80-100 V for 30 min to 1.5 hr
depending on the time necessary to achieve fragment separation. Ethidium bromide
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was added at a concentration of 0.025 mg for every 50 ml of gel volume. For separation
of fragments generated with SSR primer pairs, a 4% super fine resolution TBE agarose
gel was used. Ethidium bromide concentration and electrophoresis voltage were the
same for both types of gels; however SSR fragments required 1-2 hr to achieve
adequate separation. Gels were visualized under UV light following electrophoresis.
Gel Isolation of Amplified Fragments
Fragments of the expected size from PCR reactions that produced
heterogeneous mixtures of products were extracted from the gel following
electrophoresis. The target bands were excised with a clean razor blade under UV light.
DNA was extracted from the gel slices using the QIAquick™ Gel Extraction Kit (Qiagen®)
and the manufacturer’s protocol, except that DNA was eluted in pre-warmed (60°C)
HyPure™ water at 60% (30 μl) of the recommended volume.
Cloning
Amplified fragments (PCR product or gel extracted DNA) were cloned into the
pCR®2.1-TOPO® vector with the TOPO TA Cloning® Kit and chemically competent
Escherichia coli cells (Invitrogen®). The pCR®2.1-TOPO® vector contains an ampicillin
resistance gene and multiple cloning site (MCS) within a β-galactosidase gene. Thus,
fragment insertion within the MCS and successful transformation of competent cells will
cause them to be resistant to ampicillin and unable to metabolize X-Gal.
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The manufacturer’s protocol was modified to achieve multiple cloning reactions
from a single aliquot of competent cells.

All components were used at 1/3 the

manufacturer’s recommended volume. Therefore, single kit yielded three times the
cloning reactions that were expected using the standard protocol.
Transformed E. coli cells were transferred to Lucia-Bertani (LB) plates containing
yeast extract (5 mg/ml), bactotryptone (10 mg/ml), NaCl (10 mg/ml), bactoagar (15
mg/ml), and ampicillin (70 μg/ml). Forty μl of X-Gal (40 mg/ml) was spread on each
plate prior to plating of transformed cells. The ampicillin concentration was 20 μg/ml
higher than recommended in order to reduce the growth of contaminating satellite
colonies. Plates were incubated at 37°C overnight, and positive clones were identified
on the basis of color. Positive clones were light blue or white as they could not
metabolize X-Gal, and negative clones were dark blue.
Positive Clone Confirmation
At least five white/light blue clones per reaction were analyzed by PCR. The PCR
reaction conditions were the same as described for gene-specific primers with a few
exceptions. No genomic DNA was added to reactions, and cresol red loading dye (2X)
was included in the mix. The primers and PCR programs that were used to amplify the
cloned fragment were again used for colony identification. A sterile pipette tip was
gently pressed against a white/light blue colony, swirled in a PCR reaction, and placed in
a culture tube containing 4 ml of LB broth and ampicillin (70 μg/ml). The liquid culture
was grown overnight with agitation at 37°C. The PCR products were subjected to
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electrophoresis in the same manner as the original cloned fragment, and reactions that
amplified a fragment of the same size as the cloned fragment were considered to have
been derived from a positive clone. After overnight growth, 0.5 ml of liquid cultures
derived from positive clones was combined with 0.5 ml of sterile glycerol (80% v/v),
gently mixed by pipetting, and stored at -80°C. After the glycerol stocks were prepared,
the remaining media of at least two cultures derived from different clones were used for
plasmid extraction and sequencing.
Plasmid Extraction
Plasmids were extracted from PCR-positive clones using the QIAprep™ Spin Mini
Kit (Qiagen®). The manufacturer’s protocol was used except that plasmids were eluted
in pre-warmed (60°C) HyPure™ water at 60% (30 μl) of the recommended volume.
Plasmid concentrations were determined by comparison of bands to the low DNA mass
ladder (Invitrogen®) following gel electrophoresis of a known volume of plasmid extract.
Sequencing of Clones
Plasmids extracted from positive clones were sequenced with a CEQ™ 8000
Genetic Analysis System (Beckman Coulter, Inc.). One-hundred fmol of plasmid was
used as template for sequencing PCRs and all subsequent steps were carried out using
the manufacturers’ protocol with one exception. The PCR reaction described in the
protocol was cycled 40 times rather than 30. Clones were sequenced in both directions
using the M13 Forward (-20) and M13 Reverse primers that were included with the
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pCR®2.1-TOPO® vector.

A minimum of two clones per parental genotype were

sequenced.
Sequence Analysis
Sequences were initially quality checked by inspection of electropherograms.
Vector sequence was removed on the basis of a ‘CCCTT’ motif at the MCS which marks
the insertion site and neighbors the primer sequence of the insert. Sequences of the
same clone were aligned using ClustalW in order to generate a consensus. In instances
where base calls at a position differed between identical clones, the electropherogram
was inspected. The most common base-call for the position was chosen. If more than
one base call was equally frequent between clones, it was considered to be unknown
(N) unless the true identity was obvious from the respective electropherograms.
Sequence identity was confirmed by alignment to the respective reference
sequence that was used for primer design. The BLAST search algorithm from GenBank
was used to predict the identities of sequences with no/low homology to the reference.
Putative polymorphisms were checked for quality (electropherogram) and consistency
between clones. Putative amino acid translations were generated using the ExPASy
Translate Tool (Swiss Institute of Bioinformatics 2011). Analysis of polymorphic sites as
potential CAPS markers was achieved by using the program SNP2CAPS (Thiel et al.
2004).
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Statistical Analysis
Segregation Ratios
Segregation distortion of markers away from their expected Mendelian
distributions was tested using the Χ2 test with Yates correction for continuity. The
alleles of codominant markers were expected to segregate 1:1 in the F5 population.
Dominant markers were expected to segregate 53:47 rather than 1:1 because the
dominant marker class (53) includes homozygous dominant and heterozygous dominant
individuals. Analysis was conducted with SAS software version 9.1 (SAS Institute Inc.,
Cary, NC) using PROC FREQ (α=0.05).
Marker-Trait Associations
Markers were tested individually for their association with the F. graminearum
disease scores and pericarp-aleurone phenolic content with a one-way ANOVA.
Analyses were performed using PROC GLM procedure in SAS software version 9.1 (SAS
Institute Inc., Cary, NC). Models were declared significant at α=0.05. Heterozygous
genotypes were included in the analysis only to the extent that they are present in the
positive (presence of band) genotypic scores of dominant, allele-specific primer
markers.
Map Construction
Mapping was performed as described in Chapter 2 with the JoinMap ® 4
software.
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QTL Analysis
QTL analysis was performed as described in Chapter 2 with the MapQTL® 5
software. One round of automatic cofactor selection was performed to determine
whether or not the new markers were suitable as cofactors.
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Results
Fragments Amplified with CCoAOMT_1-Specific Primers
The primers designed for CCoAOMT_1 were considered to be locus-specific as
evidenced by the presence of a single major band that was just larger than 900 bp
(Figure 4.1). A few faint bands that were smaller than 900 bp and larger than 800 bp
were also amplified from both CO387 and CG62 genomic DNA (gDNA), but these were
ignored since they were minor bands and were clearly smaller than the expected
product size of 952 bp (Figure 4.1). The major bands amplified using CO387 and CG62
gDNA template were extracted from the gel, cloned, and sequenced. Two clones were
sequenced (in both directions) per genotype for a total of 8 sequences. All clones were
>99% identical at the sequence level, although there were discrepancies that were
caused by sequencing errors (data not shown). It was therefore possible to generate a
single consensus sequence for the CCoAOMT_1 allele that was shared between both
parents. To confirm the identity of this sequence, it was aligned to the accession
AY323251.1 that was derived from B73 (Guillet-Claude et al. 2004, Figure 4.2). Within
the alignment there is a single SNP between the CCoAOMT_1 consensus and the B73
sequence at the third position in the third intron, and there are a few unknown base
calls (Ns) in the CCoAOMT_1 sequence (Figure 4.2). This sequence represents the
majority of the first exon, all introns, and the majority of the last exon of the CCoAOMT1
gene described by Guillet-Claude et al. (2004). Mapping was not possible since there
were no parental allelic differences.
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Figure 4.1 Fragments amplified from CO387 and CG62 genomic DNA with
CCoAOMT_1_952 primers. PCR products were visualized under UV light on a
1% TBE agarose gel stained with ethidium bromide. M: size ladder.
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CCoAOMT_1
AY323251.1

1 --------------CCAACGGCAACGGCGAGCAGAAGACGCGGCACTCCGAGGTCGGCCA
121 GCAGGAGCAGCAGGCCAACGGCAACGGCGAGCAGAAGACGCGGCACTCCGAGGTCGGCCA

CCoAOMT_1
AY323251.1

47 CAAGAGCCTGCTCAAGAGCGACGACCTCTACCAGgtaaacactccgatcctgcctgccca
181 CAAGAGCCTGCTCAAGAGCGACGACCTCTACCAGgtaaacactccgatcctgcctgccca

CCoAOMT_1
AY323251.1

107 tttccggcctcgcgctctagatcttatcttccgtgactcgaatctgaccgggggaagaat
241 tttccggcctcgcgctctagatcttatcttccgtgactcgaatctgaccgggggaagaat

CCoAOMT_1
AY323251.1

167 cacttccaccagTACATCCTGGACACGAGCGTGTACCCGCGGGAGCCGGAGAGCATGAAG
301 cacttccaccagTACATCCTGGACACGAGCGTGTACCCGCGGGAGCCGGAGAGCATGAAG

CCoAOMT_1
AY323251.1

227 GAGCTCCGCGAGATCACCGCCAAGCACCCATGgtatgttccgctttcccgggccgatctc
361 GAGCTCCGCGAGATCACCGCCAAGCACCCATGgtatgttccgctttcccgggccgatctc

CCoAOMT_1
AY323251.1

287 tcggcggcgacctagctgctggacagatcgagatctgaaaaaatggcgtgcagGAACCTG
421 tcggcggcgacctagctgctggacagatcgagatctgaaaaaatggcgtgcagGAACCTG

CCoAOMT_1
AY323251.1

347 ATGACGACCTCCGCCGACGAGGGGCAGTTCCTGAACATGCTCATCAAGCTCATCGGCGCC
481 ATGACGACCTCCGCCGACGAGGGGCAGTTCCTGAACATGCTCATCAAGCTCATCGGCGCC

CCoAOMT_1
AY323251.1

407 AAGAAGACCATGGAGATCGGCGTCTACACCGGCTACTCCCTCCTCGCCACGGCGCTCGCC
541 AAGAAGACCATGGAGATCGGCGTCTACACCGGCTACTCCCTCCTCGCCACGGCGCTCGCC

CCoAOMT_1
AY323251.1

467 CTCCCGGAGGACNGCACGgtgcgtcgttgttccctcccntttctcagatctgccacccca
601 CTCCCGGAGGACGGCACGgtccgtcgttgttccctcccttttctcagatctgccacccca

CCoAOMT_1
AY323251.1

527 cctcccngaaggcgaagcagctagcggtcctcccactgataaaccaaggatttctctctc
661 cctccctgaaggcgaagcagctagcggtcctcccactgataaaccaaggatttctctctc

CCoAOMT_1
AY323251.1

587 cctctctttgttgttcgtcccgccccgcagATCTTGGCCATGNACATCAACCGCGAGAAC
721 cctctctttgttgttcgtcccgccccgcagATCTTGGCCATGGACATCAACCGCGAGAAC

CCoAOMT_1
AY323251.1

647 TACGAGCTGGGCCTGCCCTGCATCGAGAAGGCCGGCGTCGCCCACAAGATCGACTTCCGC
781 TACGAGCTGGGCCTGCCCTGCATCGAGAAGGCCGGCGTCGCCCACAAGATCGACTTCCGC

CCoAOMT_1
AY323251.1

707 GAGGGTCCCGCGCTCCCCGTCCTCGACGACCTCATCGCGGAGgtacgaaatggccaggcc
841 GAGGGTCCCGCGCTCCCCGTCCTCGACGACCTCATCGCGGAGgtacgaaatggccaggcc

CCoAOMT_1
AY323251.1

767 gccagatctgtgcttcttcgcctatatcgatcgagtagaagttgacatgacatctcggac
901 gccagatctgtgcttcttcgcctatatcgatcgagtagaagttgacatgacatctcggac

CCoAOMT_1
AY323251.1

827 ccgtgtctgtctgcatctgcgcagGAGAAGAACCACGGGTCGTTCGACTTCGTCTTCGTG
961 ccgtgtctgtctgcatctgcgcagGAGAAGAACCACGGGTCGTTCGACTTCGTCTTCGTG

Figure 4.2, see next page
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CCoAOMT_1
887 GACGCCGACAAGGACAACTACCTCAACTACCACGAGCGGCTGCTGAAGCTGGTGAAGCTG
AY323251.1 1021 GACGCCGACAAGGACAACTACCTCAACTACCACGAGCGGCTGCTGAAGCTGGTGAAGCTG
CCoAOMT_1
947 GGCGGC-----------------------------------------------------AY323251.1 1081 GGCGGCCTCATCGGCTACGACAACACGCTGTGGAACGGCTCCGTCGTGCTCCCCGACGAC

Figure 4.2 Nucleotide alignment of the 952 bp CO387 and CG62 consensus
sequence (CCoAOMT_1) to the reference sequence (AY323251.1).
The
CCoAOMT1_952 primers are marked with arrows. Introns are represented by
lowercase letters and exons are represented by uppercase letters.
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Fragments Amplified with CCoAOMT_2-Specific Primers
Two sets of primers were designed for the CCoAOMT_2 locus using AY279022.1
as a reference sequence. The two pairs share a forward primer and have different
reverse primers that were predicted to yield either an 899 bp or a 1.013 Kb fragment
(Table 4.1). Both primer pairs amplified fragments of the expected size, but CG62
contained an extra higher molecular weight band in both cases (Figure 4.3). Since the
extra band was very close to the expected size and appeared to fluoresce at a
comparable level to the ‘main’ products, it was also investigated. All six amplified
fragments were cloned, and two clones per reaction were prepared for sequencing.
However, gel electrophoresis of the extracted plasmids from the respective clones
indicated that the clones representing the ~1.013 Kb fragment from CG62 were much
smaller than expected (data not shown). These clones may have lost their inserts or
contained partial/artifactual inserts, and therefore they were not sequenced. It was
subsequently determined that the ~1.013 Kb fragment from CO387 was in fact the same
as its corresponding ~899 bp fragment, and therefore it was decided to obtain all CG62
CCoAOMT_2 sequence data from the ~899 bp band that was cloned successfully. Thus,
the consensus sequence for CO387 CCoAOMT_2 was derived from 4 clones sequenced
in both directions, and that of CG62 was derived from 2 clones sequenced in both
directions.
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Figure 4.3 Fragments amplified from CO387 and CG62 genomic DNA with
CCoAOMT_2_1013 (lanes 1 and 2) and CCoAOMT_2_899 (lanes 3 and 4) primers. PCR
products were visualized under UV light on a 1% TBE agarose gel stained with ethidium
bromide. M: size ladder.
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Sequence analysis of the higher molecular weight band from the CG62 PCR
reactions indicated that it was 100% identical (except for unknown base calls) to the
smaller, expected fragment except that it contained a 40 nt insertion within a (TC)n
repeat within the third and final intron of the gene (Figure 4.4). It is unclear whether
the extra band represents a unique locus or an allele of the same locus because the
larger product with the 40 nt insertion did not segregate among individuals of the
population (data not shown). The consensus sequences of the expected fragments from
CO387 and CG62 shared 95% and 91% identity, respectively, to the reference sequence,
AY279022.1 (Data not shown, Figure 4.5). Numerous polymorphisms were detected
between the parental genotypes, and this is exemplified by the fact that they share only
90% identity (Figure 4.5). Notably, CO387 contains an 18 bp repetitive indel (Figure 4.5)
in the first CCoAOMT_2 exon that does not induce a frameshift.
As can be seen in Figure 4.5, numerous polymorphisms were discovered and
some of these were in the putative coding region of the gene. The predicted amino acid
sequences of the CO387 and CG62 alleles are presented in Figure 4.6. The available
coding region sequence data contains the first 168 N-terminal amino acids (AAs) out of
263 contained in the full predicted protein product. Three conservative changes, one
semi-conservative change, and two indels were observed between the predicted protein
products of the two parents (Figure 4.6).

157

CCoAOMT_2_CG62_0.892
CCoAOMT_2_CG62_0.939

1 CAAGCCAGTGCCGCGCCCAGATCTCAGCGACAAGTCGTTCGTCCAGCTAACTGCACTGCA
1 CAAGCCAGTGCCGCGCCCAGATCTCAGCGACAAGTCGTTCGTCCAGCTAACTGCACTGCA

CCoAOMT_2_CG62_0.892
CCoAOMT_2_CG62_0.939

61 CTGCACGCAATGGCCACCACGGCGACCGAGGCTGCACCGGCGCAGGAGCAGCAGGCCAAC
61 CTGCACGCAATGGCCACCACGGCGACCGAGGCTGCACCGGCGCAGGAGCAGCAGGCCAAC

CCoAOMT_2_CG62_0.892
CCoAOMT_2_CG62_0.939

121 GGCAACGGCAACGGCGAGCAGAAGACGCGCCACTCCGAGGTCGGCCACAAGAGCCTGCTC
121 GGCAACGGCAACGGCGAGCAGAAGACGCGCCACTCCGAGGTCGGCCACAAGAGCCTGCTC

CCoAOMT_2_CG62_0.892
CCoAOMT_2_CG62_0.939

181 AAGAGCGACGACCTCTACCAGGTAAACAAGCTGGGCGCAATGAATGGCTGAATCTGACCG
181 AAGAGCGACGACCTCTACCAGGTAAACAAGCTGGGCGCAATGAATGGCTGAATCTGACCG

CCoAOMT_2_CG62_0.892
CCoAOMT_2_CG62_0.939

241 GGATCTGAGTCTCTGACCGCGGGGGAAGAATGATCCGCAGTACATCCTGGACACGAGCGT
241 GGATCTGAGTCTCTGACCGCGGGGGAAGAATGATCCGCAGTACATCCTGGACACGAGCGT

CCoAOMT_2_CG62_0.892
CCoAOMT_2_CG62_0.939

301 GTACCCGCGGGAGCCGGAGAGCATGAAGGAGCTGCGCGAGATCACCGCCAAGCACCCATG
301 GTACCCGCGGGAGCCGGAGAGCATGAAGGAGCTGCGCGAGATCACCGCCAAGCACCCATG

CCoAOMT_2_CG62_0.892
CCoAOMT_2_CG62_0.939

361 GTATGTCCCGCTAGCTTTTCGCCTGTCGTACGTGGTGNATTCGAGTGTGTGGGCNTGCTG
361 GTATGTCCCGCTAGCTTTTCGCCTGTCGTACGTGGTGGATTCGAGTGTGTGGGCCTGCTG

CCoAOMT_2_CG62_0.892
CCoAOMT_2_CG62_0.939

421 GACGACAGACCGAGATCTGACTGAGAAGTGAGAACATGGCTTGGCGTGCAGGAACCTGAT
421 GACGACAGACCGAGATCTGACTGAGAAGTGAGAACATGGCTTGGCGTGCAGGAACCTGAT

CCoAOMT_2_CG62_0.892
CCoAOMT_2_CG62_0.939

481 GACCACCTCCGCCGACGAGGGCCAGTTCCTCAACATGCTCATCAAGCTCATCGGCGCCAA
481 GACCACCTCCGCCGACGAGGGCCAGTTCCTCAACATGCTCATCAAGCTCATCGGCGCCAA

CCoAOMT_2_CG62_0.892
CCoAOMT_2_CG62_0.939

541 GAAGACCATGGAGATCGGCGTCTACACCGGCTACTCGCTCCTCGCCACCGCGCTCGCACT
541 GAAGACCATGGAGATCGGCGTCTACACCGGCTACTCGCTCCTCGCCACCGCGCTCGCACT

CCoAOMT_2_CG62_0.892
CCoAOMT_2_CG62_0.939

601 CCCGGAGGACGGCACGGTCGGTTCTCTCTCTCTCTCTCTCTCTCTC-------------601 CCCGGAGGACGGCACGGTCGGTTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTC

CCoAOMT_2_CG62_0.892
CCoAOMT_2_CG62_0.939

647 --------------------------CCAGATCTGCCACCCACCCACCCACCTCCGGTCC
661 TCTCTCTCTCTCTCTCTCTCTCTCTCCCAGATCTGCCACCCACCCACCCACCTCCGGTCC

CCoAOMT_2_CG62_0.892
CCoAOMT_2_CG62_0.939

681 ACTGGTACGCCCATGATCTTTACCCTTCTCTCTCTCTGTCTCTCTGTTGCTCGCCCCCCC
721 ACTGGTACGCCCATGATCTTTACCCTTCTCTCTCTCTGTCTCTCTGTTGCTCGCCCCCCC

CCoAOMT_2_CG62_0.892
CCoAOMT_2_CG62_0.939

741 GCAGATCTTGGCCATGGACATCAACCGCGAGAACTACGAGCTAGGCCTTCCCTGCATCGA
781 GCAGATCTTGGCCATGGACATCAACCGCGAGAACTACGAGCTAGGCCTTCCCTGCATCGA

CCoAOMT_2_CG62_0.892
CCoAOMT_2_CG62_0.939

801 CAAGGCCGGCGTGGCCCACAAGATCGACTTCCGCGAGGGCCCCGCGCTCCCCGTCCTGGA
841 CAAGGCCGGCGTGGCCCACAAGATCGACTTCCGCGAGGGCCCCGCGCTCCCCGTCCTGGA

CCoAOMT_2_CG62_0.892
CCoAOMT_2_CG62_0.939

861 CGACCTCGTGGCGGACAAGGAGCAGCACGGGT------901 CGACCTCGTGGCGGACAAGGAGCAGCACGGGTCGTTCGA

Figure 4.4 Nucleotide alignment of the the 892 bp and 939 bp CCoAOMT_2
sequenced fragments from CG62.

158

CCoAOMT_2_CO387
CCoAOMT_2_CG62
AY279022.1

1 --CAAGCCAGTGCCGCGCCCAGATCTCCGCGACAGATCAGTCGTTCGTCCAGCTAACTGC
1 --CAAGCCAGTGCCGCGCCCAGATCTCAGCGACA----AGTCGTTCGTCCAGCTAACTGC
1 CGCAAGCCAGTGCCGCGCCCAGATCTCCGCGACATATCAGTCGTTCGTCCAGCTAACTGC

CCoAOMT_2_CO387
CCoAOMT_2_CG62
AY279022.1

CCACCACGGCGACCAAGACGAC------TG
59 ACTGCACTGCAC-----GCAATGGCCACCACGGCGACCAAGACGAC------TGCACCGG
55 ACTGCACTGCAC-----GCAATGGCCACCACGGCGACCGAGGC---------TGCACCGG
61 ACTGCACTGCACTGCACGCAATGGCCACCACGGCGACCGAGGCGGCCAAGGCTGCACCGG

CCoAOMT_2_CO387
CCoAOMT_2_CG62
AY279022.1

108 CGCAGGAGCAGCAGGCCAACGGCAACGGCAACGGCAACGGCAACGGCAACGGCGAGCAGA
101 CGCAGGAGCAGCAGGCCAACGGCAACGGCAACGGC------------------GAGCAGA
121 CGCAGGAGCAGCAGGCCAACGGCAACGGCAACGGC------------------GAGCAGA

CCoAOMT_2_CO387
CCoAOMT_2_CG62
AY279022.1

168 AGACGCGCCACTCCGAGGTCGGGCACAAGAGCCTGCTCAAGAGCGACGACCTCTACCAGg
143 AGACGCGCCACTCCGAGGTCGGCCACAAGAGCCTGCTCAAGAGCGACGACCTCTACCAGg
163 AGACGCGCCACTCCGAGGTCGGCCACAAGAGCCTGCTCAAGAGCGACGACCTGTACCAGg

CCoAOMT_2_CO387
CCoAOMT_2_CG62
AY279022.1

228 taaacaagctgagcgcaatgagtggctgaatctgaccgggatcttagtctctgaccgcgg
203 taaacaagctgggcgcaatgaatggctgaatctgaccgggatctgagtctctgaccgcgg
223 taaacaagctgagcgcaatgagtggctgaatctgaccgggatctgagtctctgaccgcgg

CCoAOMT_2_CO387
CCoAOMT_2_CG62
AY279022.1

288 ggggagaatgatccgcagTACATCCTGGACACGAGCGTGTACCCGCGGGAGCCGGAGAGC
263 gggaagaatgatccgcagTACATCCTGGACACGAGCGTGTACCCGCGGGAGCCGGAGAGC
283 gggaagaatgatccgcagTACATCCTGGACACGAGCGTGTACCCGCGGGAGCCGGAGAGC

CCoAOMT_2_CO387
CCoAOMT_2_CG62
AY279022.1

348 ATGAAGGAGCTGCGCGAGATCACCGCCAAGCACCCATGgtatgtcccgctagcttttcgc
323 ATGAAGGAGCTGCGCGAGATCACCGCCAAGCACCCATGgtatgtcccgctagcttttcgc
343 ATGAAGGAGCTGCGCGAGATCACCGCCAAGCACCCATGgtatgtcccgctagcttttcgc

CCoAOMT_2_CO387
CCoAOMT_2_CG62
AY279022.1

408 c-tgtcgtacgcgcgtggtggattcgagtgtgtgggcctgctggacgtggacagaccgag
383 c-tgtcgtac----gtggtgnattcgagtgtgtgggcntgctggac---gacagaccgag
403 cctgtcgtac----gtggtggattcgagtgtgtgggcctgctggacgtggacagaccgag

CCoAOMT_2_CO387
CCoAOMT_2_CG62
AY279022.1

467 atctga----gaac---gaacatggcgtggcgtgcagGAACCTGATGACCACCTCCGCCG
435 atctgactgagaagtgagaacatggcttggcgtgcagGAACCTGATGACCACCTCCGCCG
459 atctga----gaac---gaacgtggcgtggcgtgcagGAACCTGATGACCACCTCCGCCG

CCoAOMT_2_CO387
CCoAOMT_2_CG62
AY279022.1

520 ACGAGGGCCAGTTCCTCAACATGCTCATCAAGCTCATCGGCGCCAAGAAGACCATGGAGA
495 ACGAGGGCCAGTTCCTCAACATGCTCATCAAGCTCATCGGCGCCAAGAAGACCATGGAGA
512 ACGAGGGCCAGTTCCTCAACATGCTCATCAAGCTCATCGGCGCCAAGAAGACCATGGAGA

CCoAOMT_2_CO387
CCoAOMT_2_CG62
AY279022.1

580 TCGGCGTCTACACCGGCTACTCGCTCCTCGCCACCGCGCTCGCACTCCCGGAGGACGGCA
555 TCGGCGTCTACACCGGCTACTCGCTCCTCGCCACCGCGCTCGCACTCCCGGAGGACGGCA
572 TCGGCGTCTACACCGGCTACTCGCTCCTCGCCACCGCGCTCGCACTCCCGGAGGACGGCA

CCoAOMT_2_CO387
CCoAOMT_2_CG62
AY279022.1

640 CGgtcggtgccctttctctctttctctctctctctctctttcccagatctgccacccacc
615 CGgtcggt------tctctctctctctctctctctct----cccagatctgccacccacc
632 CGgtcggtgccctttctctctttctctctctctctct--ttcccagatctgccacccacc

CCoAOMT_2_CO387
CCoAOMT_2_CG62
AY279022.1

TCTCT--CTCTC
700 ca----------gacca-----------aggatctttacccctctctgtctct--ctctc
665 cacccacctccggtccactggtacgcccatgatctttacccttctctctctctgtctctc
690 ca----------gacca-----------aggatctttacccctctctgtctct--ctctc

CCoAOMT_2_CO387
CCoAOMT_2_CG62
AY279022.1

TGTTGCTCGTCCCC
737 tgttgctcgtccccccgcagATCTTGGCCATGGACATCAACCGCGAGAACTACGAGCTAG
725 tgttgctcgcccccccgcagATCTTGGCCATGGACATCAACCGCGAGAACTACGAGCTAG
727 tgttgctcgtccccccgcagATCTTGGCCATGGACATCAACCGCGAGAACTACGAGCTAG

18 bp indel

Figure 4.5, see next page
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CCoAOMT_2_CO387
CCoAOMT_2_CG62
AY279022.1

797 GCCTTCCCTGCATCAACAAGGCCGGCGTGGGCCACAAGATCGACTTCCGCGAGGGCCCCG
785 GCCTTCCCTGCATCGACAAGGCCGGCGTGGCCCACAAGATCGACTTCCGCGAGGGCCCCG
787 GCCTTCCCTGCATCAACAAGGCCGGCGTGGGCCACAAGATCGACTTCCGCGAGGGCCCCG

CCoAOMT_2_CO387
CCoAOMT_2_CG62
AY279022.1

857 CGCTCCCCGTCCTGGACGACCTCGTGGCGGACAAGGAGCAGCACGGGTCGTTCGACTTCG
845 CGCTCCCCGTCCTGGACGACCTCGTGGCGGACAAGGAGCAGCACGGGT-----------847 CGCTCCCCGTCCTGGACGACCTCGTGGCGGACAAGGAGCAGCACGGGTCGTTCGACTTCG

CCoAOMT_2_CO387
CCoAOMT_2_CG62
AY279022.1

917 CCTTCGTGGACGCCGACAAGGACAACTACCTCAACTACCACGAGCGGCTCCTGAAGCTGG
-----------------------------------------------------------907 CCTTCGTGGACGCCGACAAGGACAACTACCTCAGCTACCACGAGCGGCTCCTGAAGCTGG

CCoAOMT_2_CO387
CCoAOMT_2_CG62
AY279022.1

977 TGAGGCCCGGCGGCCTCATCGGCTACGACAACACGCTGTGGAACGGCTC---------------------------------------------------------------------967 TGAGGCCCGGCGGCCTCATCGGCTACGACAACACGCTGTGGAACGGCTCCGTCGTGCTCC

Figure 4.5 Nucleotide alignment of the the 1.025 Kb and 892 bp CCoAOMT_2
sequenced fragments from CO387 and CG62, respectively, against the reference
sequence (AY279022.1). Primers used for cloning are indicated by solid arrows, and
CO387 allele-specific primers are indicated by dashed arrows and nucleotide
sequence. Untranslated regions are in uppercase italics, coding regions are in
uppercase, and introns are in lowercase. An 18 bp indel is indicated (described in
text).
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CCoAOMT2_CO387
CCoAOMT2_CG62

1 MATTATKTTAPAQEQQANGNGNGNGNGNGEQKTRHSEVGHKSLLKSDDLYQYILDTSVYP
1 MATTATEA-APAQEQQANGNGNG------EQKTRHSEVGHKSLLKSDDLYQYILDTSVYP
::

CCoAOMT2_CO387
CCoAOMT2_CG62

61 REPESMKELREITAKHPWNLMTTSADEGQFLNMLIKLIGAKKTMEIGVYTGYSLLATALA
54 REPESMKELREITAKHPWNLMTTSADEGQFLNMLIKLIGAKKTMEIGVYTGYSLLATALA

CCoAOMT2_CO387
CCoAOMT2_CG62

121 LPEDGTILAMDINRENYELGLPCINKAGVGHKIDFREGPALPVLDDLVADKEQHG
114 LPEDGTILAMDINRENYELGLPCIDKAGVAHKIDFREGPALPVLDDLVADKEQHG

Figure 4.6 Sequence alignment of the putative translation of the CCoAOMT_2
sequenced fragments from CO387 and CG62. “:” indicates a conservative
substitution. “.” indicates a semi-conservative substitution.
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Fragments Amplified with PAL_1-Specific Primers
Primers designed to amplify the PAL_1 locus appeared to be both specific and
inefficient at amplification (Table 4.1, Figure 4.7). Specificity is inferred because a single
expected product was amplified, and efficiency seems low due to the faintness of the
CG62 band.

Furthermore, attempts at amplification from genomic DNA and

transformed vectors with these primers were inconsistent and low yielding based on
subjective observations (data not shown).

However, the expected product of

approximately 791 bp was amplified successfully, cloned, and sequenced (Figure 4.8).
The CO387 and CG62 amplicons were both 97% identical to the AY103647.2 reference
sequence, and 99% identical to each other (Data not shown, Figure 4.8). The amplicon
represents a portion of the terminal exon and the 3’UTR. There were two observed
SNPs between the parents, and both were contained within the coding region (Figure
4.8). The upstream polymorphism within the AvaII restriction site was a synonymous
substitution, while the downstream SNP would result in a Cys-Gly (CO387-CG62)
conservative AA substitution close to the predicted C-terminus (Figure 4.8, data not
shown).
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Figure 4.7 Fragments amplified from CO387 and CG62 genomic DNA with
PAL_1_791 primers. PCR products were visualized under UV light on a 1% TBE
agarose gel stained with ethidium bromide. M: size ladder.
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PAL_1_CO387
1 ------------------------CGACATCCTGAAGCTCATGTCGTCCACCTACATCGT
PAL_1_CG62
1 ------------------------CGACATCCTGAAGCTCATGTCGTCCACCTACATCGT
AY103647.2 1561 GGCCAGGAAGACCGCCGAGGCGATCGACATCCTGAAGCTCATGTCGTCCACCTACATCGT
PAL_1_CO387
37 GGCGCTGTGCCAGGCCGTGGACCTGCGCCACCTCGAGGAGAACATCAAGGCGTCGGTGAA
PAL_1_CG62
37 GGCGCTGTGCCAGGCCGTGGACCTGCGCCACCTCGAGGAGAACATCAAGGCGTCGGTGAA
AY103647.2 1621 GGCGCTGTGCCAGGCCGTGGACCTGCGCCACCTCGAGGAGAACATCAAGGCGTCGGTGAA
PAL_1_CO387
97 GAACACCGTGACACAGGTGGCCAAGAAGGTGCTGACCATGAACCCGTCGGGCGAGCTCTC
PAL_1_CG62
97 GAACACCGTGACACAGGTGGCCAAGAAGGTGCTGACCATGAACCCGTCGGGCGAGCTCTC
AY103647.2 1681 GAACACCGTGACCCAGGTGGCCAAGAAGGTGCTGACCATGAACCCCTCGGGCGAGCTCTC
PAL_1_CO387 157 CAGCGCCCGCTTCAGCGAGAAGGAGCTGATCAGCGCCATCGACCGCGAGGCCGTGTTCAC
PAL_1_CG62
157 CAGCGCCCGCTTCAGCGAGAAGGAGCTGATCAGCGCCATCGACCGCGAGGCCGTGTTCAC
AY103647.2 1741 CAGCGCCCGCTTCAGCGAGAAGGAGCTGATCAGCGCCATCGACCGCGAGGCCGTGTTCAC
PAL_1_CO387 217 GTACGCGGAGGACGCGGCCAGCGGCAGCCTGCCGCTGATGCAGAAGCTGCGCGCCGTGCT
PAL_1_CG62
217 GTACGCGGAGGACGCGGCCAGCGGCAGCCTGCCGCTGATGCAGAAGCTGCGCGCCGTGCT
AY103647.2 1801 GTACGCGGAGGACGCGGCCAGCGGCAGCCTGCCGCTGATGCAGAAGCTGCGCGCCGTGCT
GGACCACGCCCTCAGCAGCG
PAL_1_CO387 277 GGTGGACCACGCCCTCAGCAGCGGCGACGCGGAGCNGGAGCCCTCCGTGTTCTCCAAGAT
PAL_1_CG62
277 GGTGGACCACGCCCTCAGCAGCGGCGACGCGGAGCGGGAGCCCTCCGTGTTCTCCAAGAT
AY103647.2 1861 GGTGGACCACGCCCTCAGCAGCGGCGACGCGGAGCGGGAGCCCTCCGTGTTCTCCAAGAT
PAL_1_CO387 337 CACCAGGTTCGAGGAGGAGCTCCGCGCGGTGCTGCCCCAGGAGGTGGAGGCCGCCCGCGT
PAL_1_CG62
337 CACCAGGTTCGAGGAGGAGCTCCGCGCGGTGCTGCCCCAGGAGGTGGAGGCCGCCCGCNT
AY103647.2 1921 CACCAGGTTCGAGGAGGAGCTCCGCGCGGTGCTGCCCCAGGAGGTGGAGGCCGCCCGCGT
*
PAL_1_CO387 397 GGCGGTCGCCGAGGGCACCGCCCCCGTGGCGAACCGGATCGCGGACAGCCGGTCGTTCCC
PAL_1_CG62
397 GGCGGTCGCCGAGGGCACCGCCCCCGTGGCGAACCGGATCGCGGACAGCCGGTCCTTCCC
AY103647.2 1981 GGCGGTCGCCGAGGGCACCGCCCCCGTGGCGAACCGGATCGCGGACAGCCGGTCGTTCCC
PAL_1_CO387 457 GCTGTACCGCTTCGTGCGCGAGGAGCTCGGCTGCGTGTTCCTGACCGGCGAGAGGCTCAA
PAL_1_CG62
457 GCTGTACCGCTTCGTGCGCGAGGAGCTCGGCTGCGTGTTCCTGACCGGCGAGAGGCTCAA
AY103647.2 2041 GCTGTACCGCTTCGTGCGCGAGGAGCTCGGCTGCGTGTTCCTGACCGGCGAGAGGCTCAA
*
PAL_1_CO387 517 GTNCCCCGGCGANGAGTGCAACAAGGTGTTCGTCTGCATCAGCCAGGGCAAGCTCGTGGA
PAL_1_CG62
517 GTNCCCCGGCGANGAGTGCAACAAGGTGTTCGTCGGCATCAGCCAGGGCAAGCTCGTGGA
AY103647.2 2101 GTCCCCCGGCGAGGAGTGCAACAAGGTGTTCGTCGGCATCAGCCAGGGCAAGCTCGTGGA
PAL_1_CO387 577 CCCCATGCTCGAGTGCCTCAAGGAGTGGGACGGCAAGCCGCTGCCCATCAACATCAAGTA
PAL_1_CG62
577 CCCCATGCTCGAGTGCCTCAAGGAGTGGGACGGCAAGCCGCTGCCCATCAACATCAAGTA
AY103647.2 2161 CCCCATGCTCGAGTGCCTCAAGGAGTGGGACGGCAAGCCGCTGCCCATCAACGTCAAGTA

Figure 4.8, see next page
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GCCAAGGAGAAGAGGAGGGAGGGGA
PAL_1_CO387 637 AAAGAACGCCAAGGAGAAGAGGAGGGAGGGGAGGAAATACGTG--AAAAAAAATAAAACC
PAL_1_CG62
637 AAAGAACGCCAAGGAGAAGAGGAGGGAGGGGAGGAAATACGTG--AAAAAAAATAAAACC
AY103647.2 2221 AA-GAACGCCAAGGAGAAGAGGAGGGAGGGGAGGAAATACGTGGAAAAAAAAATAAAACC
PAL_1_CO387 695 TGTACNCGTGTCTGTCCNGATCG--TGCCGTCGATCGCTCTTCGTTGTTGATTTTTGGTT
PAL_1_CG62
695 TGTACNCGTGTCTGTCCNGATCG--TGCCGTCGATCGCTCTTCGTTGTTGATTTTTGGTT
AY103647.2 2280 TGTACACGTGTATGTCCAGATCGCGTGCCGTCGATCGTTCTTCGTTGTTGATTTTTGGTT
PAL_1_CO387 753 GTATTGATCGATCCGTATGTGTGCGTGCGTGTGTGG-----------------------PAL_1_CG62
753 GTATTGATCGATCCGTATGTGTGCGTGCGTGTGTGG-----------------------AY103647.2 2340 GTATTGATCGATCCGTATGTGTGCGTGCGTGTGTGGCGTTGCTCTTTCTTCTTTTGTGTA

Figure 4.8 Nucleotide alignment of the 788 bp PAL_1 sequenced fragments from
CO387 and CG62 against the reference sequence (AY103647.2). Primers used for
cloning are indicated by solid arrows, and primers used for generation of the CAPS
marker are indicated by dashed arrows and nucleotide sequence. Restriction sites of
AvaII (GGWCC) are highlighted in red. Exons are in uppercase and untranslated
Fragments
Amplified
regions are
in italics.with HCT_1-Specific Primers

165

Figure 4.9 Fragments amplified from CO387 and CG62 genomic DNA with
HCT_1_296_CAPS (A) and HCT_1_556 (B) primers. PCR products were
visualized under UV light on a 1% TBE agarose gel stained with ethidium
bromide. M: size ladder.
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Fragments Amplified with HCT_1-Specific Primers
Two non-overlapping primer pairs were designed to amplify the HCT_1 locus
(Table 4.1). The upstream and downstream termini of the gene were targeted because
of the presence of a single ~2.9 Kb predicted intron that was too large to amplify with a
flanking primer combination (data not shown).

Both primer pairs produced the

expected fragment sizes, but there was a very faint lower molecular weight product
amplified from both parents with the HCT_1_296_CAPS primer combination (Table 4.1,
Figure 4.9A, B). All of the major products were cloned, and two clones from each
reaction were sequenced bi-directionally. The fragments amplified with the HCT_1_556
primer combination were monomorphic at the sequence level, and the CO387-CG62
consensus sequence had only a single SNP relative to the reference sequence,
BT039231.1 (Figure 4.10). The fragments amplified with the HCT_1_296_CAPS primers,
however, did contain nine SNPs and single nucleotide insertion (Figure 4.11). Two of the
nine SNPs occurred within the putative coding region, but these were synonymous
substitutions (data not shown).
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HCT_1_556
1 ----CGGAGGGCTACTTCGGCAACGTGATCTTCACGGCGACGCCGCTGGCCAACGCCGGC
BT039231.1 1141 CTTCCGGAGGGCTACTTCGGCAACGTGATCTTCACGGCGACGCCGCTGGCCAACGCCGGC
HCT_1_556
57 ACGGTGACGGCCGGGGTGGCAGAGGGCGCGTCCGTGATCCAGGCCGCGCTGGACCGGATG
BT039231.1 1201 ACGGTGACGGCCGGGGTGGCAGAGGGCGCGTCCGTGATCCAGGCCGCGTTGGACCGGATG
HCT_1_556
117 GACGACGGGTACTGCCGGTCAGCGCTGGACTACCTGGAGCTGCAGCCGGACCTGTCGGCG
BT039231.1 1261 GACGACGGGTACTGCCGGTCAGCGCTGGACTACCTGGAGCTGCAGCCGGACCTGTCGGCG
HCT_1_556
177 CTGGTCCGCGGGGCGCACACGTTCCGGTGCCCCAACCTGGGGCTCACCAGCTGGGTGCGC
BT039231.1 1321 CTGGTCCGCGGGGCGCACACGTTCCGGTGCCCCAACCTGGGGCTCACCAGCTGGGTGCGC
HCT_1_556
237 CTGCCCATCCACGACGCGGACTTCGGGTGGGGGCGGCCCGTGTTCATGGGCCCCGGCGGC
BT039231.1 1381 CTGCCCATCCACGACGCGGACTTCGGGTGGGGGCGGCCCGTGTTCATGGGCCCCGGCGGC
HCT_1_556
297 ATCGCCTACGAGGGGCTCGCGTTCGTGCTCCCCAGCGCCAACCGCGACGGCAGCCTGTCC
BT039231.1 1441 ATCGCCTACGAGGGGCTCGCGTTCGTGCTCCCCAGCGCCAACCGCGACGGCAGCCTGTCC
HCT_1_556
357 GTGGCCATCTCGCTGCAGGCGGAGCACATGGAGAAGTTCCGGAAGCTCATCTACGACTTC
BT039231.1 1501 GTGGCCATCTCGCTGCAGGCGGAGCACATGGAGAAGTTCCGGAAGCTCATCTACGACTTC
HCT_1_556
417 TGATCTCCAACTCCTCCCCACAAGTCATCAGTACCAGTACGCGCAACACAAAGAAGCAAG
BT039231.1 1561 TGATCTCCAACTCCTCCCCACAAGTCATCAGTACCAGTACGCGCAACACAAAGAAGCAAG
HCT_1_556
477 AGACCGTTGGGAGTAGGTTGCAGCAATATTCTTTGATTTCACACATAGTTCCTGCACACT
BT039231.1 1621 AGACCGTTGGGAGTAGGTTGCAGCAATATTCTTTGATTTCACACATAGTTCCTGCACACT
HCT_1_556
537 TTTCCGTTCCTGCCTGCCCC---------------------------------------BT039231.1 1681 TTTCCGTTCCTGCCTGCCCCCTTTGGGCAGGGCGCATACCTTTTGTGCCGAATTATTTAC

Figure 4.10 Nucleotide alignment of the 556 bp CO387 and CG62 consensus
sequence of HCT_1 (HCT_1_556) to the reference sequence (BT039231.1). Primers
used for cloning are indicated by arrows. Exons are in uppercase letters and
untranslated regions are in italicized uppercase letters.
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HCT_1_CO387
HCT_1_CG62
AC185460.3

1 ---------------------------------------------ATCCGCCGTGCTCCT
1 ---------------------------------------------ATCCGCCGTGCTCCT
1 ---------------------------------------------ATCCGCCGTGCTCCT

HCT_1_CO387
HCT_1_CG62
AC185460.3

16 CCATCGCTCGCGCAAGGTTGGTTGCTGGCCTCGCCTGCTCGCCTTTCCTTCAACTCCTTC
16 CCATCGCTCGCGCAAGGTTGGTTACTGGCCTCGCCTGCTCGCCTTTCCTTCAACTCCTTC
16 CCATCGCTCGCGCAAGGTTGGTTACTGGCCTCGCCTGCTCGCCTTTCCTTCAACTCCTTC

HCT_1_CO387
HCT_1_CG62
AC185460.3

76 CCGCCTTGCAGGATTTGGGCTTTCTCGATCACGAGGCGCTCCGgtaggtcggagtggggg
76 CCGCCC-GCAGGATTTGGGCTTTCTCGATCACGAGGCGCTCCGgtaggtcggagtgggag
76 CCGCCC-GCAGGATTTGGGCTTTCTCGATCACGAGGCGCTCCGgtaggtcggagtgggag

HCT_1_CO387
HCT_1_CG62
AC185460.3

136 ggatcatcaatcaatccggttgcgtacgaacgataacgcggtgtgtcgcgtcgcgtgcag
135 gatcaatcaatcaatccggttgcgtacgaacgataacgcggtgtgtcgcgtcgcgtgcag
135 gatcaatcaatcaatccggttgcgtacgaacgataacgcggtgtgtcgcgtcgcgtgcag

HCT_1_CO387
HCT_1_CG62
AC185460.3

196 ATGAAGATCACGGTGCGGGGGTCGGAGATGGTGTACCCGGCGGCGGAGACGCCGCGCCGC
195 ATGAAGATCACGGTGCGGGGGTCGGAGATGGTGTACCCGGCGGCGGAGACGCCGCGCCGC
195 ATGAAGATCACGGTGCGGGGGTCGGAGATGGTGTACCCGGCGGCGGAGACGCCGCGCCGC

HCT_1_CO387
HCT_1_CG62
AC185460.3

256 CGCCTCTGGAACTCGGGCCCCGACCTGGTGGTGCCGCGGTTCCACACGCCCAGCGTCTAC
255 CGGCTCTGGAACTCGGGGCCCGACCTGGTGGTGCCGCGGTTCCACACGCCCAGCGTCTAC
255 CGGCTCTGGAACTCGGGGCCCGACCTGGTGGTGCCGCGGTTCCACACGCCCAGCGTCTAC

HCT_1_CO387
HCT_1_CG62
AC185460.3

316 TTCTTCCGCCGCGAGGACGCGGACGGGAACGACCTGGCGGG------------------315 TTCTTCCGCCGCGAGGACGCGGACGGGAACGACCTGGCGGG------------------315 TTCTTCCGCCGCGAGGACGCGGACGGGAACGACCTGGCGGG-------------------

Figure 4.11 Nucleotide alignment of the 356 bp HCT_1 sequenced fragments from
CO387 and CG62 against the reference sequence (AC185460.3). Primers used for
cloning are indicated by arrows, and the same primers were used to generate the
CAPS marker. Exons are in uppercase letters, untranslated regions are in italicized
uppercase letters, and introns are in lowercase letters. Restriction sites of BseNI
(ACTGGN) are highlighted in red. The sequence of BAC clone AC185460.3 contained
in the present alignment spans the true positions 66,561 through 66,915.
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Fragments Amplified with CCR_3-Specific Primers
Three primer pairs were designed to amplify the CCR_3 locus that were expected
to yield partially overlapping 799 bp, 1.096 Kb, and 840 bp products, respectively (Table
4.1). All primer combinations produced fragments of the expected size (Figure 4.12A, B,
C). Alignments of the fragments from a respective parent produced a contig that
contained approximately 880 bp of upstream sequence, all exons, all introns, and
approximately 44 bp of downstream sequence of the CCR_3 locus (Figure 4.13). All
sequences are 99% identical in the 3-way comparison between the reference
(AC216049.3), CO387, and CG62 (data not shown, Figure 4.13). A single two nucleotide
indel between CO387 and CG62 was found in the upstream sequence (Figure 4.13). This
occurred in a short sequence of repeating adenine residues where CO387 and CG62
contained 10 and 8 repeats, respectively (Figure 4.13). The putative translated protein
sequence is identical between the parental genotypes as no polymorphisms were
observed in exons.
Fragments Amplified with C4H_1a-Specific Primers
Two of the 5 primer pairs (C4H_1_810_NEST2, C4H_1_685_NEST2) were used
sequentially in a nested PCR strategy to capture the first intron and second exon (Figure
4.14D, E, Table 4.1). Another nested PCR strategy with the C4H_1_1321_NEST1 and
C4H_1_1104_NEST1 primer pairs yielded the remainder of the second exon, the final
intron, and the majority of the final exon (Figure 4.14A, B, Table 4.1). As can be seen in
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Figure 4.12 Fragments amplified from CO387 and CG62 genomic DNA with CCR_3_799 (A),
CCR_3_1096 (B), and CCR_3_840 (C) primers. PCR products were visualized under UV light
on a 1% TBE agarose gel stained with ethidium bromide. M: size ladder.
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CCR_3_CO387
CCR_3_CG62
AC216049.3

1 ccctcatgtgcccgtgaacggaatccttgaatcagtgattgatgcatgcatacttgcata
1 ccctcatgtgcccgtgaacggaatccttgaatcagtgattgatgcatgcatacttgcata
1 ccctcatgtgcccgtgaacggaatccttgaatcagtgattgatgcatgcatacttgcata

CCR_3_CO387
CCR_3_CG62
AC216049.3

61 gaatggaagataattggtcggcatttattgcattgccgtcctctaggcaagccatttgtt
61 gaatggaagataattggtcggcatttattgcattgccgtcctctaggcaagccatttgtt
61 gaatggaagataattggtcggcatttattgcattgccgtcctctaggcaagccatttgtt

CCR_3_CO387
CCR_3_CG62
AC216049.3

121 cactgcatacaaaaaaaaaatggtaagagagaatcggccagagaagggatacatgggtca
121 cactgcatacaaaaaaaa--tggtaagagagaatcggccagagaagggatacatgggtca
121 cactgcatacaaaaaaaa--tggtaagagagaatcggccagagaagggatacatgggtca

CCR_3_CO387
CCR_3_CG62
AC216049.3

181 acaataacataaaaacataaacaataattgtatcccattcgaataatacttgatctgtag
179 acaataacataaaaacataaacaataattgtatcccattcgaataatacttgatctgtag
179 acaataacataaaaacataaacaataattgtatcccattcgaataatacttgatctgtag

CCR_3_CO387
CCR_3_CG62
AC216049.3

241 gcccagcgtctgcatcagaccacacgtatcttagtttttataaaatataaaaatagtgaa
239 gcccagcgtctgcatcagaccacacgtatcttagtttttataaaatataaaaatagtgaa
239 gcccagcgtctgcatcagaccacacgtatcttagtttttataaaatataaaaatagtgaa

CCR_3_CO387
CCR_3_CG62
AC216049.3

301 gagcgagcacttgaacccacgctcgctgctttagaaatttgaagctaaccaacgatattt
299 gagcgagcacttgaacccacgctcgctgctttagaaatttgaagctaaccaacgatattt
299 gagcgagcacttgaacccacgctcgctgctttagaaatttgaagctaaccaacgatattt

CCR_3_CO387
CCR_3_CG62
AC216049.3

361 agaaataagcaataattatatttaataaacatctcaatatatatttatatgatatataaa
359 agaaataagcaataattatatttaataaacatctcaatatatatttatatgatatataaa
359 agaaataagcaataattatatttaataaacatctcaatatatatttatatgatatataaa

CCR_3_CO387
CCR_3_CG62
AC216049.3

421 aaccgtagtataatagggtacctggctagtttaaggtataaataatgcaagctgacgtgg
419 aaccgtagtataatagggtacctggctagtttaaggtataaataatgcaagctgacgtgg
419 aaccgtagtataatagggtacctggctagtttaaggtataaataatgcaagctgacgtgg

CCR_3_CO387
CCR_3_CG62
AC216049.3

481 ttcatatccatccaatgttcaccctttgacgagataacaattgtacaaacggatttgaaa
479 ttcatatccatccaatgttcaccctttgacgagataacaattgtacaaacggatttgaaa
479 ttcatatccatccaatgttcaccctttgacgagataacagttgtacaaacggatttgaaa

CCR_3_CO387
CCR_3_CG62
AC216049.3

541 gaaaacacaatcatcaccagcgacgttatctgaaaacgacatcacatggatttttctccc
539 gaaaacacaatcatcaccagcgacgttatctgaaaacgacatcacatggatttttctccc
539 gaaaacacaatcatcaccagcgacgttatctgaaaacgacatcacatggatttttctccc

CCR_3_CO387
CCR_3_CG62
AC216049.3

601 gtcatcctctgtccgcatggtaaaaccgccactccctaggcgacgcgtcgtgctcatgca
599 gtcatcctctgtccgcatggtaaaaccgccactccctaggcgacgcgtcgtgctcatgca
599 gtcatcctctgtccgcatggtaaaaccgccactccctaggcgacgcgtcgtgctcatgca

CCR_3_CO387
CCR_3_CG62
AC216049.3

661 acgcgacgggatacgatttgaaccctgtccttttataacggactttaaatatattctata
659 acgcgacgggatacgatttgaaccctgtccttttataacggactttaaatatattctata
659 acgcgacgggatacgatttgaaccctgtccttttataacggactttaaatatattctata

Figure 4.13, see next page
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CCR_3_CO387
CCR_3_CG62
AC216049.3

721 ttatactgggtaggaaatggacttcaattattttcctacatatagtttactagatttttc
719 ttatactgggtaggaaatggacttcaattattttcctacatatagtttactagatttttc
719 ttatactgggtaggaaatggacttcaattattttcctacatattgtttactagatttttc

CCR_3_CO387
CCR_3_CG62
AC216049.3

781 tatagattcgaaCCGTAATCCATTACCACGCCTCCTCACAGGCACACCTCACACGAGCAG
779 tatagattcgaaCCGTAATCCATTACCACGCCTCCTCACAGGCACACCTCACACGAGCAG
779 tatagattcgaaCCGTAATCCATTACCACGCCTCCTCACAGGCACACCTCACACGAGCAG

CCR_3_CO387
CCR_3_CG62
AC216049.3

841 CAGCGGACGATAAGAGATGTGCTGAAGCTGAACTGTGGCCATGTCCACCGGACGCACAGA
839 CAGCGGACGATAAGAGATGTGCTGAAGCTGAACTGTGGCCATGTCCACCGGACGCACAGA
839 CAGCGGACGATAAGAGATGTGCTGAAGCTGAACGGTGGCCATGTCCACCGGACGCACAGA

CCR_3_CO387
CCR_3_CG62
AC216049.3

901 GGAGGCCGCCGGGAGCGCGGAGACGGCGTGCGTGACCGGCGCCGGCGGGTACATCGCCTC
899 GGAGGCCGCCGGGAGCGCGGAGACGGCGTGCGTGACCGGCGCCGGCGGGTACATCGCCTC
899 GGAGGCCGCCGGGAGCGCGGAGACGGCGTGCGTGACGGGCGCCGGCGGGTACATCGCCTC

CCR_3_CO387
CCR_3_CG62
AC216049.3

961 TTGGCTCGTCAAGCTCCTCCTCTCCCGTGGCTACACCGTCCACGGCACCGTCCGCGACCT
959 TTGGCTCGTCAAGCTCCTCCTCTCCCGTGGCTACACCGTCCACGGCACCGTCCGCGACCT
959 GTGGCTCGTCAAGCTCCTCCTCTCCCGTGGCTACACCGTCCACGGCACCGTCCGCGACCT

CCR_3_CO387 1021 CAgtacgtactgtaacaaaaaa--aaactccgtcgtacttggcagctcatttttgtgcac
CCR_3_CG62 1019 CAgtacgtactgtaacaaaaaa--aaactccgtcgtacttggcagctcatttttgtgcac
AC216049.3 1019 CAgtacgtactgtaaccaaaaacaaaactccgtcgtacttggcagctcgtttttgtgcac
CCR_3_CO387 1079 tacggagacagcttgcagttgcatgcagttcaatgaattgaaaactatccagacagcatc
CCR_3_CG62 1077 tacggagacagcttgcagttgcatgcagttcaatgaattgaaaactatccagacagcatc
AC216049.3 1079 tacggagacagcttgcagttgaa---------atgaattgaaaactatccagacagcatc
CCR_3_CO387 1139 gacagtgtcgtcgtacctgtgtgtttcagGTGACAATAAAACCGCTCATCTGAAGCGGTT
CCR_3_CG62 1137 gacagtgtcgtcgtacctgtgtgtttcagGTGACAATAAAACCGCTCATCTGAAGCGGTT
AC216049.3 1130 gacagtgtcgtcgtacctgtgtgtttcagGTGACAATAAAACCGCTCATCTGAAGCGGTT
CCR_3_CO387 1199 GGAGAATGCTTCCGAAAACCTCAAGCTTTTCAAGGCTGATGTCCTTGACTACGACGCTAT
CCR_3_CG62 1197 GGAGAATGCTTCCGAAAACCTCAAGCTTTTCAAGGCTGATGTCCTTGACTACGACGCTAT
AC216049.3 1190 AGAGAATGCTTCCGAAAACCTCAAGCTTTTCAAGGCTGATGTCCTTGACTACGACGCTAT
CCR_3_CO387 1259 GGCGGGTGCAGTCGCAGGGTGCCAGGGAGTCTTTCATGTCGCCACTCCTGTTCCTTCAGG
CCR_3_CG62 1257 GGCGGGTGCAGTCGCAGGGTGCCAGGGAGTCTTTCATGTCGCCACTCCTGTTCCTTCAGG
AC216049.3 1250 GGCGGGTGCAGTCGCAGGGTGCCAGGGAGTCTTTCATGTCGCCACTCCTGTGCCTTCAGG
CCR_3_CO387 1319 GAAGATCACCGATCCAGAGGCAAgtttttttttcttctgtaaaatgtttaacattcgttt
CCR_3_CG62 1317 GAAGATCACCGATCCAGAGGCAAgtttttttttcttctgtaaaatgtttaacattcgttt
AC216049.3 1310 GAAGATCACCGATCCAGAGGCAAgtttttttttctg------------taacattcgttt
CCR_3_CO387 1379 acttttaatcaggtggagagtattggaacaaagcccgtctcatgacacaactcacaaata
CCR_3_CG62 1377 acttttaatcaggtggagagtattggaacaaagcccgtctcatgacacaactcacaaata
AC216049.3 1358 acttttaatca-------------------------------------------caaata
CCR_3_CO387 1439 gttgggctcaaagtcagttc---atcatcaattaaacatctgtttgcccacaaaaaaaaa
CCR_3_CG62 1437 gttgggctcaaagtcagttc---atcatcaattaaacatctgtttgcccacaaaaaaaaa
AC216049.3 1375 attgggctcaaagtcagttcttcgtcatcaattaaacatctgtttgcccacaaaaaaaaa
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CCR_3_CO387 1496 attaaagattatgaaacatgctgaggaaaaaaaaagatatgaatgctaatcgtacaaagc
CCR_3_CG62 1494 attaaagattatgaaacatgctgaggaaaaaaaaagatatgaatgctaatcgtacaaagc
AC216049.3 1435 -ttaaagattatgaaacatgctgag-aaaaaaaaagatatgaatgctaatcgtacaaagc
CCR_3_CO387 1556 aatgcagactccaacttctttgtggcagctttaatttgtgctatatttatcacactttgt
CCR_3_CG62 1554 aatgcagactccaacttctttgtggcagctttaatttgtgctatatttatcacactttgt
AC216049.3 1493 aatgcagactccaacttctttgtggcagctttaatttgtgctatatttatctcactttgt
CCR_3_CO387 1616 ggtccaatatcatgatgtgcacaacttttcagcgagAGATGCTGGGTCCTGCTGTTACCG
CCR_3_CG62 1614 ggtccaatatcatgatgtgcacaacttttcagcgagAGATGCTGGGTCCTGCTGTTACCG
AC216049.3 1553 ggtccaatatcatgatgtgcacaacttttcagcgagAGATGCTGGGTCCTGCTGTTACCG
CCR_3_CO387 1676 GCACCATAAACGCACTCAAGGCTGCGTCTGCTGCAAATGCTCGTCGAGTGGTCGTCGTTT
CCR_3_CG62 1674 GCACCATAAACGCACTCAAGGCTGCGTCTGCTGCAAATGCTCGTCGAGTGGTCGTCGTTT
AC216049.3 1613 GCACCATAAACGCACTCAAGGCTGCGTCTGCTGCAAATGCTCGTCGAGTGGTCGTCGTTT
CCR_3_CO387 1736 CATCCATGGTTGCCGTTGAGATCAACCCGAAAGACTGGCCCAAAGACAAGATCAAAGATG
CCR_3_CG62 1734 CATCCATGGTTGCCGTTGAGATCAACCCGAAAGACTGGCCCAAAGACAAGATCAAAGATG
AC216049.3 1673 CATCCATGGTTGCCGTTGAGATCAACCCGAAAGACTGGCCCAGAGACAAGATCAAAGATG
CCR_3_CO387 1796 AGAACTGCTGGTCAGATAAAGAGTTCTGCAGGAACGAAGAGgtaaccggaacaggaaacc
CCR_3_CG62 1794 AGAACTGCTGGTCAGATAAAGAGTTCTGCAGGAACGAAGAGgtaaccggaacaggaaacc
AC216049.3 1733 AGAACTGCTGGTCAGATAAAGAGTTCTGCAGGAACGAAGAGgtaaccggaactgtaaacc
CCR_3_CO387 1856 agcggcagtaacgaaaacagggagagcctggacagaccaaacacctggtttcaaaataag
CCR_3_CG62 1854 agcggcagtaacgaaaacagggagagcctggacagaccaaacacctggtttcaaaataag
AC216049.3 1793 agcggcagtaacgaaaacagggagagcctggacagaccaaagacctggtttcaaaataag
CCR_3_CO387 1916 ttccatacttccaaatatgagttcgtcacttcgccctgtttaattgcagAACTGGTATTC
CCR_3_CG62 1914 ttccatacttccaaatatgagttcgtcacttcgccctgtttaattgcagAACTGGTATTC
AC216049.3 1853 ttccatacttccaaatatgagttcgtcacttcgccctgtttaattgcagAACTGGTATTC
CCR_3_CO387 1976 TGTCGCCAAGATCTCGTCAGAAGAGGCCGCACTTGAATACGCGAAGCAGACCGGGCTGGA
CCR_3_CG62 1974 TGTCGCCAAGATCTCGTCAGAAGAGGCCGCACTTGAATACGCGAAGCAGACCGGGCTGGA
AC216049.3 1913 TGTCGCCAAGATCTCGTCAGAAGAGGCCGCACTTGAATACGCGAAGCAGACCGGGCTGGA
CCR_3_CO387 2036 TGTTGTGACGGTCAATCCAGCTGTGGTCTTTGGCCCTCTTCTGCAGCCGACGCTCAACAC
CCR_3_CG62 2034 TGTTGTGACGGTCAATCCAGCTGTGGTCTTTGGCCCTCTTCTGCAGCCGACGCTCAACAC
AC216049.3 1973 TGTTGTGACGGTCAATCCAGCTGTGGTCTTTGGCCCTCTTCTGCAGCCGACGCTCAACAC
CCR_3_CO387 2096 GAGCTGCCAGTTCCTCGTCTACTTCCTGAAAGgttttctgtcacgcatcaccaaacaaaa
CCR_3_CG62 2094 GAGCTGCCAGTTCCTCGTCTACTTCCTGAAAGgttttctgtcacgcatcaccaaacaaaa
AC216049.3 2033 GAGCTGCCAGTTCCTCGTCTACTTCCTGAAAGgttttctgtcacgcatcaccaaacaaaa
CCR_3_CO387 2156 tgcgctgaattcatgtcttctttttataattccccttacagccgattgtgttattgctct
CCR_3_CG62 2154 tgcgctgaattcatgtcttctttttataattccccttacagccgattgtgttattgctct
AC216049.3 2093 tgcgctgaattcatgtcttctttttataattccccttacagccgattgtgttattgctct
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CCR_3_CO387 2216 gacttgatcgtcctatatttgcctttttcatgttcatgtagGAGGACCTGATCGAATGAG
CCR_3_CG62 2214 gacttgatcgtcctatatttgcctttttcatgttcatgtagGAGGACCTGATCGAATGAG
AC216049.3 2153 gacttgatcgtcctatatttgcctttttcatgttcatgtagGAGGACCTGATCGAATGAG
CCR_3_CO387 2276 GGACAAGCTTTGGCACATCGTCGACGTCAGGGACACTGCCGATGCTCTCCTGCCTGTGTA
CCR_3_CG62 2274 GGACAAGCTTTGGCACATCGTCGACGTCAGGGACACTGCCGATGCTCTCCTGCCTGTGTA
AC216049.3 2213 GGACAAGCTTTGGCACATCGTCGACGTCAGGGACACTGCCGATGCTCTCCTGCTTGTGTA
CCR_3_CO387 2336 CGAGACACCACAAGCCTCCGGCAGGCACATCTGCGCTCCTCATTTCATCAGCGCGCGTGA
CCR_3_CG62 2334 CGAGACACCACAAGCCTCCGGCAGGCACATCTGCGCTCCTCATTTCATCAGCGCGCGTGA
AC216049.3 2273 CGAGACACCACAAGCCTCCGGCAGGCACATCTGCGCTCCTCATTTCATCAGCGCGCGTGA
CCR_3_CO387 2396 CCTGCTGGAGCTGCTGAAGACGATGTACCCTGATGATTACCCTTTCATTAGCAAgtaaac
CCR_3_CG62 2394 CCTGCTGGAGCTGCTGAAGACGATGTACCCTGATGATTACCCTTTCATTAGCAAgtaaac
AC216049.3 2333 CCTGCTGGAGCTGCTGAAGACGATGTACCCTGATGATTACCCTTTCATTAGCAAgtaaac
CCR_3_CO387 2456 tttacttacctaaccatttctcttgtacgtttcatcatatactgaagctagttgggaatg
CCR_3_CG62 2454 tttacttacctaaccatttctcttgtacgtttcatcatatactgaagctagttgggaatg
AC216049.3 2393 tttacttacctaaccatttctcttgtacgtttcatcatatactgaagctagttgggaatg
CCR_3_CO387 2516 gtagGGAGAGCATCTACGACATGGAGCACCCAGCTCCAATGACGTCCGACAAGCTCAAGA
CCR_3_CG62 2514 gtagGGAGAGCATCTACGACATGGAGCACCCAGCTCCAATGACGTCCGACAAGCTCAAGA
AC216049.3 2455 gtagGGAGAGCATCTACGACATGGAGCACCCAGCTCCAATGACGTCCGACAAGCTCAAGA
CCR_3_CO387 2576 AACTGGGATGGAAGGTCAGGCCGCTGAAGGAAACAATTGCGGAAACCGTTGAGTTCTGCC
CCR_3_CG62 2574 AACTGGGATGGAAGGTCAGGCCGCTGAAGGAAACAATTGCGGAAACCGTTGAGTTCTGCC
AC216049.3 2513 AACTGGGATGGAAGGTCAGGCCGCTGAAGGAAACAATTGCGGAAACCGTTGAGTTCTGCC
CCR_3_CO387 2636 AGCATGCTGGGTTTCTCGAGGACGTGGAGGGATTCCGTTTTCCTCCCCTGTACAACATAA
CCR_3_CG62 2634 AGCATGCTGGGTTTCTCGAGGACGTGGAGGGATTCCGTTTTCCTCCCCTGTACAACATAA
AC216049.3 2573 AGCATGCTGGGTTTCTCGAGGACGTGGAGGGATTCCGTTTTCCTCCCCTGTACAACATAA
CCR_3_CO387 2696 TCTAGTTTACAATAACGTCAGTAGTGTAAGAGCAACTCCAACGGAATCC----------CCR_3_CG62 2694 TCTAGTTTACAATAACGTCAGTAGTGTAAGAGCAACTCCAACGGAATCC----------AC216049.3 2633 TCTAGTTTACAATAACGTCAGTAGTGTAAGAGCAACTCCAACGGAATCC-----------

Figure 4.13 Nucleotide alignment of the 2744 bp and 2742 bp CCR_3 sequenced
fragments from CO387 and CG62, respectively, against the reference sequence
(AC216049.3). Primers used for cloning are indicated by solid arrows. Promoter
sequence (as defined by the region upstream of 5’UTR of mRNA reference sequences) is
in lowercase italics, untranslated region is in uppercase italics, coding regions are in
uppercase, and introns are in lowercase. The sequence of BAC clone AC216049.3
contained in the present alignment spans the true positions 95,136 through 97,757.
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Figure 4.14A and D, the initial primer pairs from each respective set of nested primers
produced a wide range of products.

It appears that the expected fragment of

approximately 1.3 Kb was present and prominent among the products generated with
the NEST1 primer pair (Figure 4.14A). There were also major fragments that were
slightly smaller than the expected product size of 810 bp with the initial NEST2 primer
pair (Figure 4.14D). In both cases specificity of product formation was greatly improved
following the second round of PCR using nested primers (Figure 4.14B, E). There were
no polymorphisms between CO387 and CG62 in the 1.928 Kb of analyzed C4H_1a
sequence, and thus a consensus sequence was generated (data not shown). The
consensus C4H_1a sequence was 97% identical to the reference sequence AC195798.3,
which supports its identity (data not shown, Figure 4.15).
Fragments Amplified with MYB42-Specific Primers
A single primer pair (MYB42_918) was designed with specificity to the MYB42
locus that captured a portion of the 5’ UTR, the first exon, the single intron, and the
majority of the final exon (Table 4.1). The expected fragments of around 900 bp were
amplified from each parent, and no additional products were formed that could be
visualized on a gel (Figure 4.16). These fragments were cloned, and 2 clones per
reaction were sequenced in both directions (Figure 4.17). The CO387 and CG62 alleles
were, respectively, 95% and 96% identical to the reference AC209159.3, and they
shared 98% identity with each other (Data not shown, Figure 4.17). Numerous
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Figure 4.14 Fragments amplified from CO387 and CG62 genomic DNA with
C4H_1a-specific primers. A. Fragments amplified with C4H_1_1321_NEST1
primers from genomic DNA. B. Fragments amplified with C4H_1_1104_NEST1
primers using products from (A) as template. C. Fragments amplified with
C4H_1_271 primers from genomic DNA. D. Fragments amplified with
C4H_1_810_NEST2 primers from genomic DNA. E. Fragments amplified with
C4H_1_685_NEST2 primers using products from (D) as template.
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C4H_1a_1928
AC195798.3

0 ------------------------------------------------------------82 --------------------------------------gcatctgtgcctctgtggtggt

C4H_1a_1928
AC195798.3

0 ------------------------------------------------------------60 ggctgcgcacatgctgcaaccgatgccatctaccggtggacaaatcaatgccatctgcca

C4H_1a_1928
AC195798.3

1 gtggacaaggacgaatcaacagccaagtccattttttatttattttttgctagtcattga
1 gtggacaaggacgaatcaacagccaagtccatattttattt-tattttgctagtcattga

C4H_1a_1928
AC195798.3

61 attttggcgagatcggacgacttttgtgatgcatggctggctccagtcatgtttgacacg
60 attttggcgagatcggacgacttttgtgatgcatggctggctccagtcatgtttgacacg

C4H_1a_1928
AC195798.3

121 taactaaaagacccaccgcacgggttagggagtactagtacctactgctcctaaacaaca
120 taactaaaagacccaccgcacgggttagggagtactagtacctactactcctaaacaaca

C4H_1a_1928
AC195798.3

181 acttgtagttgtccacaacaggttaacaggtcaaagaaggataggtgagcggcactactc
180 acttgtagttgtccacaacaggttaacagatcaaagaaggataggtgagcggcactactc

C4H_1a_1928
AC195798.3

241 atctcgtggcttctggatctggtgacagatgatcagcccacgaaggaaaaagaaaaaggg
240 atctcgtggcttccgg------tgacagatgatcagcccacgaaggaaaaagaaaaaggg

C4H_1a_1928
AC195798.3

301 actcgcttgatttgcgttgctttgctttccgcgcaaggccgaaagcttaaggtcggggca
294 actcgcttgatttgcgttgctttgctttccgcgcaaggccgaaagcttaaggtcggggca

C4H_1a_1928
AC195798.3

361 acgacacaccgagagcgacggagatatatcacgctccgctgcttcatgatagctggaagg
354 acgacacaccgagagcgacggagatataccacgctctgctgcttcatgatagctggaagg

C4H_1a_1928
AC195798.3

421 acatcagcatgacacgcatgccnatnatgtagtagaagactagtttatttgtcccctact
414 acatcagcatgacacgcatgccaataatgtagtagaagactagtttatttgtcacctact

C4H_1a_1928
AC195798.3

481 aggcagagagtgcggtggttccatgaaccaaccattcgtgcgtgcgtgcgtgcccaccgc
474 aggcagagagtgcggtggttccatgaaccaaccattcgtgcgtgcgtgc----ccaccgc

C4H_1a_1928
AC195798.3

541 acgaccacgagggagcatgcagcatatactttacaaaattcattcggttgttgacttggt
530 acgaccacgagggggcatgcaacatatactttacaaaattcattcggttgttgacttggt

C4H_1a_1928
AC195798.3

601 ttcaattcattgggttgggaagacaaaactaacatggatgcgttgcgtactcacagGAAG
590 ttcaattcattgggttgggaagacaaaactaacatggatgcgttgcgtactcacagGAAG

C4H_1a_1928
AC195798.3

661 GTGATGGCTCAGACTGGTGAGATCCGGTGCGCCATGGATCACATCCTCGAGGCCGAGAGG
650 GTGATGGCTCAGACTGGTGAGATCCGGTGCGCCATGGATCACATCCTCGAGGCCGAGAGG

C4H_1a_1928
AC195798.3

721 AAGGGCGAGATCAACCACGACAACGTCCTCTACATCGTCGAGAACATCAACGTCGCAGgt
710 AAGGGCGAGATCAACCACGACAACGTCCTCTACATCGTCGAGAACATCAACGTCGCAGgt

C4H_1a_1928
AC195798.3

781 atcgataatct---ctgctcagtgcaatgaaacggaaacagagtatgctatgtctgaaga
770 atcgataatcgtcactgctcagtgcaatgaaacggaaacagagtatgctatgtctgaaga

Figure 4.15, see next page
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C4H_1a_1928
AC195798.3

838 accaagtgagacttatcattcaactactgcagtccagccctactacacaaacaaatagca
830 accaagtgagacttatcattcaactactgcagtccagcgctactacacaaacaaatagca

C4H_1a_1928
AC195798.3

898 ctgcaatatcggaagatataata---taaggcacgtcttaatcaagtctccgtcagccaa
890 ctgcaatatcggaagatataataatataaggcacgtcttaatcaagtctccgtcagccaa

C4H_1a_1928
AC195798.3

955 cttaattccgtccttaattaaccggcaacatactgagcctaatgcggtgtcacacttcaa
950 cttaattccgtccttaattaaccggcaacatactgagcctaatgcggtgtcacacttcaa

C4H_1a_1928 1015 gtgggctcccgtatttatctgctaggcgtagtatctatctgtgtatcaaaaggtagttga
AC195798.3 1010 gtgggctcccgtatttatctgctaggcatagtatctatctgtgtatcaaaaggtagttga
C4H_1a_1928 1075 agccgccaccacgtgaccacgcctcaaaaagaattgcgttttgatttgtatatccaagct
AC195798.3 1070 agccgccaccacgtgaccacgcctcaaaaagaattgcgttttgatttgtatatccaagct
C4H_1a_1928 1135 gccacaccggcaggcagtcggtgccaaaaaaaaaa---taatttgtttgcttttgcagCG
AC195798.3 1130 gccacacctgcaggcagtcggtggcaaaaaaaaaaaactaatttgtttgcttttgcagCG
C4H_1a_1928 1192 ATCGAGACGACACTGTGGTCGATCGAGTGGGGCATCGCCGAGCTGGTGAACCACCCGGCC
AC195798.3 1190 ATCGAGACGACGCTGTGGTCGATCGAGTGGGGCATCGCCGAGCTGGTGAACCACCCGGCC
C4H_1a_1928 1252 ATCCAGCACAAGCTCCGGGAGGAGCTCGCCTCGGTGCTGGGCGCCGGCGTGCCTGTGACG
AC195798.3 1250 ATCCAGCACAAGCTCCGGGAGGAGCTCGCCTCGGTGCTGGGCGCCGGCGTGCCTGTGACG
C4H_1a_1928 1312 GAGCCGGACCTCGAGCGCCTCCCCTACCTTCAGGCCATCGTCAAGGAGACGCTCCGCCTG
AC195798.3 1310 GAGCCGGACCTCGAGCGCCTCCCCTACCTTCAGGCCATCGTCAAGGAGACGCTCCGCCTG
C4H_1a_1928 1372 CGCANGGCCATCCCGCTGCTGGTCCCCCACATGAACCTCAACGACGGCAAGCTCGCCGGC
AC195798.3 1370 CGCATGGCCATCCCGCTGCTGGTCCCCCACATGAACCTCAACGACGGCAAGCTCGCCGGC
C4H_1a_1928 1432 NACGACATCCCCGCCGAGTCCAAGATCCTCGTCAATGCCTGGTTCCTCGCCAACGACCCC
AC195798.3 1430 TTCGACATCCCCGCCGAGTCCAAGATCCTCGTCAATGCCTGGTTCCTCGCCAACGACCCC
C4H_1a_1928 1492 AAGAGGTGGGTGCGGCCCGACGAGTTCCGGCCCGAGCGCTTCCTGGAGGAGGAGAAGTCC
AC195798.3 1490 AAGAGGTGGGTGCGCCCCGACGAGTTCCGGCCCGAGCGCTTCCTGGAGGAGGAGAAGTCC
C4H_1a_1928 1552 GTGGAGGCCCACGGCAACGACTTCCGCTTCGTGCCCTTTGGGGTCGGCCGCCGGAGCTGC
AC195798.3 1550 GTGGAGGCCCACGGCAACGACTTCCGATTCGTGCCCTTTGGGGTCGGCCGCCGGAGCTGC
C4H_1a_1928 1612 CCTGGGATCATCCTCGCGCTGCCTATCATCGGCATCACNCTGGGCCGGCTGGTGCAGAAC
AC195798.3 1610 CCTGGGATCATCCTCGCGCTGCCTATCATCGGCATCACCCTGGGCCGGCTGGTGCAGAAC
C4H_1a_1928 1672 TTCCAGCTGCTGCCGCCGCCGGGGCTGGACAAGATCGACACCACGGAGAAGCCCGGCCAG
AC195798.3 1670 TTCCAGCTGCTGCCGCCGCCGGGGCTGGACAAGATCGACACCACGGAGAAGCCCGGCCAG

Figure 4.15, see next page
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C4H_1a_1928 1732 TTCAGCAACCAGATCGCCAAGCATGCCACCATCGTCTGCAAGCCCCTCGAGGCCTAGAAA
AC195798.3 1730 TTCAGCAACCAGATCGCCAAGCATGCCACCATCGTCTGCAAGCCCCTCGAGGCCTAGAAA
C4H_1a_1928 1792 TCAATGCGTGTTTCCTGCACGCGCCCCCGCAGATGAAGCACTATGTATTTTGTCTTTTTT
AC195798.3 1790 TCAATGCGTGTTTCCTGCACGCGCCCCCGCAGATGAAGCACTATGTATTTTCTCTTTTTT
C4H_1a_1928 1852 TTGTGTGTTGTGTTTTTTT-ACTAAGAGGAGATGTATTTCTTGTTTGTAAAATGCACTTA
AC195798.3 1850 TTGTGTGTTGTGTTTTTTTTACTAAGAGGAGATGTATTTCTTGTTCGTAAAATGCACTTA
C4H_1a_1928 1911 GTCAAATGGATCGAGATT---------------------------------------AC195798.3 1910 GTCAAATGGATCGAGATTATGTTGATCATTAAACACCAAAATCACTTAGTCAAACGGG

Figure 4.15 Nucleotide alignment of the 1928 bp CO387 and CG62 consensus
sequence of C4H_1a to the reference sequence (AC195798.3). Introns are in
lowercase letters and exons are in uppercase letters.

Figure 4.16 Fragments amplified from CO387 and CG62 genomic DNA with
MYB42_918 primers. PCR products were visualized under UV light on a 1% TBE
agarose gel stained with ethidium bromide. M: size ladder.
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MYB42_CO387
MYB42_CG62
AC209159.3

1 ----------------------------------------------------ACGCGAAG
1 ----------------------------------------------------ACGCGAAG
1 ----------------------------------------------------ACGCGAAG

MYB42_CO387
MYB42_CG62
AC209159.3

9 TAGCAACAAGCAAAAGCCCAGATCGATAATACGATGGGGCGGTCGCCGTGCTGCGAGAAG
9 TAGCAACAAGCAAAAGCCCAGATCGATAATACGATGGGGCGGTCGCCGTGCTGCGAGAAG
9 TAGCAACAAGCAAAAGCCCAGATCGATAATACGATGGGGCGGTCGCCGTGCTGCGAGAAG

MYB42_CO387
MYB42_CG62
AC209159.3

69 GCGCACACCAACAGGGGCGCGTGGACCAAGGAGGAGGACGAGCGGCTGGTGGCCTACGTC
69 GCGCACACCAACAGGGGCGCGTGGACCAAGGAGGAGGACGAGCGGCTGGTGGCCTACGTC
69 GCGCACACCAACAGGGGCGCGTGGACCAAGGAGGAGGACGAGCGGCTGGTGGCCTACGTC

MYB42_CO387
MYB42_CG62
AC209159.3

129 CGCGCGCACGGCGAAGGGTGCTGGCGCTCGCTGCCCAGGGCGGCGGGCCTGCTGCGCTGC
129 CGCGCGCACGGCGAAGGGTGCTGGCGCTCGCTGCCCAGGGCGGCGGGCCTGCTGCGCTGC
129 CGCGCGCACGGCGAAGGGTGCTGGCGCTCGCTGCCCAGGGCGGCGGGCCTGCTGCGCTGC

MYB42_CO387
MYB42_CG62
AC209159.3

189 GGCAAGAGCTGCCGCCTGCGCTGGATCAACTACCTCCGCCCGGACCTCAAGCGAGGCAAC
189 GGCAAGAGCTGCCGCCTGCGCTGGATCAACTACCTCCGCCCGGACCTCAAGCGCGGCAAC
189 GGCAAGAGCTGCCGCCTGCGCTGGATCAACTACCTCCGCCCGGACCTCAAGCGCGGCAAC

MYB42_CO387
MYB42_CG62
AC209159.3

249 TTCACCGCCGACGAGGACGACCTCATCGTCAAGCTGCACAGCCTCCTCGGGAACAAgtac
249 TTCACCGCCGACGAGGACGACCTCATCGTCAAGCTGCACAGCCTGCTCGGGAACAAgtac
249 TTCACCGCCGACGAGGACGACCTCATCGTCAAGCTGCACAGCCTCCTCGGGAACAAgtac

MYB42_CO387
MYB42_CG62
AC209159.3

ACCTG
309 gtgcctgcctctgcctctgcctctctcaccgggcggttgccttgatcggcgcgccacctg
309 gtgcctgcctctgcctctgtctctctcgccgggcggttgccttgatcggcgc--cacctg
309 gtgcctgcctctgcctctgcctctctcaccg------------------cgc--cacctg

MYB42_CO387
MYB42_CG62
AC209159.3

ACCTGACCCAGCCAAACC
369 acctgacccagccaagc-aagcaagcaagctgaagaacgtcctccggttgttgccttgcc
367 acctgacccagccaaaccaagcaagcaagctgaagaacgtcctccggttgttgccttgcc
349 acctgacccagccaaaccaagcaagcaagctgaagaacgtcctccggttgttgccttgcc

MYB42_CO387
MYB42_CG62
AC209159.3

428 tctgcctgcagGTGGTCGCTCATCGCCGCGCGGCTCCCGGGGCGGACGGACAACGAGATC
427 tctgcctgcagGTGGTCGCTCATCGCCGCGCGGCTCCCGGGGCGGACGGACAACGAGATC
409 tctgcctgcagGTGGTCGCTCATCGCCGCGCGGCTCCCGGGGCGGACGGACAACGAGATC

MYB42_CO387
MYB42_CG62
AC209159.3

488 AAGAACTACTGGAACACGCACATCCGGCGCAAGCTGCTGTGCAGCGGCATCGACCCCGTC
487 AAGAACTACTGGAACACGCACATCCGGCGCAAGCTGCTGTGCAGCGGCATCGACCCCGTC
469 AAGAACTACTGGAACACGCACATCCGGCGCAAGCTGCTGGGCAGCGGCATCGACCCCGTC

MYB42_CO387
MYB42_CG62
AC209159.3

548 ACGCACCGCCGTGTCGCGGGGGGCGCCGCGACCACCATCTCGTTCCAGCCCAGCCCCAAC
547 ACGCACCGCCGTGTCGCGGGTGGCGCCGCGACCACCATCTCGTTCCAGCCCAGCCCCAAC
529 ACGCACCGCCGCGTCGCGGGGGGCGCCGCGACCACCATCTCGTTCCAGCCCAGCCCCAAC

MYB42_CO387
MYB42_CG62
AC209159.3

608 TCCGCCGCCGCCGCCGCCGCCGCCGCAGAAGCAGCAGCGCAGGCGCCGATCAAGGCCGAG
607 TCCGCCGCCGCCGCCGCC------GCAGAAGCAGCAGCGCAGGCGCCGATCAAGGCCGAG
589 ACCGCCGTCGCCGCCGCC------GCAGAAACAGCAGCGCAGGCGCCGATCAAGGCCGAG

MYB42_CO387
MYB42_CG62
AC209159.3

668 GAGACGGCGGGCGTCAAGGCGCCCAGGTGCCCTGACCTCAACCTGGACCTCTGCATCAGC
661 GAGACGGCGGGCGTCAAGGCGCCCAGGTGCCCTGACCTCAACCTGGACCTCTGCATCAGC
643 GAGACGGCGGCCGTCAAGGCGCCCAGGTGCCCCGACCTCAACCTGGACCTCTGCATCAGC

Figure 4.17, see next page
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MYB42_CO387
MYB42_CG62
AC209159.3

GACGGCGAGGAGGAGGACGAGGAG
728 CCGCCGTGCCAGCATGAGGACGACGGCGAGGAGGAGGACGAGGAGCTGGACCTCA---AG
721 CCGCCGTGCCAGCATGAGGACGACGGCGAGGAGGAGGACGAGGAGCTGGACCTCA---AG
703 CCGCCGTGCCAGCATGAGGACGACGGCGAGGAGGAGGAGGAGGAGCTGGACCTCATCAAG

MYB42_CO387
MYB42_CG62
AC209159.3

785 CCCGCCTTCGTCAAGCGGGAGGCGCTGCAGGCCGGCCACGGCCACGGCCACGGCCTCTGC
778 CCCGCCTTCGTCAAGCGGGAGGCGCTGCAGGCCGGCCACGGCCACGGCCACGGCCTCTGC
763 CCCGCCGTCGTCAAGCGGGAGGCGCTGCAGGCCGGCCACGGCCACGGCCACGGCCTCTGC

MYB42_CO387
MYB42_CG62
AC209159.3

845 CTCGGCTGCGGCCTGGGCGGACAGAAGGGAGCGGCCGGGTGCAGCTGCAGCAACGGCCAC
838 CTCGGCTGCGGCCTGGGCGGACAGAAGGGAGCGGCCGGGTGCAGCTGCAGCAACGGCCAC
823 CTCGGCTGCGGCCTGGGCGGACAGAAGGGAGCGGCCGGGTGCAGCTGCAGCAACGGGCAC

MYB42_CO387
MYB42_CG62
AC209159.3

905 CACTTCCTGGGGCTCAGGACCAGCGTGCTCGACTTC-----------------------898 CACTTCCTGGGGCTCAGGACCAGCGTGCTCGACTTC-----------------------883 CACTTCCTGGGGCTCAGGACCAGCGTGCTCGACTTC------------------------

Figure 4.17 Nucleotide alignment of the 940 bp and 933 bp MYB42 sequenced
fragments from CO387 and CG62, respectively, against the reference sequence
(AC209159.3). Primers used for cloning are indicated by solid arrows, and CG62 allele
specific primers are indicated by dashed arrows and nucleotide sequence.
Untranslated regions are in uppercase italics, coding regions are in uppercase, and
introns are in lowercase. The sequence of BAC clone AC209159.3 contained in the
present alignment spans the true positions 19,289 through 20,206.

MYB_CO387
MYB_CG62

1 MGRSPCCEKAHTNRGAWTKEEDERLVAYVRAHGEGCWRSLPRAAGLLRCGKSCRLRWINY
1 MGRSPCCEKAHTNRGAWTKEEDERLVAYVRAHGEGCWRSLPRAAGLLRCGKSCRLRWINY

MYB_CO387
MYB_CG62

61 LRPDLKRGNFTADEDDLIVKLHSLLGNKWSLIAARLPGRTDNEIKNYWNTHIRRKLLCSG
61 LRPDLKRGNFTADEDDLIVKLHSLLGNKWSLIAARLPGRTDNEIKNYWNTHIRRKLLCSG

MYB_CO387
MYB_CG62

121 IDPVTHRRVAGGAATTISFQPSPNSAAAAAAAAEAAAQAPIKAEETAGVKAPRCPDLNLD
121 IDPVTHRRVAGGAATTISFQPSPNS--AAAAAAEAAAQAPIKAEETAGVKAPRCPDLNLD

MYB_CO387
MYB_CG62

181 LCISPPCQHEDDGEEEDEELDLKPAFVKREALQAGHGHGHGLCLGCGLGGQKGAAGCSCS
179 LCISPPCQHEDDGEEEDEELDLKPAFVKREALQAGHGHGHGLCLGCGLGGQKGAAGCSCS

MYB_CO387
MYB_CG62

241 NGHHFLGLRTSVLDF
239 NGHHFLGLRTSVLDF

Figure 4.18 Sequence alignment of the putative translation of the MYB42 sequenced
fragments from CO387 and CG62.
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polymorphisms were observed between the parental genotypes, including three SNPs
and one indel in exons and three SNPs and two indels in the intron (Figure 4.17). All of
the SNPs in the exons were synonymous substitutions; however the indel would result
in an insertion of two additional alanine residues in the CO387 peptide (Figure 4.18).
There is no obvious functional significance regarding the insertion of these alanine
residues (data not shown).
Fragments Amplified with GST4-Specific Primers
Two pairs of primers were designed to amplify partially overlapping fragments of
the GST4 locus (Table 4.1) yielded their expected products (Figure 4.19A, B).

All

sequences were 99% identical in the 3 way comparison between the parental fragments
and the reference sequence AC202168.4 (Figure 4.20, data not shown). The only
sequence polymorphism between the parental genotypes was a 2 bp indel in the first
intron (Figure 4.20). This is a CT repeat in which CO387 and CG62 contain 4 and 5
repeats, respectively (Figure 4.20). The analyzed sequence contains portions of the 3’
and 5’ UTRs and the full length coding region including introns (Figure 4.20).
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Figure 4.19 Fragments amplified from CO387 and CG62 genomic DNA
with GST4_700 (A) and GST_4_635 (B) primers. PCR products were
visualized under UV light on a 1% TBE agarose gel stained with ethidium
bromide. M: size ladder.
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GST4_CO387
GST4_CG62
AC202168.4

1 ------------------------------------------------ACTCCTATCCAC
1 ------------------------------------------------ACTCCTATCCAC
1 ------------------------------------------------ACTCCTATCCAC

GST4_CO387
GST4_CG62
AC202168.4

13 TGCGGCCTGGACGCGTGCGAGAGACTTGACCAAGCAGCAGCAGCAGGGATGGCGCCTCTG
13 TGCGGCCTGGACGCGTGCGAGAGACTTGACCAAGCAGCAGCAGCAGGGATGGCGCCTCTG
13 TGCGGCCTGGACGCGTGCGAGAGACTTGACCAAGCAGCAGCAGCAGGGATGGCGCCTCTG

GST4_CO387
GST4_CG62
AC202168.4

73 AAGCTGTACGGGATGCCGCTGTCCCCCAACGTGGTGCGCGTGGCCACCGTGCTCAACGAG
73 AAGCTGTACGGGATGCCGCTGTCCCCCAACGTGGTGCGCGTGGCCACCGTGCTCAACGAG
73 AAGCTGTACGGGATGCCGCTGTCCCCCAACGTGGTGCGCGTGGCCACCGTGCTCAACGAG

GST4_CO387
GST4_CG62
AC202168.4

133 AAGGGCCTCGACTTCGAGATCGTCCCCGTCGACCTCACCACCGGCGCCCACAAGCAGCCC
133 AAGGGCCTCGACTTCGAGATCGTCCCCGTCGACCTCACCACCGGCGCCCACAAGCAGCCC
133 AAGGGCCTCGACTTCGAGATCGTCCCCGTCGACCTCACCACCGGCGCCCACAAGCAGCCC

GST4_CO387
GST4_CG62
AC202168.4

193 GACTTCCTCGCCCTCAACgtgcgtcatgttcatgcgtctttcctctctct--gctaattt
193 GACTTCCTCGCCCTCAACgtgcgtcatgttcatgcgtctttcctctctctctgctaattt
193 GACTTCCTCGCCCTCAACgtgcgtcatgttcatgcgtctttcctctctctctgctaattt

GST4_CO387
GST4_CG62
AC202168.4

251 agcttgcgcctgatctgtgtggctccctctttcgtccgaacagCCTTTCGGCCAGATCCC
253 agcttgcgcctgatctgtgtggctccctctttcgtccgaacagCCTTTCGGCCAGATCCC
253 agcttgcgcctgatctgtgtggctccctctttcgtccgaacagCCTTTCGGCCAGATCCC

GST4_CO387
GST4_CG62
AC202168.4

311 GGCTCTCGTCGACGGAGACGAAGTCCTCTTCGgtaaactcccccgcctctgtttttactg
313 GGCTCTCGTCGACGGAGACGAAGTCCTCTTCGgtaaactcccccgcctctgtttttactg
313 GGCTCTCGTCGACGGAGACGAAGTCCTCTTCGgtaaactcccccgcctctgtttttactg

GST4_CO387
GST4_CG62
AC202168.4

371 ataataattcttcgtcgcggttgattattgttatgaaattaaataacgtacgagatctag
373 ataataattcttcgtcgcggttgattattgttatgaaattaaataacgtacgagatctag
373 ataataattcttcgtcgcggttgattattgttatgaaattaaataacgtacgagatctag

GST4_CO387
GST4_CG62
AC202168.4

431 atccagatctaggagcagtaatctctggatttttttttcaatttttttttt-aaaaaaat
433 atccagatctaggagcagtaatctctggatttttttttcaatttttttttt-aaaaaaat
433 atccagatctaggagcagtaatctctggatttttttttcaatttttttttttaaaaaaat

GST4_CO387
GST4_CG62
AC202168.4

490 gaaccttatccctgttgtgttgaccactcggatttctgtgctgaactgtcctaagaactc
492 gaaccttatccctgttgtgttgaccactcggatttctgtgctgaactgtcctaagaactc
493 gaaccttatccctgttgtgttgaccactcggatttctgtgctgaactgtcctaagaactc

GST4_CO387
GST4_CG62
AC202168.4

550 aatagctgtcgtgtcgtgtaagaaccgcaatctcgcgttgcagAGTCCCGTGCGATCAAC
552 aatagctgtcgtgtcgtgtaagaaccgcaatctcgcgttgcagAGTCCCGTGCGATCAAC
553 aatagctgtcgtgtcgtgtaagaaccgcaatctcgcgttgcagAGTCCCGTGCGATCAAC

GST4_CO387
GST4_CG62
AC202168.4

610 CGGTACATCGCCAGCAAGTACGCGTCGGAGGGCACGGACCTGCTCCCCGCGACGGCGTCG
612 CGGTACATCGCCAGCAAGTACGCGTCGGAGGGCACGGACCTGCTCCCCGCGACGGCGTCG
613 CGGTACATCGCCAGCAAGTACGCGTCGGAGGGCACGGACCTGCTCCCCGCGACGGCGTCG

GST4_CO387
GST4_CG62
AC202168.4

670 GCGGCGAAGCTGGAGGTGTGGCTAGAGGTGGAGTCGCACCACTTCTACCCGAACGCGTCG
672 GCGGCGAAGCTGGAGGTGTGGCTAGAGGTGGAGTCGCACCACTTCTACCCGAACGCGTCG
673 GCGGCGAAGCTGGAGGTGTGGCTAGAGGTGGAGTCGCACCACTTCTACCCGAACGCGTCG

Figure 4.20, see next page
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GST4_CO387
GST4_CG62
AC202168.4

730 CCGCTGGTGTTCCAGCTGCTCGTGAGGCCGCTCCTGGGCGGCGCCCCCGACGCGGCGGTG
732 CCGCTGGTGTTCCAGCTGCTCGTGAGGCCGCTCCTGGGCGGCGCCCCCGACGCGGCGGTG
733 CCGCTGGTGTTCCAGCTGCTCGTGAGGCCGCTCCTGGGCGGCGCCCCCGACGCGGCGGTG

GST4_CO387
GST4_CG62
AC202168.4

790 GTGGACAAGCACGCGGAGCAGCTCGCCAAGGTGCTCGACGTGTACGAGGCGCACCTCGCC
792 GTGGACAAGCACGCGGAGCAGCTCGCCAAGGTGCTCGACGTGTACGAGGCGCACCTCGCC
793 GTGGACAAGCACGCGGAGCAGCTCGCCAAGGTGCTCGACGTGTACGAGGCGCACCTCGCC

GST4_CO387
GST4_CG62
AC202168.4

850 CGCAACAAGTACCTCGCCGGGGACGAGTTCACGCTCGCCGACGCCAACCACGCGTCCTAC
852 CGCAACAAGTACCTCGCCGGGGACGAGTTCACGCTCGCCGACGCCAACCACGCGTCCTAC
853 CGCAACAAGTACCTCGCCGGGGACGAGTTCACGCTCGCCGACGCCAACCACGCGTCCTAC

GST4_CO387
GST4_CG62
AC202168.4

910 CTGCTCTACCTCAGCAAGACCCCCAAGGCCGGGCTCGTCGCCGCCCGCCCCCACGTCAAG
912 CTGCTCTACCTCAGCAAGACCCCCAAGGCCGGGCTCGTCGCCGCCCGCCCCCACGTCAAG
913 CTGCTCTACCTCAGCAAGACCCCCAAGGCCGGGCTCGTCGCCGCCCGCCCCCACGTCAAG

GST4_CO387
GST4_CG62
AC202168.4

970 GCCTGGTGGGAGGCCATCGTCGCCCGCCCCGCGTTCCAGAAGACCGTCGCCGCCATCCCC
972 GCCTGGTGGGAGGCCATCGTCGCCCGCCCCGCGTTCCAGAAGACCGTCGCCGCCATCCCC
973 GCCTGGTGGGAGGCCATCGTCGCCCGCCCCGCGTTCCAGAAGACCGTCGCCGCCATCCCC

GST4_CO387 1030 TTGCCCCCGCCGCCCTCCTCCTCGGCTTGACCTCGCCTTGCGTTGCGCCGTTGCCTGGGT
GST4_CG62 1032 TTGCCCCCGCCGCCCTCCTCCTCGGCTTGACCTCGCCTTGCGTTGCGCCGTTGCCTGGGT
AC202168.4 1033 TTGCCCCCGCCGCCCTCCTCCTCGGCTTGACCTCGCCTTGCGTTGCGCCGTTGCCTGGGT
GST4_CO387 1090 CGCGGATGCGTCGGAGCCCCGAGTCGAATAAAAGAGGCAGCATCCTGTCTTGCATTTGCT
GST4_CG62 1092 CGCGGATGCGTCGGAGCCCCGAGTCGAATAAAAGAGGCAGCATCCTGTCTTGCATTTGCT
AC202168.4 1093 CGCGGATGCGTCGGAGCCCCGAGTCGAATAAAAGAGGCAGCATCCTGTCTTGCATTTGCT
GST4_CO387 1150 GCTGCGCCATGTGTTAACAGCCTGTGTAATAAACACTGTTGCTTTCGTGTGTGTTCATTG
GST4_CG62 1152 GCTGCGCCATGTGTTAACAGCCTGTGTAATAAACACTGTTGCTTTCGTGTGTGTTCATTG
AC202168.4 1153 GCTGCGCCATGTGTTAACAGCCTGTGTAATAAACACTGTTGCTTTCGTGTGTGTTCATTG
GST4_CO387 1210 CCT--------------------------------------------------------GST4_CG62 1212 CCT--------------------------------------------------------AC202168.4 1213 CCT---------------------------------------------------------

Figure 4.20 Nucleotide alignment of the 1212 bp and 1214 bp GST4 sequenced
fragments from CO387 and CG62, respectively, against the reference sequence
(AC202168.4). Primers used for cloning are indicated by solid arrows. Untranslated
region is in uppercase italics, coding regions are in uppercase, and introns are in
lowercase. The sequence of BAC clone AC202168.4 contained in the present
alignment spans the true positions 12,381 through 13,595.
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Development of Sequence-Specific Markers
CCoAOMT_2 Allele-Specific PCR Marker
The polymorphisms observed between CO387 and CG62 in the cloned
CCoAOMT_2 fragment were utilized to create an allele-specific primer pair.

Both

primers in the CCoAOMT_2_673_ASP primer combination (Table 4.1) are designed such
that they will only anneal to the CO387 allele of the CCoAOMT_2 (Figure 4.5). The left
primer probably has the greatest ability to discriminate between the alleles since the
CCoAOMT_2 site that would anneal to its 10 terminal 3’ nucleotides contains 3 SNPs and
a 6 bp indel. The CCoAOMT_2 site that would anneal to the right primer contains a SNP
near the 5’ primer terminus and a 2 bp indel that is 5 bp away from the 3’ primer
terminus (Figure 4.5). It is clear in Figure 4.21 that this primer combination produced
the expected product size (673 bp) from the correct parent (CO387). The marker
segregates in a dominant fashion since heterozygotes theoretically contain one copy of
the allele matching the primer pair.
PAL_1 CAPS (Cleaved Amplified Polymorphic Sequence) Marker
The first of the 2 SNP polymorphisms between CO387 and CG62 in the PAL_1
sequence was used as the discriminating factor for marker development because it
occurred within an AvaII restriction site (Figure 4.8). The polymorphism abolishes the
AvaII recognition site in the CO387 allele, and digestion of the monomorphic parental
bands with this enzyme should yield differential fragments of predictable size (Figure
4.8). A new primer pair that flanked this polymorphic site was designed
187

Figure 4.21 Fragments amplified from CO387, CG62, and RIL genomic DNA with
CCoAOMT_2_673_ASP primers. PCR products were visualized under UV light on
a 1% TBE agarose gel stained with ethidium bromide. M: size ladder.
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(PAL_1_347_CAPS) based on the known sequence from the original cloned product
(Table 4.1). This was done because the original cloning primers (PAL_1_791) seemed to
have poor efficiency (note faint CG62 band, Figure 4.7).
PCR reactions using the PAL_1_347_CAPS primer pair produced the expected
band (data not shown), but digestion of this fragment with AvaII yielded extra bands in
addition to those that were expected (Figure 4.22). Complete digestion of the CO387
fragment with AvaII was predicted to yield three bands (18 bp, 35 bp, and 294 bp), and
complete digestion of the CG62 fragment was predicted to yield 4 bands (18 bp, 35 bp,
127 bp, and 167 bp). The 18 and 35 bp fragments are not visible in Figure 4.22. The 127
bp, 167 bp and 294 bp fragments are believed to be represented by bands 6, 4, and 2,
respectively, from the Figure 4.22 key. Band 1 represents product that was undigested
even after a 16 hr incubation period (Figure 4.22). The fragments represented by bands
3 and 5 from Figure 4.22 were investigated as possible digest products from other PAL
isoforms that may have been amplified in the initial PCR reaction. Alignments of the
PAL_1_347_CAPS primer binding sites of the five putative PAL sequences from B73 are
presented in Figure 4.23. Inspection of these alignments indicated that all PAL isoforms
may have been amplified with this primer pair, especially in the case of PAL_2 and
PAL_3 (Figure 4.23A). This may explain bands 3 and 5 from Figure 4.22 because in silico
AvaII digestion of the PAL_1_347_CAPS amplicon from the B73 PAL_3 sequence yields
expected fragments of 134 bp and 204 bp (data not shown).
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Figure 4.22 Fragments amplified from CO387, CG62, and RIL genomic DNA
with PAL_1_347_CAPS primers following 16h incubation with 20 units of
AvaII. Digest products were visualized under UV light on a 1% TBE agarose
gel stained with ethidium bromide. M: size ladder. See text for discussion
of bands labeled by ‘Key’.

Figure 4.23 Local alignments of the primer binding sites for the PAL_1_347_CAPS (A)
and PAL_1_389_CAPS (B) primers in the putative PAL_1, 2, 3, 4, and 5 reference
sequences from the maize line B73. Primers and intended targets (PAL_1) are
highlighted. Arrows indicate direction of amplification.
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A 332 bp band would be expected if the PAL_2 sequence was digested, and this could
confound the scoring of the expected 294 bp band that was believed to be represented
by band 2, Figure 4.22. Thus, a new primer pair with greater specificity to the PAL_1
paralogue was designed.
The PAL_1_389_CAPS primer pair (Table 4.1) appears to be PAL_1-specific based
on the alignment presented in Figure 4.23B. Greater specificity was achieved by placing
the right primer in the putative 3’UTR of the PAL_1 gene (Figure 4.23B). In this case,
CO387 was expected to have 2 bands (91 bp and 298 bp) following AvaII digestion, and
CG62 was expected to have 3 (91 bp, 127 bp, and 171 bp). A single monomorphic band
of the expected size was amplified from both parents and RILs using this primer pair
(Figure 4.24A), and AvaII digestion of this product yielded only the expected fragment
sizes (Figure 4.24B). The faint upper band from Figure 4.24B represents the 389 bp
undigested product. The PAL_1_389_CAPS primer pair was used for mapping and the
marker was co-dominant because the digest products from the respective parents could
easily be separated on a standard agarose gel (Figure 4.24A, B). It is this primer pair that
is presented in the Figure 4.8 alignment.
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Figure 4.24 A. Fragments amplified from CO387, CG62, and RIL
genomic DNA with PAL_1_389 _CAPS primers. B. Fragments from (A)
were incubated for 16h with 20 units of AvaII. PCR and digest
products were visualized under UV light on a 1% TBE agarose gel
stained with ethidium bromide. M: size ladder.
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HCT_1 CAPS Marker
The first SNP identified in the HCT_1 3’UTR occurred in a BseNI restriction
endonuclease recognition site (Figure 4.11). It was this polymorphism that was used to
create an HCT_1 caps marker. Since the HCT_1_296_CAPS primer pair produced clean,
abundant product (Figure 4.9A), it was used for the CAPS marker. Digestion of the
HCT_1_296 CAPS PCR product with BseNI produced the expected fragments 311 bp and
44 bp when CG62 DNA was used as template and 356 bp when CO387 DNA was used as
template. The 44 bp digest product is not visible due to its small size, and the 356 bp
and 311 bp digest products from CO387 and CG62, respectively, are easily separated for
co-dominant scoring on a standard agarose gel (Figure 4.25B).
MYB42 Allele-Specific PCR Marker
The polymorphisms observed between CO387 and CG62 in the ~940 bp MYB42
amplified fragment were used to create the allele-specific primer pair MYB42_409_ASP
(Table 4.1, Figure 4.17). The right primer has the ability to anneal to both alleles, but
the MYB42 site that anneals to the 3 terminal 3’ nucleotides of the left primer contains a
SNP and an indel (Figure 4.17). This mismatch was sufficient to restrict amplification to
CG62 or RILs containing the CG62 allele (Figure 4.26). A solitary 409 bp product was
generated in the presence of the CG62 allele, and this was scored as a dominant marker
in the population (Figure 4.26).
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Figure 4.25 A. Fragments amplified from CO387, CG62, and RIL genomic DNA with
HCT_1_296_CAPS primers. B. Fragments from (A) were incubated for 16h with 20
units of BseNI. PCR and digest products were visualized under UV light on a 1% TBE
agarose gel stained with ethidium bromide. M: size ladder.

Figure 4.26 Fragments amplified from CO387, CG62, and RIL genomic DNA
with MYB42_409_ASP primers. PCR products were visualized under UV light
on a 1% TBE agarose gel stained with ethidium bromide. M: size ladder.
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Publicly Available SSR Markers for Chromosome 7
Three publicly available SSR markers were added to the chromosome 7 linkage
group in order to bridge connections in a large gap region that contained QTL (See
Chapter 2 and Figure 4.31). The sequences of bnlg657, bnlg1022, and dupssr11 were
obtained from MaizeGDB and screened against the population. The polymorphisms
observed with these SSR primer combinations were scored as co-dominant markers
(Figure 4.27).
Marker Segregation in the F5 CG62xCO387 Population
The Yates correction for continuity was applied to the Χ2 goodness-of-fit test in
order to determine whether or not the markers were segregating in the expected
Mendelian fashion. Codominant, CG62-specific dominant and CO387-specific dominant
markers were expected to segregate in ratios of 1:1, 1.1:1, and 1:1.1 (CG62 allele:CO387
allele), respectively. The CCoAOMT_2 and bnlg1022 markers deviated significantly
(α=0.05) from their expected segregation ratios (Table 4.2). Both marker distributions
were skewed towards the CO387 parent.
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Figure 4.27 Fragments amplified from CO387, CG62 and RIL genomic DNA with
bnlg657 (A), bnlg1022 (B), and dupssr11 (C) primers. PCR products were visualized
under UV light on a 4% TBE SFR agarose gel stained with ethidium bromide. M: size
ladder.

Table 4.2 Χ2 test for goodness-of fit of the observed marker segregation to its expected
Mendelian distribution. Markers were screened against F5 individuals of the
CG62xCO387 cross. The Yates correction for continuity was applied to the test. Ratios
indicate frequency of CG62 alleles to CO387 alleles. Χ2-values marked with an asterisk
are significant at α=0.05.
Marker
CCoAOMT_2
PAL_1
HCT_1
Myb42
bnlg657
bnlg1022
dupssr11

Expected Ratio Observed Ratio
52:59
31:80
50:50
44:56
51:51
43:58
66:58
76:48
53:53
51:55
38:38
19:57
53:53
54:51
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Χ2-value
15.5*
1.21
1.94
3.10
0.0849
18.0*
0.038

Association of Marker Alleles with F. graminearum Disease Scores and PericarpAleurone DFA Content

At the 5% level of significance, seven marker-trait associations were detected by
one-way ANOVA (Table 4.3). The MYB42 and dupssr11 markers were not significantly
associated with trait variation in any environment (Table 4.3). The CCoAOMT_2 marker
explained a small proportion of variation for silk resistance scores (4.1%) in the Ottawa
1999 environment where the CO387 allele was associated with low disease severity
(Table 4.3A, Table 4.4). Lines carrying this allele had lower disease scores than those
carrying the CG62 form, but they were not necessarily lower than the overall mean
(Table 4.4). The PAL_1 and HCT_1 markers were not significantly associated with
disease scores, however both markers explained variation in 8-5’ linked DFA content in
the Ottawa 2001 test (Table 4.3A, B). The CG62 alleles of PAL_1 and HCT_1 segregated
with higher than average 8-5’ DFA content and explained, respectively, 13% and 16% of
the variation for that trait (Table 4.4).

The CO387 allele of the bnlg657 marker

segregated with low kernel disease scores in Ottawa 1999 and 2001 (Table 4.4) and
accounted for around 5% of the total variation in both environments (Table 4.3A). This
allele was also associated with low pCA content in Ottawa 2003 (Table 4.4) and
explained 18% of the trait variation (Table 4.3C). Similarly, the CO387 allele of the
bnlg1022 marker was associated with low pCA content in Ottawa 2003 (Table 4.4), and
it explained 29% of the trait variation (Table 4.3C).
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Table 4.3 One-way ANOVA testing the association of markers to disease scores (A) and pericarp-aleurone
phenolics content (pCA, (E)-FA, total DFA, 8-5’ DFA, 5-5’ DFA, 8-O-4’ DFA and 8-5’b DFA; B, C). Kernel and
silk disease scoring was performed in four environments (Ottawa 1999-2001 and Tavistock 2001), and
phenolics trials were performed in two environments (Ottawa 2001 (B) and 2003 (C)). The p-values of the F
statistics are presented and significant associations are bold with an asterisk. Significant associations have
2
R values in round brackets. α=0.05
A
Kernel Inoculation
Silk Inoculation
Ottawa
1999
Marker
CCoAOMT_2
0.94
PAL_1
0.21
HCT_1
0.057
MYB42
0.81
bnlg657
0.023(0.05)*
bnlg1022
0.26
dupssr11
0.22

Ottawa
2000

Ottawa
2001

Tavistock
2001

Ottawa
1999

Ottawa
2000

Ottawa
2001

Tavistock
2001

0.76
0.65
0.89
0.47
0.54
0.87
0.53

0.54
0.21
0.078
0.96
0.042(0.05)*
0.22
0.71

0.98
0.42
0.32
0.40
0.34
0.084
0.47

0.034(0.041)*
0.55
0.79
0.42
0.71
0.71
0.76

0.36
0.37
0.51
0.54
0.81
0.26
0.72

0.26
0.43
0.68
0.30
0.59
0.93
0.35

0.35
0.47
0.18
0.57
0.37
0.81
0.60

B
Marker
CCoAOMT_2
PAL_1
HCT_1
MYB42
bnlg657
bnlg1022
dupssr11

pCA
0.38
0.83
0.75
0.23
0.054
0.099
0.78

(E)-FA
0.54
0.26
0.19
0.47
0.67
0.91
0.29

Ottawa 2001 Phenolics Trial
DFA total
8-5' DFA
5-5' DFA
0.61
0.21
0.84
0.092
0.014(0.13)*
0.50
0.22
0.0060(0.16)*
0.95
0.26
0.93
0.46
0.63
0.83
0.74
0.45
1.00
0.40
0.96
0.55
0.34

8-O -4 DFA 8-5'b DFA
0.47
0.91
0.073
0.20
0.22
0.17
0.11
0.53
0.75
0.49
0.44
0.73
0.84
0.47

(E)-FA
0.60
0.23
0.47
0.98
0.57
0.31
0.80

Ottawa 2003 Phenolics Trial
DFA total
8-5' DFA
5-5' DFA
0.89
0.43
0.87
0.17
0.093
0.17
0.29
0.16
0.31
0.47
0.51
0.55
0.46
0.68
0.57
0.65
0.83
0.70
0.96
0.87
0.98

8-O -4 DFA 8-5'b DFA
0.58
0.97
0.17
0.33
0.30
0.42
0.41
0.44
0.35
0.30
0.54
0.63
0.93
0.70

C
Marker
pCA
CCoAOMT_2
0.18
PAL_1
0.31
HCT_1
0.27
MYB42
0.82
bnlg657
0.022(0.18)*
bnlg1022
0.012(0.29)*
dupssr11
0.51

Table 4.4 Means of the homozygous or homozygous dominant marker classes (± standard error) of the
markers explaining significant trait variation based on one-way ANOVA. Environmental means are
presented for comparison. Disease means are presented as disease scores (Silk Score and Kernel Score),
-1
and phenolic means are presented in μg g pericarp-aleurone dry weight.

Marker
CCoAOMT_2
PAL_1
HCT_1
bnlg657
bnlg657
bnlg657
bnlg1022

Trait
Silk Score
8-5' DFA
8-5' DFA
Kernel Score
Kernel Score
pCA
pCA

Environment
Ottawa 1999
Ottawa 2001
Ottawa 2001
Ottawa 1999
Ottawa 2001
Ottawa 2003
Ottawa 2003

CO387 allele
2.8 ± 0.1
359 ± 9
353 ± 8
3.5 ± 0.1
4.0 ± 0.1
1094 ± 118
1064 ± 113
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CG62 allele
3.1 ± 0.2
396 ± 12
393 ± 12
3.9 ± 0.1
4.4 ± 0.2
1638 ± 181
1594 ± 148

Envt Mean
2.8 ± 0.1
376 ± 6
376 ± 6
3.7 ± 0.1
4.3 ± 0.1
1320 ± 98
1320 ± 98

Placement of Markers on the CG62xCO387 Linkage Map
All gene-specific markers mapped approximately to their in silico predicted
locations that were presented in Chapter 3. Map locations of SSR markers bnlg657,
bnlg1022, and dupssr11 are well documented and can be referenced at MaizeGDB
(Lawrence et al. 2004). The CCoAOMT_2 marker mapped to the chromosome 9 linkage
group 16 cM proximal to dupssr6 and 9 cM distal to bnlg244 (Figure 4.28). The marker
was predicted to map between umc1170 (5 cM distal to dupssr6 on present map) and
bnlg244, but its observed position is expected given that the order of these markers on
the original map was reversed relative to the IBM2 2008 Neighbors reference map
(Lawrence et al. 2004). The PAL_1 and HCT_1 markers were linked 3 cM apart on the
chromosome 5 linkage group (Figure 4.29). HCT_1 was 7 cM distal to umc1155, and
PAL_1 was 6 cM proximal to umc1722 (Figure 4.29). The MYB42 marker mapped to
linkage group 4 at a position 18 cM distal to umc1208 and 28 cM proximal to bnlg589
(Figure 4.30). As expected, all SSR markers mapped to linkage group 7 near the
BC595_1200 marker (Figure 4.31). The marker dupssr11 mapped between BC595_1200
and umc1112, while bnlg1022 and bnlg657 were linked by a distance of 10 cM in the
region between BC595_1200 and BC143_3000 (Figure 4.31).
QTL Analysis of Regions with Newly Placed Markers
The addition of the CCoAOMT_2 marker to linkage group 9 did not cause any
major changes to the QTL analysis presented in Chapter 2 (Figure 4.28, Table 4.5). The
CCoAOMT_2 marker lies at the distal boundary of the 5-5’ DFA QTL from Ottawa 2001
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Figure 4.28 Linkage and QTL mapping of the CCoAOMT_2 marker on
chromosome 9 based on segregation in the F5 RIL population derived from
the CG62xCO387 cross. The QTL bars and LOD profiles for kernel resistance,
5-5’ DFA, and pCA are black, purple, and navy blue, respectively (see
legend).
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Figure 4.29 Linkage and QTL mapping of the PAL_1 and HCT_1 markers on
chromosome 5 based on segregation in the F5 RIL population derived from the
CG62xCO387 cross. The QTL bars and LOD profiles for kernel resistance, pCA, 55’ DFA, 8-O-4’ DFA, and 8-5’ DFA are black, navy blue, purple, turquoise, and
green, respectively (see legend).
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Figure 4.30 Linkage and QTL mapping of the MYB42 marker on
chromosome 4 based on segregation in the F5 RIL population derived
from the CG62xCO387 cross. The QTL bars and LOD profiles for kernel
resistance, silk resistance, and 5-5’ DFA are black (solid), black (dotted,
dashed), and purple, respectively (see legend).
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Figure 4.31 Linkage and QTL mapping of the bnlg1022, bnlg657, and dupssr11 markers
on chromosome 7 based on segregation in the F5 RIL population derived from the
CG62xCO387 cross. The QTL bars and LOD profiles for silk resistance, kernel resistance,
pCA, (E)-FA, Total DFA, 5-5’ DFA, 8-O-4’ DFA, and 8-5’ DFA are black (dotted, dashed),
black (solid), navy blue, light blue, red, purple, turquoise, and green, respectively (see
203
legend).

(Figure 4.28). It is not contained within the confidence interval of LOD ≥2.0, but it
individually has a LOD of 1.11 and an additive effect of 51 μg g -1 of 5-5’ DFA (data not
shown). This indicates that the segregation of CCoAOMT_2 alleles is consistent with the
other markers in the QTL with respect to the parental contribution to trait variation
(Table 4.5). The LOD profile of the kernel resistance QTL near this region does not
overlap that of the 5-5’ DFA QTL, and furthermore the parental contributions to these
QTL would not support a negative correlation between disease resistance and pericarpaleurone DFA content (Table 4.5).
One of the chromosome 5 QTL was markedly changed following placement of
PAL_1 and HCT_1 on the map (Table 4.5, Figure 4.29). Using only the segregation data
of the original 162 markers, the chromosome 5 QTL for pCA from 2003 was placed
between umc1019 and bnlg386 (See chapter 2). It had a maximum LOD of 2.36,
explained 8.8% of the variation, and had an additive effect of 221 μg g -1 pCA. After the
tightly linked PAL_1 and HCT_1 markers were added, the position of the QTL was
predicted between umc1722 and umc1019 (Table 4.5, Figure 4.29). The new maximum
Table 4.5 Re-analysis of composite interval mapping of F. graminearum response and
pericarp-aleurone phenolics after addition of new molecular markers to the
CG62xCO387 linkage map (see next page). Panel A contains results from disease
trials, and panels B and C represent phenolic trials in Ottawa 2001 and 2003,
respectively. The added markers included CCoAOMT_2, HCT_1, PAL_1, MYB42,
bnlg1022, bnlg657, and dupssr11. Only chromosomes 4, 5, 7, and 9 are presented as
they were the only chromosomes to which the markers mapped. QTL with an asterisk
at their chromosome (C) number were not detected in the original analysis. See
Tables 2.6 and 2.7 for original analysis of F. graminearum response and pericarpaleruone phenolic QTL, respectively.
The analysis was conducted as in
Tables 2.6 and 2.7.
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A

Marker Intervala

Ottawa 1999
Additive

M1
BC351_2100

Pos
M2
84 umc1142

Pos
94

C
4

R2 c effectd
-

-

-

S610_2b
Fi_9
umc1019
BC143_3000
BC595_1200
umc2332
BC324_1400
bnlg1810

98
113
250
160
206
303
338
27

113
127
331
189
232
338
376
40

4
4
5
7*
7*
7
7
9

6.3
-

0.25
-

3.01
-

B

M1
BC324_1500
umc1109
umc1240
umc1019
bnlg1022
umc2332
BC324_1400
bnlg244
C

M1
umc1722
bnlg386
umc1241
umc1782
umc2332
umc1671
umc1231
a

Fi_9
umc1329
bnlg386
bnlg1022
dupssr11
BC324_1400
umc1671
umc1170

Marker Interval
Pos
200
307
0
250
189
303
338
70

M2
S161
umc1180
umc2179
bnlg386
bnlg657
BC324_1400
umc1671
phi022

Marker Interval
Pos
239
331
0
297
303
376
207

M2
umc1019
umc1153
umc0171
umc2332
BC324_1400
umc2222
S610_1

LODe

p-Coumaric acid
Additive
2
Pos Chr R effect
LOD
219 4
315 4
21
5 9.2
191
2.09
331 5
199 7* 9.9
241
2.47
338 7
376 7
81
9
-

p-Coumaric acid
Additive
2
Pos Chr R effect
LOD
250 5 22.3
652
5.71
336 5
31
7 19.6
322
5.29
303 7
338 7
384 7 13.5
277
4.04
231 9 7.8
-186
2.59

Kernel Inoculation
Ottawa 2000
Ottawa 2001
Additive
Additive
2
R2 effect
LOD R effect
LOD
8.6
-0.61 2.73
7.1
6.0
-

0.34
0.28
-

2.29
2.05
-

13.4
7.8
15.0
13.8

0.77
-0.34
0.54
0.41

Ottawa 1999
Additive
R2 effect
LOD
-

3.87 2.41 4.30 12.1
4.66 -

0.34
-

Silk Inoculation
Ottawa 2000
Additive
R2 effect
LOD
-

3.34 9.9
-

Ottawa 2001 Experiment
(E)-Ferulic acid
Total Diferulic acid 8-5' Diferulic acid
Additive
Additive
Additive
2
2
R2 effect
LOD R effect
LOD R effect
LOD
17.9
-220
3.30 24.8
-34
3.79
-

0.45
-

Tavistock 2001
Additive
R2 effect
LOD
-

10.2
2.42 16.0
-

-0.55
1.09
-

2.61
2.86
-

5-5' Diferulic acid 8-O -4 Diferulic acid
Additive
Additive
2
R2 effect
LOD R effect
LOD
8.9
73
2.37 11.9
-85
2.88 21.2
122
3.35 31.4
-138
6.10 15.6
-92
2.87
14.1
90
3.03 -

Ottawa 2003 Experiment
(E)-Ferulic acid
Total Diferulic acid 8-5' Diferulic acid
5-5' Diferulic acid 8-O -4 Diferulic acid
Additive
Additive
Additive
Additive
Additive
2
2
2
2
2
R effect
LOD R effect
LOD R effect
LOD R effect
LOD R effect
LOD
12.5
-35
2.58 12.7
-115
2.19
9.3
1455
2.20 13.0
-399
2.34 9.4
-166
2.15 29.3
2414
3.98 -

Markers (M1, M2), and their absolute positions (Pos), that flank the LOD peak of a putative QTL
QTL with logarithm of odds (LOD) values greater than the permutation test threshold for ≥1 trait in ≥1 testing environment are in bold
c Percentage of variance explained (R2) was based on additive effects
d Positive additive effect indicates that the CO387 allele contributed high phenolic content (μg g-1) or low disease severity (disease score), while negative
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additive effect indicates that the CG62 allele contributed high phenolic content or low disease severity
e Maximal LOD likelihood score observed for an individual QTL
* An asterisk indicates that QTL position (flanking markers) has changed with the addition of new markers
b

LOD was 5.71 (significant based on permutation test), the variance explained was 22.3%,
and the additive effect was 652 μg g-1 pCA (Table 4.5). The PAL_1 and HCT_1 markers
were not contained within the confidence interval of the QTL, however the segregation
of their alleles follows the pattern of CG62-donated high pCA content (data not shown,
Figure 4.29). The remaining chromosome 5 QTL were similar to the original QTL map
with respect to position and statistical measures (Table 4.5, see Chapter 2).
The MYB42 marker on chromosome 4 did not affect the positions of the existing
QTL (Table 4.5, Figure 4.30).

The marker itself was over 18 cM away from the

confidence intervals of the nearest flanking QTL for 5-5’ DFA content (Figure 4.30). The
LOD scores for all chromosome 4 QTL were slightly lower with the addition of MYB42,
but this change was only important for the BC351_2100-umc1142 QTL for kernel
resistance and the umc1109-umc1180 QTL for 5-5’ DFA (Table 4.5). These QTL initially
had significant (based on permutations) LOD scores of 3.15 and 3.55, respectively (see
Chapter 2). The new LOD scores of 2.73 and 2.88, respectively, were not significant
based on the permutation test.
Chromosome 7 contained numerous QTL from nearly all measured traits, and
the majority of these QTL were relatively unchanged after the addition of the bnlg657,
bnlg1022, and dupssr11 SSR markers (Table 4.5, Figure 4.31).

There were five

noteworthy differences. The marker intervals for the BC143_3000-BC595_1200 and
BC595_1200-umc1112 that were associated with kernel resistance in Ottawa 2001 and
1999, respectively, were redefined. The bnlg1022 marker replaced the BC595_1200
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marker in the 2001 QTL, and the dupssr11 marker replaced the umc1112 marker in the
1999 QTL (Table 4.5). The association of bnlg1022 and bnlg657 with pCA content in
2003 (Table 4.3) resulted in the detection of a new QTL for this trait that was not
present on the original QTL map (Table 4.5). The umc0171-BC618_1000 QTL for total
DFA content from 2003 no longer had a LOD ≥ 2.0 after the addition of the new markers
(Figure 4.31). That region still contained a noticeable LOD peak that almost reached the
threshold (Figure 4.31). Finally, the LOD peak of the BC324_1400-umc1671 QTL for total
DFA (2003 test) shifted proximally such that the new marker interval is defined as
umc2332-BC324_1400. In general, all QTL statistics were very similar after the addition
of the three SSR markers.

207

Discussion
Marker Segregation
The majority of markers segregated in accordance with their expected
Mendelian ratios and the significantly distorted markers occurred in known segregation
distortion regions (SDRs) that were presented in the work of Lu et al. (2002). One
possible cause of segregation distortion of a given molecular marker is linkage to a
gametophytic factor (Ga). The Gas are genes that affect the transmission of gametes,
and genes/markers that are linked to Ga loci can exhibit distorted segregation ratios in
progeny. The modulation of gamete transmission is dependent on the allele at the
relevant Ga locus. This occurs when the progenitor lines of an experimental population,
for example, contain different alleles at active Ga loci. The alleles of markers that are
linked to the Ga allele that disproportionately promotes/reduces its own transmission
are also disproportionately transmitted through the gametes.

The extent of

disproportionate transmission of linked markers is a function of the recombination
frequency between the Ga locus and the marker(s) in question. Based on the results of
Lu et al. (2002), it was determined that the CCoAOMT_2 marker occurs in a SDR that
was identified in 2 populations and contains a known Ga (ga8). Since the markers
dupssr6 and bnlg244 flank the CCoAOMT_2 marker on the CG62xCO387 map and were
also contained in the map presented by Lu et al. (2002), it was possible to
unambiguously conclude that CCoAOMT_2 occurred in the SDR that they identified.
CCoAOMT genes are numerous in the maize genome, and distortion may have been due
to genotyping errors that resulted from poor paralogue-specificity of the allele-specific
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primers. The presence of a known SDR that contains a Ga in this region combined with
the fact that the CCoAOMT_2 marker mapped to its predicted location (see Chapter 3)
suggests that the distortion was due to a real biological factor rather than genotyping
errors. The allelic constitution of ga8 in the population is not known. The other
distorted marker, bnlg1022, occurred in a SDR that did not contain a Ga (Lu et al. 2002).
Distortion of this marker was somewhat expected since the nearby markers BC126_580,
BC685_1700, and BC143_3000 were all distorted towards CO387 in the initial study (Ali
et al. 2004). Furthermore, bnlg1022 maps 5.84 cM away from umc116a based on the
IBM2 2008 Neighbors map, and the umc116a marker exhibited the highest level of
distortion in the chromosome 7 SDR presented in Lu et al. (2002). The marker was
distorted in three out of the four populations that they examined. There was no Ga or
other factor in the region that could explain the cause of distortion, but the distortion
itself was consistent with the previous work of Lu et al. (2002) and Ali et al. (2004).
Therefore, CCoAOMT_2 may have been distorted due to a Ga, the cause of bnlg1022
distortion was unknown, and the distortion of both markers was consistent with other
published results.
Linkage Mapping
Based on the available evidence gained from the present work, the in silico
mapping technique described in Chapter 3 was determined to be a useful and accurate
tool for the hypothetical placement of DNA sequences on a framework genetic map of
maize. The framework map must have contained markers from the B73xMo17 core
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map, but the wide popularity of these markers among maize researchers reduces the
effect of this limitation on the utility of the in silico mapping technique.
All gene-specific markers mapped to their predicted locations based on the in
silico mapping results presented in Chapter 3. Additionally, all public SSR markers
mapped to their predicted locations based on the IBM2 2008 Neighbors genetic
coordinates from MaizeGDB (Lawrence et al. 2004). However, the reader is reminded
that the MYB42 marker was initially predicted to occur on chromosome 3 because the
first release of the B73 genome sequence had placed the BAC clone containing its
sequence on that chromosome. The consistency between the genetic coordinates
determined from the present work and the updated position of the BAC suggested that
the updated BAC position was correct. It should be noted that, aside from the empirical
evidence that implicates MYB42 as a phenylpropanoid pathway regulator (see Chapter
1), the original position of MYB42 on chromosome 3 contained a strong QTL for silk
resistance from the Tavistock 2001 environment (Ali et al. 2004). Based on the IBM2
2008 Neighbors genetic coordinates, the GST4 gene was located 10 cM away from the
MYB42 locus and was therefore also contained within the silk QTL (Lawrence et al.
2004). Furthermore, the relative distances of GST4 and MYB42 from each other and
from their flanking markers on the CG62xCO387 map suggested that they would map
near the LOD peak of the QTL. It was for those reasons that the GST4 and MYB42 genes
were targeted for molecular marker development. Upon correction of the Tavistock
2001 phenotypic data there was no longer a QTL on chromosome 3. Neither the
updated QTL map nor the original QTL map contained QTL at the correct MYB42
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position on chromosome 4. Thus, it was ultimately not expected that MYB42 would
segregate with the analyzed traits in the CG62xCO387 population, but the final
presentation of its map position was consistent with the most recent release of the
maize physical map.
Although a small sample of genes were mapped in the present work, it seems
that the use of in silico mapping to predict the location of sequences relative to markers
on a linkage map was largely successful. The only discrepancy between in silico mapping
and genetic mapping occurred with MYB42, and that discrepancy was resolved by the
curators of the B73 genomic sequence before the completion of the project. The B73
sequence will continue to receive updates, and further improvements will be made as
more sequences are deposited and analyzed. However, the present and past releases of
the maize genome sequence were sufficiently accurate and comprehensive to perform
in silico mapping. This was not surprising as there was a high degree of similarity
between the physical and genetic maps following their integration (Wei et al.2009). The
markers contained on the core maize map (IBM2 2008 Neighbors and related maps) are
an invaluable tool for maize researchers because they are publicly available markers
with well defined map positions. Because of their utility and accessibility, many maize
researchers have used these markers in their experimental mapping populations. In
turn, many maize QTL positions have been defined relative to the positions of one or
more of these markers. It is therefore proposed that a future effort be directed at the
automated high throughput integration of all publicly available maize QTL data with the
physical and genetic framework map that is presently available on the web
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(www.maizesequence.org).

This would allow researchers to download all DNA

sequence and associated annotations contained within consistent QTL for various traits
of agronomic importance. Future candidate gene research in maize will undoubtedly
rely on the physical map to direct empirical studies.
Marker-Trait Associations
All markers were significantly associated with one or more analyzed traits except
for MYB42 and dupssr11. Although the dupssr11 marker would appear to be within the
kernel QTL around the center of chromosome 7, the original QTL were large and
extended due to the low density of markers in the region. With the addition of
bnlg1022 and bnlg657, the large gaps were reduced in size and the new, internal
markers explained more variation than the flanking markers that were more loosely
linked to the QTL on the original map. Thus, dupssr11 marked the new boundary of the
kernel QTL that originally extended to its distal neighbor umc1112. The lack of
association of traits with the MYB42 marker was expected since the updated in silico
map position placed the gene between markers on chromosome 4 that were not
associated with the analyzed traits. The MYB42 sequence will provide an additional
example of MYB42 genotypic variation for diversity analysis upon submission to the
GenBank database, but the gene itself was not important for the analyzed traits in the
CG62xCO387 population.

Maize MYB42 has marked effects on phenylpropanoid

pathway biosynthetic enzyme expression, lignin content, and FA content in Arabidopsis
(Fornalé et al. 2010). The cell wall composition of dicots and monocots are markedly
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different, and it is reasonable to assume that the regulation of cell wall biosynthesis
exhibits differences from the spatio-temporal aspects of cell wall deposition to the
identities and activities of the regulatory factors. The results of Fornalé et al. (2010)
suggest a conservation of MYB42 function between Arabidopsis and maize, but those
data were almost exclusively based on Arabidopsis transgenics. The activity of MYB42
has not been examined in vivo in maize plants. The lack of association to the traits
analyzed in the present work could therefore be due to differences between
Arabidopsis and maize. Alternatively, MYB42 expression may not have been important
in the phenolic testing environments or within the genetic background of the mapping
population. It cannot be ruled out that MYB42 may have a strong effect on lignin/FA
content in maize and Arabidopsis stems and leaves while a different regulatory factor is
responsible for pericarp/kernel/ear-specific phenylpropanoid biosynthesis.

Further

work should be devoted to the characterization of MYB42 function in maize in general,
but its marker did not segregate with the analyzed traits in the CG62xCO387 population.
The associations observed between the bnlg657 and bnlg1022 markers from
chromosome 7 and the analyzed traits reflected the relationships between pCA, DFA,
and disease scores. The CG62 alleles of bnlg657 and bnlg1022 were significantly
associated with high pCA content in the 2003 testing environment based on one-way
ANOVA. These markers were also associated with pCA content from 2001 at the 10%
level of significance, and the new QTL for pCA content on chromosome 7 was derived
from the 2001 environment. However, the CO387 allele of bnlg657 was associated with
kernel resistance in Ottawa 1999 and Ottawa 2001 based on one-way ANOVA, and these
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results were consistent with the QTL identified by composite interval mapping. Thus,
there was a colocalization of disease and phenolic QTL suggesting that low pCA content
was associated with low disease severity in the respective environments.

This

observation was in line with the work of Assabgui et al. (1993) that found similar
positive correlations between disease severity and kernel pCA content. Furthermore, in
the Tavistock trial from 2001, kernel pCA was positively correlated with severity. The
positive trend with disease severity and negative trend with phenolics could explain the
allelic contributions to the chromosome 7 QTL for kernel resistance and pCA. pCA and
FA are synthesized within the cell and subsequently transported to the cell wall. It is
possible that a large flux of pCA to the cell wall would reduce the available substrate for
FA synthesis and therefore create negative relationships between cell wall pCA and DFA
content. That was the conclusion of Assabgui et al. (1993) regarding their observed
correlations.

However, if that were the case then one would expect to observe

significant negative correlations across both testing environments and the nonsignificant correlation coefficients between pCA and DFAs from Ottawa 2003 were
positive. The results are similar to those of Assabgui et al. (1993) but they are not as
consistent. García-Lara et al. (2010) found significant positive correlations between
pericarp pCA and DFA content.

They also found significant negative correlations

between pericarp-aleurone pCA and various maize weevil susceptibility paramaters, and
thus both observations contrast the results of the present work and that of Assabgui et
al. (1993). Maize weevil resistance is primarily concerned with the hardness that DFA
crosslinking imparts on the grain. This is also a consideration with respect to fungal
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growth within the grain. However, F. graminearum must degrade the wall in advance of
its growth, and the crosslinks probably impede this degradation through biochemical
means. Lignin also increases grain hardness, and pCA is a useful indicator of lignin
content since it is esterified to the side chains (Riboulet et al. 2008b). It is possible that
the negative correlations between maize weevil damage and pCA are a result of
increased lignin content and hardness that is being detected by pCA content. Perhaps
the biochemical resistance to cell wall degradation caused by DFA crosslinking is more
important than overall lignin/pCA content in fungal pathogens than insect pests due to
the reliance of fungi on hydrolytic enzymes. It is also possible and likely that there is
genetic variability with respect to the balance between pCA that is incorporated into the
cell wall and pCA that is converted to FA. The lines selected for maize weevil resistance
may differ from the lines selected for F. graminearum resistance in this respect.
However, further work is needed to determine the extent of this variability.

In

particular it remains to be determined whether or not the extent of the variability is
such that the signs of the correlation coefficients between pericarp pCA and DFA
content could be reversed across different genotypes. A larger, balanced experiment
across environments would be necessary to determine the validity of the observed
correlations between pCA and DFAs in the CG62xCO387 population.
The segregation of the PAL_1 and HCT_1 markers that were mapped to
chromosome 5 exhibited a trend towards CG62-contributed high phenolic content and
low disease severity. They were able to explain significant variation for 8-5’ DFA from
Ottawa 2001. Neither marker was significantly associated with disease scores at the 5%
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level, but there was a trend towards CG62 alleles of these loci contributing to low
disease severity. There was also a trend towards the association of these loci with total
DFA and 8-O-4’ DFA from Ottawa 2001 and with 8-5’ DFA from Ottawa 2003. For
example, HCT_1 was associated with kernel scores from Ottawa 1999 and Ottawa 2001
at the 10% level of significance based on the one-way ANOVA. This was consistent with
the detection of the Ottawa 2001 kernel resistance QTL in the region. At the 10% level
PAL_1 was associated with total DFA and 8-O-4’ DFA in Ottawa 2001 and HCT_1 was
associated with 8-5’ DFA in Ottawa 2003. There were no total DFA QTL detected by
composite interval mapping, but there was initially an 8-O-4’ DFA QTL in the region
around the markers. Since 8-O-4’ DFA was highly correlated with the total, it was not
surprising when both traits were correlated with the same factors. The LOD peak of the
8-O-4’ DFA QTL that occurred in the region before the addition of new markers was
reduced to non-significant levels probably because the distal CO387-contributed 8-O-4’
DFA QTL in the region explained more variation. It seems likely that a larger replicated
study would find significant associations between these markers and DFA content;
however this would still constitute correlative evidence that would require further study
to demonstrate functional significance.
The markers of PAL and HCT represent core genes of the monolignol biosynthetic
pathway. PAL, the best studied of all core phenylpropanoid pathway enzymes, catalyzes
the first committed step towards lignin and FA biosynthesis. Cinnamic acid derivatives
give rise to a wide range of products other than lignin, but all phenylpropanoid pathway
products depend on its function. HCT catalyzes the addition of shikimate and/or
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quinate moieties to p-coumaroyl-COA.

After C3H hydroxylates this product, HCT

catalyzes the removal of shikimate or quinate. The pathway from phenylalanine (and
tyrosine in maize) to caffeoyl-COA is now established with confidence and it is believed
to represent the central reactions that give rise to all monolignols and FA (Barrière et al.
2007). Metabolic channeling has been demonstrated between PAL and C4H, and it is
possible that other enzymes are intimately associated with PAL/C4H to form a
functional metabolome (Vanholme et al. 2010). Given the hypothesis of a central lignin
pathway ending in caffeoyl-COA, it would be interesting to investigate the association of
HCT with these enzymes. Additionally, one would expect to find 4CL and C3H in the
complex of directly or indirectly associated proteins. If it were determined that HCT was
associated with PAL and C4H at the cytosolic endoplasmic reticulum surface, then the
possibility exists that two members (PAL_1 and HCT_1) of the enzyme complex could
more often than not be inherited as a single unit in progeny. Selection of the favorable
alleles at these loci would result in a linkage block that could be introgressed to
breeding material with a low probability of recombinational disassociation of the
favorable alleles. This would also be the first demonstration of genetic linkage of
phenylpropanoid pathway enzymes that are assembled into an enzyme complex in vivo.
The CCoAOMT_2 marker was not a major contributor to trait variation in the
CG62xCO387 population. The CO387 allele of this marker was associated with silk
scores in Ottawa 1999 although there was no QTL detected by composite interval
mapping. Even at a less stringent type-I error rate, there did not seem to be a trend
supporting the association of this marker with the analyzed traits. Composite interval
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mapping did identify a CO387-donated QTL for kernel resistance from Ottawa 2001
around 16 cM distal to the CCoAOMT_2 marker, but the segregation of the marker did
not explain variation in kernel scores from that environment. The nearby QTL for 5-5’
DFA was strong, but high phenolics were contributed by CG62. Thus, the CCoAOMT_2
marker was not significantly associated with the negative relationship between disease
severity and pericarp-aleurone phenolic content.
The lack of a significant association between CCoAOMT_2 and the analyzed DFA
species may be consistent with a new interpretation of FA biosynthesis in maize.
Guillet-Claude et al. (2004) found that CCoAOMT_2 colocalized with a major lignin
content QTL and that a rare (among the 34 maize lines they analyzed) 18 bp indel
polymorphism was associated with high cell wall digestibility (low lignin). The indel
consisted of a repetitive 6 bp motif and increasing repeats were associated with high
digestibility. CO387 contained the full 18 bp indel and therefore the association of its
CCoAOMT_2 allele with the CG62-donated 5-5’ DFA QTL would be consistent with the
hypothesis regarding increasing repeats within the indel. However, the marker could
not explain variation of this trait from the Ottawa 2001 environment. This leads to a
conclusion that the CCoAOMT_2 gene was not a major regulator of DFA content in the
mapping population even if it can serve as a marker for silk resistance. Barrière et al.
(2007) concluded that the pathway to FA synthesis need not include CCoAOMT activity.
This was based partially on the data of Chen et al. (2006) who found that alfalfa
downregulated for CCoAOMT did not have significantly different levels of FA as
compared to wildtype plants. The pathway leading to FA synthesis is still a matter of
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debate and many questions remain to be answered. If it is conclusively demonstrated
that CCoAOMT is not a key enzyme in FA biosynthesis, then the present results would be
consistent with that determination.
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GENERAL CONCLUSIONS
The objective of this work was to characterize the correlation between F.
graminearum resistance and pericarp-aleurone content of cell wall bound FA in maize
using molecular markers. This was accomplished using QTL mapping techniques with an
existing linkage map derived from segregation in the CG62xCO387 RIL population.
Additionally, candidate genes were identified based on sequence homology to known or
putative factors that directly or indirectly affect FA synthesis, deposition, and
crosslinking in the cell wall. These sequences were mapped in silico using the genomic
sequence of B73 as a reference, and candidate genes whose physical map positions
corresponded to genomic locations that were statistically associated with resistance
and/or cell wall FA were targeted for molecular marker development. The contributions
of this work include (1) a QTL map of maize describing the genomic regions associated
with F. graminearum resistance and cell wall phenolics, (2) a comprehensive list of the
physical map positions of the lignin biosynthetic machinery that includes putative
regulators and factors from closely related pathways, and (3) data regarding selected
candidate genes that were converted to molecular markers and whose associations with
the analyzed traits were investigated in segregating progeny.
Previous work, including work with the plant material used in the current
project, suggested that F. graminearum resistance was controlled by multiple factors.
Studies of cell wall bound phenolics had also indicated a similar multi-genic control.
These observations were corroborated by the current study since numerous genomic
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regions were statistically associated with all analyzed traits. The negative correlations
that were observed between disease severity and pericarp-aleurone phenolics (namely
DFA) were evident on the QTL linkage map that was generated as many regions were
associated with both traits. It was concluded that some of these colocalizations result
from the presence of a single locus in the region that is functionally associated with both
types of traits.
The in silico mapping effort identified putative genes that were predicted to map
at or near the identified QTL. Based on the results with genes for which marker
development and mapping was possible, it appears that the in silico mapping technique
was highly successful at predicting their map locations. Caution is suggested, however,
since the original release of the physical map had placed one candidate gene, MYB42, in
an incorrect location. This was corrected in a more recent physical map update, and it is
believed that the vast majority of the contigs are correctly ordered and positioned.
Trends were observed between the segregation of gene-specific markers and the
measured traits.

The linked markers PAL_1 and HCT_1 on chromosome 5 were

statistically associated with the 8-5’ linked isomer of DFA, and there was a nonsignificant trend suggesting a possible association of these marker with resistance
following kernel infection. Caution must be taken with respect to the interpretation of
an association between PAL_1/HCT_1 and kernel resistance as it is equally likely that the
trend is spurious in nature or even caused by loose linkage to the true causal locus.
Additionally, SSR markers that were placed on chromosome 7 segregated with low
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disease severity and low pericarp-aleurone pCA content. Since pCA is a precursor of FA,
it was concluded that the relationship may be due to increased deposition of pCA in the
cell walls of some lines that reduces the available substrate for FA synthesis and
subsequent oxidative crosslinking. It is believed that the DFA-mediated resistance is a
real phenomenon, and there is a growing body of evidence in the literature supporting
this thesis. Further work will be required to accurately characterize the association of
cell wall DFA with F. graminearum resistance and to utilize this resistance mechanism in
a breeding program.
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APPENDIX I
Independent ANOVAs for disease scores in the CG62xCO387 population following silk or
kernel inoculation with F. graminearum in Ottawa 1999, Ottawa 2000, Ottawa 2001,
and Tavistock 2001. The population of 144 RILs was grown in each environment in a
randomized complete block design with two replications. Two treatments (silk or kernel
inoculation) were applied to each line in each block. ANOVA was conducted in SAS
(SAS, Cary, NC) using PROC MIXED. The effects of Lines and Treatments were
considered fixed (Effect) and the Block effect was considered random (Cov. Parm.).
Ottawa 1999

Cov. Parm.
Block
Residual
Effect
Line
Treatment
Line*Treatment
Ottawa 2000 Cov. Parm.
Block
Residual
Effect
Line
Treatment
Line*Treatment
Ottawa 2001 Cov. Parm.
Block
Residual
Effect
Line
Treatment
Line*Treatment
Tavistock 2001 Cov. Parm.
Block
Residual
Effect
Line
Treatment
Line*Treatment

Estimate
0
0.2569
Num DF
140
1
140
Estimate
0.0439
0.6659
Num DF
142
1
139
Estimate
0
1.4816
Num DF
122
1
115
Estimate
0.005681
1.0125
Num DF
112
1
100
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Standard Error
.
0.02187
Den DF
275
275
275
Standard Error
0.06548
0.05669
Den DF
276
276
276
Standard Error
.
0.1501
Den DF
194
194
194
Standard Error
0.018
0.1181
Den DF
147
147
147

Z Value
.
11.75
F Value
7.92
379.84
3.72
Z Value
0.67
11.75
F Value
4.47
177
1.48
Z Value
.
9.87
F Value
1.05
88.56
0.61
Z Value
0.32
8.57
F Value
2.63
29.59
1.22

Pr Z
.
<.0001
Pr > F
<.0001
<.0001
<.0001
Pr Z
0.2513
<.0001
Pr > F
<.0001
<.0001
0.0033
Pr Z
.
<.0001
Pr > F
0.3763
<.0001
0.9977
Pr Z
0.3761
<.0001
Pr > F
<.0001
<.0001
0.1378
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Frequency histogram of pericarp-aleurone content of cell wall bound phenolics (µg g-1
DW) among RILs from the CG62xCO387 population. Bin represents the upper limit of
each of five bins for each analyzed phenolic (pCA, (E)-FA, 8-5’ DFA, 5-5’ DFA, 8-O-4’
DFA, and 8-5’b DFA) in a given environment (Ottawa 2001 and Ottawa 2003). No. of
RILs represents the number of RILs in each respective bin class.
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