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ABSTRACT
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This thesis investigates the role of gene expression in crop evolution and crop
responses to environmental variation. It applies both retrospective and
experimental approaches to examine how changes in gene expression contribute
to plant improvement. Using a retrospective approach, I identified genes whose
regulatory alleles were selected during the breeding of elite rice varieties.
Selection for groups of genes with shared attributes likely altered oxidative stress
responses and amylase activity. I also identified 31 genes that have strong-acting
trans regulatory factors and may have been selected for increased or decreased
expression in rice breeding. In maize, I then used a high-throughput sequencing
approach to identify candidate genes from seedlings that have a transcriptional
response to experimentally manipulated weed competition (turf grass). Weed
competition altered transcript abundance of 102 genes. Gene function annotation
indicates that genes related to carbon metabolism, ROS-scavenging, hormone
signalling and defence are involved in the early response of maize to the weed
treatment. With the wide-use of neonicotinoid insecticides, I was also interested if

thiamethoxam, a component of a popular insecticide used for maize, has an
effect on seedling response to weeds. I tested for an interaction between
seedling response to weeds and the thiamethoxam treatment, and found that
thiamethoxam affects the response of genes involved in photosynthesis,
defense, and hormone signalling. I believe that candidate genes from both
approaches will be useful for future breeding efforts.
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CHAPTER 1

Introduction

Plant breeding relies on the existence of heritable traits that are of agronomic
importance. Variation in gene expression can affect traits that are of importance in crop
improvement, and gene expression changes induced by environmental stresses can
help elucidate the morphological and physiological changes that occur during stress,
and that affect the success of crop growth. In this thesis, I seek to determine whether
genetic variation in gene expression may have been important in the history of selective
breeding of rice. I then explore changes in gene expression that occur in response to
changes in light quality and thiamethoxam, a growth-enhancing chemical. The studies
presented in this thesis are linked by their methodology, which involves a global assay
of transcripts.
My thesis uses both retrospective (Chapter 3) and experimental (Chapter 4)
approaches to understand the role of gene expression. The retrospective approach
involves looking for genomic signatures of past selection. In Chapter 2, I provide a short
historical review of crop domestication and breeding, and place this in the context of
retrospective approaches to detect selection. In particular, I introduce the theoretical
and statistical bases of methods used to identify genes under selection. Whereas a
retrospective approach is a useful exploratory approach to identify loci under selection
and that may explain, in part, differences in phenotype among crop varieties, it does not
give direct insight into variation in phenotype within a single genotype across
environments. The last sections of chapter 2 provide context to understand the research
described in Chapter 4, where I experimentally identified environmentally induced
changes in transcript abundance in maize seedlings grown in the presence of
1

neighbouring turf grass, and chemically induced changes in transcript abundance in
maize coleoptiles grown from insecticide-treated seeds.
In Chapter 3, I present work that used expression QTL data to identify evidence
of selection on gene expression variation in cultivated rice (published in House et al.
[2014]). Using two elite rice cultivars, I examined groups of genes with shared biological
functions and tested for a signature of selection to determine if there had been artificial
selection on regulatory alleles that affect certain functions, and identified several
processes with evidence of selection. I also found evidence that regulatory variants with
strong effects on gene transcript abundances have been selected during plant breeding.
Gene expression differences can occur among varieties of plants, among
genotypes within a variety and within a genotype across different environments. All
forms of variation are important in crop selection. Whereas in chapter 3, I sought to
identify allelic variants that give rise to gene expression differences between varieties of
rice, in Chapter 4 I seek to identify loci that are differentially expressed across
environments. Methods and results from Chapter 4 may be helpful in selecting for crop
varieties that can physiologically adapt to variation in environment, be it biotic (betweenplant competition) or abiotic (chemical treatments, nutrient heterogeneity, climate
variation). In chapter 4, I identify genes that show a transcriptional response to a weed
treatment and a thiamethoxam seed treatment in maize coleoptiles, and also identify
genes that respond differently to the weed treatment when combined with a
thiamethoxam treatment. I focus on those gene expression changes that are involved in
carbon metabolism, ROS-scavenging, defense, and hormone signaling.

2

CHAPTER 2
2.1

Literature Review

PROCESSES OF ARTIFICIAL SELECTION
Artificial selection has been used for thousands of years during the process of

domestication to shape many of the plant species that are agriculturally and
economically important today. Many of the plant species that are domesticated have
also undergone further improvement through subsequent breeding efforts. In the
following sections, I introduce these processes of artificial selection, and describe their
effects on plant genomes.

2.1.1 Origins of plant domestication
The process of plant domestication began approximately 10,000 years ago
following the last ice age, and involves the selection, by humans, of plants with
favourable traits. The late Professor N.W. Simmonds provided a clear description:
“A plant population has been domesticated when it has been substantially
altered from the wild state and certainly when it has been so altered to be
unable to survive in the wild.”
(Brown and Caligari, 2008).
It is believed that agriculture was initiated the first time humans encouraged the
growth of edible plants in place of those plants that were deemed to be less
useful (Smith, 1998). The burning of land was often practiced, as it allowed for
edible grasses to flourish after the burning (Doebley et al., 2006). Eventually, it
seems that instead of allowing the natural growth of edible grasses, seeds from
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desirable plants would have been grown, and finally, seeds collected from one
year would be planted the next - selection and plant breeding was born (Doebley
et al., 2006). Though the process of domestication involves selection that is
based on genetic variation, it occurred without any knowledge of DNA or any
form of hereditary material. It has become the goal of many researchers to
understand the genetic basis of past domestication events using the knowledge
and methodology that is now available.
Through artificial selection in the form of domestication of many crop
species, there was selection for similar traits that differentiate these crops from
their wild progenitors. These are commonly referred to as the domestication
syndrome (Hammer, 1984). These traits include larger fruits, increased apical
dominance, and changes in seed dispersal mechanisms such that seeds remain
on the plant, which makes harvesting by humans easier (reviewed by Doebley et
al., 2006). It is important to note however, that there has likely been unconscious
selection for physiological traits that did not yield a distinctive phenotype.
Selection screen approaches have been used to detect regions of the genome
with signatures of selection (typically regions with reduced genetic diversity
caused by genetic bottleneck), and through this process of identification, regions
underlying unsuspected domestication traits have been located. One good
example can be found in the work of Yamasaki et al. (2005). Nucleotide
polymorphism data from 1200 genes was used to identify 35 genes with no
diversity across 14 maize inbred lines. These loci were sequenced in a diverse
set of maize landraces and teosintes and were tested for evidence of selection,
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and eight candidate genes were identified. Of these eight genes, there was
evidence of selection within the coding region of six, and evidence of selection in
the 3’ region of the remaining two genes. The roles of the candidate genes were
examined and the genes were involved in determining maturity, nutritional
quality, and productivity (Yamasaki et al., 2005). Existing methods for identifying
regions of the genome that have undergone selective pressure have mainly
attempted to identify polymorphisms in gene coding regions that are the source
of desirable phenotypic differences. More studies are now being conducted to
determine if (as well as how often, and under which circumstances) selection has
also acted on polymorphisms in gene regulatory regions that cause a beneficial
increase (or decrease) in transcript abundance relative to other lineages.

2.1.2 The influence of modern plant breeding
Plant breeders aim to have plants express traits that are desirable. Breeders will
propagate plants with desirable traits, and will eliminate from their plant populations any
plants with undesirable traits. This may involve breeding for improved stress responses,
or an improved response to pathogen attack, or plants with a nutritional profile that is
deemed healthier, or plants that produce tastier and longer-lasting fruit. This requires
knowledge of valuable traits, and the ability to perform plant crosses in such a way that
the traits of value will be passed on to future generations. Geneticists can assist with
this process by identifying the underlying genetic basis for such traits, and determining
how they may be manipulated to obtain the desired phenotypic outcome. In many
instances, especially in the early stages of plant breeding, the underlying molecular
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mechanism responsible for the expression of a desirable trait is unknown. In many
cases, nucleotide polymorphisms can explain a phenotype. Many studies have revealed
nucleotide polymorphisms in protein-coding regions of non-regulatory genes that have
been under selective pressure during artificial selection (Bauchet et al., 2014; Olsen et
al., 2006; Wang et al., 1995). Recent studies have been focusing on polymorphisms
that occur in parts of the DNA that encode regulatory regions (Lemmon et al., 2014;
Wittkopp and Kalay, 2012). These regulatory regions can be described as cis, when
there is a physical connection between the regulatory region and the gene whose
expression they affect, such as a binding sequence within the promoter of a gene, or
trans when they encode a diffusible signal, such as a transcription factor.

2.2

GENOMIC SIGNATURES OF SELECTION
In order to enhance the processes by which crop improvement occurs, we must

understand the specific modifications to DNA and chromatin that selection can act upon.
The types of polymorphisms that have been selected upon during plant domestication
and breeding, and the methods used to identify these genomic regions, are described
here.

2.2.1 Selection acts on protein-coding DNA, epialleles, and DNA encoding regulatory
regions
Plant domestication and breeding provide us with opportunities to study the
effects of selection on plant genomes. By examining plant lineages that have been
developed through artificial selection, we can investigate the locations of DNA
6

polymorphisms that have resulted in important agronomic traits. Protein-coding variation
has a played a major role in plant domestication, and continues to play a role in plant
breeding. For example, sd1 (semi-dwarf1 ), which encodes an enzyme involved in
gibberellin biosynthesis, contains a mutation in its protein-coding region, and was
important in the domestication of rice (Asano et al., 2011), and also in the modern
breeding of rice (Oryza sativa L.) (Nagano et al., 2005).
Mutations in the primary sequence of DNA do not completely describe the traits
that have been selected (Lemmon et al., 2014). Epialleles, alleles that vary in
expression because of chromatin structure and/or cytosine methylation alterations, can
be germinally inherited and subsequently selected upon (Cubas et al., 1999a; Fieldes,
1994; Johannes et al., 2009). Since epialleles tend to be unstable, they have likely only
played a small role in the domestication and breeding of crops (reviewed in House and
Lukens, 2014), but there have been cases of selection for epialleles that affect
flowering-related processes in natural (Cubas et al., 1999b) and lab populations
(Fieldes, 1994; Johannes et al., 2009). For example, a population of flax (Linum
usitatissimum L.) was treated with a DNA demethylating agent, 5-azacytidine, and of the
surviving plants, those that were hypomethylated with an early-flowering and short
height phenotype were selected and bred for between 8-10 generations (Brown et al.,
2008; Fieldes, 1994; House, 2010).
Recent work has indicated that regulatory evolution may play a more extensive
role than previously thought in the genome evolution of plants that have undergone
artificial selection (Lemmon et al., 2014). Selection for alleles underlying expression
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variation has occurred in both domestication and more recent plant breeding. Two clear
examples have been provided in maize.
One of the major changes between maize and its wild ancestor, teosinte, is
increased apical dominance (Doebley et al., 1997). teosinte branched 1 (tb1) was
identified as a major QTL controlling the difference in apical dominance (Doebley et al.,
1997), and has since been found to encode a transcriptional regulator (Cubas et al.,
1999c). Unlike in most studies examining selection during domestication, there were no
fixed amino acid differences identified between maize and teosinte. Work on tb1
identified evidence for selection of regulatory differences that resulted in increased
expression of tb1 in maize relative to teosinte (Doebley et al., 1997). A cis regulatory
region located 58-69 kb upstream from tb1 with two transposable element insertions
has been determined to alter tb1 expression (Clark et al., 2006; Zhou et al., 2011). This
is an important finding for two reasons. First, it provides an example of selection on a
mutation in a regulatory region during the domestication of maize. Second, it describes
a situation where selection for a beneficial mutation occurred at a location distant from
the affected gene.
In the early 1900’s it was discovered that increased carotenoid content in maize
has a nutritional benefit as it leads to high levels of vitamin A (Steenbock et al., 1920),
and this knowledge led breeders to select for the yellow endosperm phenotype that is
associated with high carotenoid levels (Mangelsdorf and Fraps, 1931). The ancestral
state of maize endosperm colour is white, but it was found that selection for an allele of
y1, a gene encoding phytoene synthase (Buckner et al., 1996), allows for yellow
pigment to be produced in the endosperm, resulting in yellow seeds. Two alleles were
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identified for y1 - one that is expressed in leaves and embryo, and the other that is
expressed in leaves, embryo, and endosperm (Buckner et al., 1996). The causative
mutation is thought to be a gain-of-function insertion of a 382-bp mobile element in the
5’ regulatory region that has allowed upregulation of Y1 in the endosperm (Buckner et
al., 1996; Palaisa et al., 2003).
Large-scale studies that identify signatures of selection (a pattern in the DNA that
occurs following selection, such as a selective sweep whereby variation surrounding a
mutation causing a beneficial phenotype is reduced within a population having
undergone rapid selection [Smith and Haigh, 1974]) are uncovering genes that were not
expected to underlie desirable phenotypes that were selected during domestication. For
example, Wright et al. (2005) examined single nucleotide polymorphisms in 774 genes
in maize, and identified a signature of selection for many genes, including some
encoding heat shock factors. While some phenotypes have been predicted to have
evolved during domestication and breeding, these wide scale studies allow the
detection of genes that underlie traits that have not been thought to be the targets of
artificial selection, providing a more thorough picture of the molecular effects of
selection on plant genomes.

2.2.2 Approaches for identifying the molecular effects of selection

Many studies have used population genetics approaches to understand the
molecular effects of selection on plant genomes. Often what can be observed following
rapid selection (such as that which occurs following domestication and breeding) is a
reduction in overall genetic diversity due to the bottleneck (sudden decrease in
9

population size) that occurs following selection. A reduction in genetic diversity can also
sometimes be observed specifically at favourable loci that were selected and driven to
high frequencies within the domesticated/cultivated population (Tanksley and McCouch,
1997). In addition, through a process termed ‘genetic hitchhiking’ neighbouring genomic
regions may also display a reduction in nucleotide variation as they are swept to high
frequency alongside a favourable allele (Kaplan et al., 1989; Smith and Haigh, 1974;
Stephan et al., 1992).
Several statistics are commonly used in these studies. Genetic diversity is
measured using two similar statistical measures (π, the average number of pairwise
differences within a set of DNA sequences (Equation 1) (Tajima, 1989), and θ, the
number of segregating sites within a set of DNA sequences (Equation 2) (Tajima,
1989)).

Equation 1: 𝜋𝜋 =

∑𝑖𝑖<𝑗𝑗 𝑑𝑑𝑖𝑖𝑖𝑖

𝑛𝑛(𝑛𝑛−1)/2
𝑠𝑠

Equation 2: 𝜃𝜃 = ∑𝑛𝑛−1
𝑖𝑖=1

1/𝑖𝑖

In these two formulas, i and j are the sequences being compared. dij is the number of
nucleotide differences between i and j, and n is the number of sequences being
compared. s is the number of sites that are segregating (i.e. the number of sites that
are variable between the DNA sequences) within the set of sequences being compared.
π is calculated by comparing each individuals sequence to another, in a pairwise
fashion, to determine, on average, how much the sequences vary. θ is similar, but is
10

calculated using the number of sites that vary across all individuals in a population,
instead of comparing every pair of DNA sequences. It is important to note that both of
these measures (pi and theta) are reported on a ‘per site’ basis so that direct
comparisons can be made between estimates for sequences of different lengths. Under
the assumption of neutrality (i.e. in a randomly mating population of constant size where
no selection has occurred, and assuming an infinite sites model), both estimates are
expected to be equal. Both estimates (pi and theta) are expected to change with
selection, but depending on the type of selection that has occurs, the change in one
estimate will differ from the change in the other, leading to differences in the values of pi
and theta. π can be interpreted as the observed variation, while θ is the variation
expected under drift (i.e. when no selection has taken place).
These two values can be compared using a statistic called Tajima’s D (D)
(Equation 3) (Tajima, 1989).

Equation 3: 𝐷𝐷 =

𝜋𝜋− 𝜃𝜃

√𝑣𝑣𝑣𝑣𝑣𝑣(𝜋𝜋− 𝜃𝜃)

Tajima’s D is expected to be 0 when no selection has occurred (Tajima, 1989).
However, following directional artificial selection, the average pairwise difference (π) is
expected be small relative to the scaled measure of the number of segregating sites (θ),
resulting in a negative D-statistic. Under these circumstances of positive selection, or a
selective sweep (i.e. selection FOR a specific mutation, or group of mutations), a
mutation or set of mutations will have recently increased in frequency. The recent
11

increase will not have allowed subsequent mutations to cause large pairwise differences
among haplotypes, although the increase in the descendent lineage will have allowed
for numerous low frequency singleton mutations. A positive value for D can be observed
when a population contains several distinct haplotypes, but many individuals with each
haplotype, which can occur under balancing selection (when multiple, distinct genotypes
are favoured).
With this brief introduction to statistical methods available to detect selection, we
can take a second look at empirical studies employing the technique. tb1 was detected
in a QTL (quantitative trait locus) analysis to determine the genetic differences between
maize and its wild ancestor, teosinte (Doebley et al., 1990). Doebley et al. (1990)
identified five QTL, which includes teosinte branched 1 (tb1). Segregation for molecular
marker loci and nine traits (including the tendency of the ear to shatter and the number
of ears on the primary branch) were examined in an F2 maize-teosinte population
(Doebley et al., 1990). Subsequent studies assessed patterns of nucleotide diversity
across the tb1 locus (Wang et al., 1999), and between tb1 and 163 kb upstream of tb1
(Clark et al., 2004). π and θ were used to compare the genetic diversity within a 2.9 kb
region that spanned 1.1 kb of the 5’ untranslated region and most of the transcribed
portion of the gene within a diverse set of maize and teosinte (Wang et al. 1999). Wang
et al. (1999) identified a decrease in nucleotide diversity at the 5’ regulatory region of
tb1. The transcribed region of tb1 from maize had 39% of the nucleotide variation that
was found in teosinte (π=1.74x10-3 and θ=2.43x10-3 in maize vs. π=4.62x10-3 and
θ=6.26x10-3 in teosinte), a percentage that was not significantly different from neutrally
evolving loci (Wang et al. 1999). The non-transcribed portion of the gene in maize,
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however, maintained only 3% of the nucleotide variation detected in teosinte (π=0.47
x10-3 and θ=0.93x10-3 in maize vs. π=28.68x10-3 and θ=32.57x10-3 in teosinte (Wang et
al. 1999)). It was further hypothesized that the selective sweep affected loci upstream of
tb1 (Clark et al., 2004). Clark et al. (2004) determined that the reduction in nucleotide
diversity representative of selection extends 60-90 kb 5’ of the transcriptional start site
of tb1, and found that this region contains repetitive elements, but no known genes.
Clark et al. (2004) also compared values of π and θ using Tajima’s D to test for nonneutral evolution. They found that after correcting for multiple testing, no values for D
provided evidence of selection. However, Tajima’s D is known to have low statistical
power and can be influenced by population demography, thus the inability to detect
evidence of selection using Tajima’s D does not rule out that selection has occurred. In
this study, values for π and θ were used to identify regions of the genome that had likely
undergone selection during domestication, as it was the preceding expectation that with
strong signatures of selection, a general reduction in genetic diversity will be observed
using either π or θ.
A similar approach to that used by Clark et al. (2004) was used by Palaisa et al.
(2003) to examine nucleotide diversity at the y1 gene in maize. The 6 kb gene region
was sequenced in 75 maize inbred lines (a selection of lines that contained a variety of
endosperm colours, since ectopic expression of Y1 is responsible for the yellow colour
produced in some endosperm tissue) and the sequences were used to examine genetic
diversity (Palaisa et al., 2003). π was used to compare the diversity within the entire set
of 74 sequences (Palaisa et al., 2003). Palaisa et al. (2003) determined that across the
74 sequences, nucleotide diversity was 8.4 x 10-3. When only loci from plants with
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yellow endosperm were compared, π was 0.54 x 10-3, and when only loci from plants
with white endosperm were compared, π was 10.2 x 10-3 (Palaisa et al., 2003). A
Tajima’s D value of -2.4 also indicated that there were an excess of rare polymorphisms
within the sequences from the population of yellow endosperm plants (Palaisa et al.,
2003). The reduction in nucleotide diversity and negative value for Tajima’s D at Y1 loci
from yellow-endosperm containing plants is consistent with a selective sweep, providing
evidence for selection of this Y1 allele during artificial selection.
The previous two examples focused on specific loci that were suspected of
having been selected during plant domestication and breeding. Wright et al. (2005)
used a genome-wide approach to identify candidates of selection (i.e. genes with
evidence of having been selected during domestication) by comparing the genomes of a
diverse set of maize lines with a set of teosinte lines. They found a global decrease in
diversity (θ) in maize relative to teosinte; maize had only 57% of the diversity of teosinte
(Wright et al., 2005), and 65 genes were identified that contained no segregating sites,
indicating that these alleles were fixed within the selected maize population (Wright et
al., 2005). In total, using measures of nucleotide diversity Wright et al. (2005)
determined that approximately 2% of the maize genome has been subject to artificial
selection during domestication.

2.2.3 A novel retrospective approach to identifying candidates for future breeding
The approaches described above for determining signatures of selection have
used SNP data from many plant lines within a population, allowing researchers to
compare the frequency of alleles within and between populations. In this section, I will
describe an alternative approach to identifying genes that may have been subject to
14

artificial selection. Orr (1998) developed a test of selection that uses QTL data to test
the null hypothesis of neutral evolution (the hypothesis that alleles have accumulated
within a lineage due to random genetic drift). Rejecting the null hypothesis using Orr’s
test is evidence for directional selection (the form of selection that occurs when one
phenotype is favoured, causing a shift in allele frequency to that which favours the
desirable phenotype, over time). Orr provided a very clear description of his test. He
described two plant varieties, one tall, and one short. Following a QTL study, 50 QTL
are identified that underlie the genetic basis for the difference in height observed. The
QTL analysis provided information about the direction of effect of the alleles controlling
the observed differences in plant height (does it increase or decrease plant height?),
and the magnitude of effect (how much variation can be explained by each QTL?). One
would predict the alleles from the tall lineage would be alleles that contribute positively
to plant height in large part, and that alleles from the short line would be alleles that
contribute negatively to plant height; however, this is not necessarily true. It is possible
that each lineage will have a combination of increasing and decreasing factors. If the
two plant varieties had developed differences in height purely by chance, we would
expect that maybe the tall line would carry 30 alleles that increase plant height and 20
alleles that decrease plant height (or some other ratio that could be accumulated simply
due to the random chance). The null expectation in this case would be that 25 alleles
increase plant height, and 25 alleles decrease plant height. If 25 positively contributing
alleles and 25 negatively contributing alleles are observed, then the fact that the tall line
is tall cannot be explained by selection, because there is no evidence indicating a
deviation from neutrality. However, if the tall line carried only increasing alleles, and the
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short line carried only decreasing alleles (the most extreme example of the proportion of
alleles that favours the hypothesis of selection), one can infer selection since the
probability of all 50 increasing alleles occurring in one line because of random genetic
drift is incredibly small. Orr accounted for a subtlety that occurs with this type of
comparison - since one line is taller than the other is, the tall line can be expected to
contain some alleles that contribute positively to height. Orr pointed out, however, that
since the occurrence of a taller plant variety is not enough convincing evidence that
selection has occurred, the presence of some alleles that increase plant height would
also not be convincing (Orr 1998). The test used by Orr serves to determine if the ratio
of increasing-to-decreasing alleles in the tall lineage is more extreme than expected
under neutrality given the known phenotypic difference (Orr 1998).
An extension of the sign test by Orr that uses eQTL (expression QTL) rather than
the type of classic QTL described in the example above was first described by Fraser
et al. (2010). They determined that one could test for lineage-specific selection using a
simple chi-square (χ2) test of independence. To perform this test, one needs two
cultivars with gene expression differences, and one would have the assumption that
these lines have been bred, perhaps inadvertently, for differences in transcript
abundance. These eQTL come in the form of cis-acting factors and trans-acting factors.
There are a few key differences between Orr’s method and the Fraser method. Using
Orr’s test, one counts the alleles that contribute to a single trait (i.e. height). However,
using the adapted method for lineage-specific selection, the trait is gene expression,
and the QTL are the eQTL. Orr’s approach involves counting alleles that control a
specified trait, and then performing a test to determine if the number of alleles that
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increase the specified trait value (and decrease the trait value) is significantly different
from what is expected if there is no selection. The Fraser method uses eQTL pairs (one
cis factor and one trans factor), and compares the pairs that are reinforcing to those that
are opposing. Reinforcing pairs are those where the cis and trans eQTL from one
parent have the same direction of effect (i.e. both eQTL increase expression in one
plant line relative to the other, or both eQTL decrease expression in one plant line
relative to the other). Opposing eQTL pairs are those where one factor from the pair
increases expression and the other decreases expression. Since there are typically only
a small number of eQTL for each gene, and therefore for each gene expression trait,
the statistical power to detect an accumulation of increasing (or decreasing) alleles is
low. Thus, the entire group of genes with expression differences and cis and trans eQTL
are used for the test of selection. The number of genes with reinforcing eQTL and
opposing eQTL are counted, and a chi square test of independence is used to
determine if the number of genes with reinforcing eQTL is higher than expected,
assuming that neutral evolution has occurred.
Two important criteria must be met when using counts of reinforcing and
opposing eQTL to perform a test of independence (Fraser et al., 2010). First, the eQTL
used within a pair of either reinforcing or opposing eQTL must be caused by
independent mutations (Fraser et al. 2010). By using one cis and one trans eQTL that
are located distantly from each other, and in many cases on separate chromosomes, to
create a pair of eQTL, one can insure that they are caused by separate mutations
(Fraser et al. 2010). Second, the two eQTL in one pair need to be different than any
other pair that regulate any other gene (Fraser et al. 2010). This second criterion
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explains why pairs of trans eQTL are not used, since there is a high probability that both
trans eQTL regulating the expression of one gene would also both regulate the
expression of another gene. To address this issue, each pair of eQTL include a cis
eQTL, since cis-acting regulatory factors tend to affect the expression of one gene,
compared to trans-acting factors that will often affect many.

2.2.4 Limitations of the test of independence for inferring selection
The chi square test of independence can be used to determine if the null
hypothesis of neutral evolution be rejected in favour of selection, but it is important to
understand that there are constraints to this method. For instance, the test of
independence will be constrained by the power of the QTL (or eQTL) analyses (Orr
1998). Limited resolution in some eQTL analyses will result in fewer eQTL being
detected, and likely fewer eQTL pairs to be used in the test of independence. Gene
expression is very often tissue-dependent, so this type of analysis is constrained by the
tissue type under investigation when identifying eQTL.
It is also important to understand what questions this test of selection is not able to
answer. For instance, it is not able to determine if a phenotypic difference can or cannot
be explained by artificial selection (Orr 1998). What we can determine using the test of
selection is whether a phenotype can be reasonably explained by random chance, and
if not, we are able to infer a role of directional selection (Orr 1998). The inability to reject
the null hypothesis of neutral evolution does not mean that no selection has occurred.
For instance, there may have been selection for a major effect QTL that contributes
largely to a trait, followed by selection for several small effect QTL with compensatory
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effects. The test of selection described here would not reject neutrality in this case
because the combination of alleles with compensatory effects occurs often following
neutral evolution (Orr 1998). In addition, by rejecting the null hypothesis we cannot
explicitly conclude that the trait was a direct target of selection (Orr 1998). There may
be instances where a trait has changed as a response to the selection of another trait.

2.3

MORPHOLOGICAL AND PHYSIOLOGICAL RESPONSES TO THE
ENVIRONMENT
The previous sections have outlined processes of artificial selection, the effects of

these processes on plant genomes, and methods used to identify and interpret
signatures of selection. The following sections will outline morphological and
physiological changes that occur in maize plants in response to environmental stress
and in response to chemical treatment. In Chapter 4 I investigate the transcriptional
basis of these morphological and physiological responses.

2.3.1

The morphological and physiological responses of plants to low R:FR growth
conditions

Plants, being sessile organisms, have adapted in ways that allow them to
respond, and alter their physiology and molecular composition, according to their
environment. Competition between plants can be dependent on resources, such as
water and nutrients, but it can also occur in a resource-independent fashion, including
instances where plants are grown in close proximity to neighbouring weedy plants,
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which can induce changes in the incoming light quality. My thesis defines these
changes in light quality as those that reduce the incoming ratio of red-to-far-red (R:FR)
light. Plants grown in close proximity to neighbouring plants will receive light with a
lower R:FR ratio as the incoming red wavelengths are absorbed by neighbouring plants,
and the far-red wavelengths are reflected from neighbouring plants. This change in light
quality triggers a series of morphological and physiological responses in shade-avoiding
species, referred to as the shade avoidance syndrome (SAS) (reviewed in Ballaré,
2009). These responses include increased internode, leaf, and petiole length, inhibition
of tillering (specifically in grasses), increased rate of flowering, and a reduction in seed
set (reviewed in Smith and Whitelam, 1997).
With an increasing number of studies assessing the transcriptional profile of
plants in response to low R:FR light (Clay et al., 2009; Horvath et al., 2015; Moriles et
al., 2012), it is important to keep in mind the role of plant development, tissue-specific
gene expression, and the circadian rhythm, as well as species-specific, and even
cultivar-specific, genetic differences. The breadth of information available has made the
interpretation of the response to neighbouring weeds complicated, but several
processes are consistently affected. Several main groups of genes that respond to
neighbouring turf grass are described next, and these are genes encoding proteins
involved in carbon metabolism, ROS-scavenging, hormone signaling, and defense.
Changes in the incoming R:FR light ratio received by plants result in changes to
processes involving carbon metabolism (Gong et al., 2015; McCormac et al., 1991;
Melis and Harvey, 1981; Murchie and Horton, 1997; Smith et al., 1993). Common
characteristics of the shade avoidance response are increased PSII:PSI (photosystem
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II: photosystem I) ratio (Melis and Harvey, 1981; Smith et al., 1993), decreased
chlorophyll a:b ratio (Gong et al., 2015; McCormac et al., 1991; Murchie and Horton,
1997), and reduced Rubisco content (Valladares and Niinemets, 2008). These
physiological changes are thought to increase the efficiency of light usage while also
minimizing CO2 loss (Valladares and Niinemets, 2008), which allow for improved growth
and the potential for reproduction in low R:FR light conditions.
The changes in the stoichiometry of photosystems that occur during exposure to
low R:FR result in production of ROS (Yamazaki and Kamimura, 2002), which are toxic
to plant cells. Thus, plants experiencing low R:FR light conditions use ROS-scavenging
mechanisms to detoxify affected cells. ROS-scavenging enzymes and non-enzymatic
antioxidants are numerous, and are affected by plant growth in low R:FR light
environments (Afifi and Swanton, 2012; Afifi et al., 2014; Devlin et al., 2003; Horvath et
al., 2015), however, in some instances the effect of growth near neighbouring weed
plants on antioxidant gene expression has been tissue specific. For example, a gene
encoding a glutathione-s-transferase (GST) was found to increase in transcript
abundance in crown roots of maize plants at the V4 developmental stage, while no
changes in expression were detected in the first leaf, second leaf, or stem tissues (Afifi
and Swanton, 2012).
Hormone signaling is important to understanding the shade avoidance response
because of its role in plant growth and biotic defense. For instance, elongation traits
induced by low R:FR are controlled, in part, by gibberellic acid (GA) (Chory and Li,
1997), auxin (AUX) (Morelli and Ruberti, 2000) and ethylene (Pierik et al., 2003).
Growth in high plant density environments can increase the risk of attack by pathogens
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and herbivorous insects relative to low plant density environments, and hormonally
regulated defenses are typically downregulated in what appears to be a trade-off for
apical growth (reviewed in Ballaré, 2011). Salicylic acid (SA) and jasmonic acid (JA) are
two main hormones that are involved in defense responses in plants, and both SA and
JA signaling tend to be downregulated during growth in low R:FR light conditions
(Moreno et al., 2009; Robson et al., 2010; de Wit et al., 2013).

2.3.2 Thiamethoxam alters the morphological and physiological response of maize
seedlings to neighbouring turf grass
Thiamethoxam is a broad spectrum neonicotinoid insecticide that is commonly
used as a seed treatment in Canada (Cruiser®) (Maienfisch et al., 2001). While used
primarily as a treatment to protect germinating plants from insect attack, thiamethoxam
also affects the growth of developing plants that are exposed to stress-inducing
environmental conditions (Cataneo et al., 2010). For example, when thiamethoxamtreated soybean (Glycine max L.) was grown in conditions of water deficit, the negative
effects of dehydration on seedling mass were decreased relative to plants that did not
receive a thiamethoxam treatment (Cataneo et al., 2010).
The effects of thiamethoxam on early maize morphological responses to a
neighbouring weed treatment have been investigated (Afifi et al., 2014). When maize
seedlings at the V4 stage of development were grown in a weed treatment (grown
surrounded by, and physically separate from, neighbouring turf grass in controlled
growth chamber conditions), thiamethoxam could be applied to half of the seeds in an
experiment, and the effects of thiamethoxam on the response to neighbouring plants
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examined. Responses to the weed treatment in non-thiamethoxam treated (i.e. control)
plants were first identified, and an increase in plant height, a decrease in stem diameter,
a decrease in stem and root biomass, and a decrease in crown root number and length
were observed (Afifi et al., 2014). In plants exposed to the weed treatment that were
grown from thiamethoxam-treated seeds, there were no observable differences in the
morphological traits described above when they were compared to the weed-free
control (Afifi et al., 2014). The lack of response to the weed treatment in thiamethoxamtreated plants (referred to generally as improved seedling vigour) was interesting, and
spurred further research to investigate the physiological response of maize seedlings to
thiamethoxam seed treatment.
Thiamethoxam has been found to increase the antioxidant activity in pea,
soybean, and corn (Horii et al., 2007). The observed increases in antioxidant activity
were not stable, and were observed only at specific time points following insecticide
treatment, but results such as these did lead other researchers to investigate if
thiamethoxam would initiate an antioxidant response that would alter the response to
neighbouring turf grass in maize seedlings (Afifi et al., 2014). Afifi et al. (2014)
hypothesized that an increase in antioxidant activity would explain the thiamethoxaminduced seedling vigour. Radical scavenging ability was compared between
thiamethoxam treated and untreated plants, with and without exposure to the weed
treatment, in the first leaf, stem and crown root tissues (Afifi et al., 2014). The effect of
the weed treatment alone was a reduction in radical scavenging, while all
thiamethoxam-treated plants, whether exposed to the weed treatment or not, had
increased radical scavenging to levels even higher than in the untreated, weed-free
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controls (Afifi et al., 2014). The effect of thiamethoxam on the production of anthocyanin
(a non-enzymatic antioxidant) during the weed treatment was also investigated. The
weed treatment alone, when compared to the weed-free treatment, resulted in a
decrease in the amount of anthocyanin measured in the stem tissue, while
thiamethoxam-treated plants maintained weed-free levels of antioxidants when grown in
the weed treatment (Afifi et al., 2014). The levels of anthocyanin were also measured in
the first leaf and crown root tissues, however, neither the weed treatment or the
thiamethoxam treatment had an effect on the level of anthocyanin (Afifi et al., 2014).
The effect of the weed treatment on the rate of germination was investigated by
Afifi et al. (2015). The weed treatment tended to delay the onset of germination (Afifi et
al., 2015). For example, at 24 hours after germination, only 10% of the weed-free
treatment seeds had germinated while 20% of the seeds in the weed-free treatment had
germinated (Afifi et al., 2015). Thiamethoxam seed-treatment increased the onset of
seed germination in maize, in both weed-treated and non-weed-treated plants (Afifi et
al., 2015). Gibberellic Acid (GA) and Abscisic Acid (ABA) are plant hormones that are
involved in the germination response, such that GA induces seed germination while
ABA represses seed germination (Seo et al., 2006). It was hypothesized that a
decrease in GA and an increase in ABA would be observed in plants grown in the weed
treatment relative to the weed-free treatment, and that since thiamethoxam enhanced
seed germination, thiamethoxam-treated plants would have increased synthesis of GA
and decreased synthesis of ABA (Afifi et al., 2015). The effect of the weed treatment on
the transcript abundance of genes that encode proteins involved in GA synthesis (ga3
ox and ga20 ox) was examined. When transcript abundance was compared between
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untreated weed-free and weedy samples, there was a decrease in expression in the
weed treatment (Afifi et al., 2015). In thiamethoxam-treated plants, there was an
increase in transcript abundance relative to untreated plants, in both weedy and weedfree conditions (Afifi et al., 2015). In addition, the transcript abundance of an ABAresponsive gene (abscisic acid insensitive 5 (abi5)) was found to be the highest in
samples from weed-free, untreated plants, and was consistently decreased in samples
from plants treated with thiamethoxam compared to samples from untreated plants (Afifi
et al., 2015). These findings suggest that the seedling vigour observed following a
thiamethoxam seed-treatment involves the upregulation of GA, and the downregulation
of genes that are responsive to ABA.
In Chapter 4, I present my second research chapter, which describes an RNASeq analysis using aerial maize coleoptile tissue to identify changes in transcript
abundance that occur when the seedlings are grown in close proximity to neighbouring
turf grass. I extended this work to examine how thiamethoxam affects transcript
abundance in maize coleoptiles, and further, to determine how thiamethoxam affects
the transcriptional response to neighbouring turf grass in maize coleoptiles. Others have
investigated the morphological and physiological responses to a weed treatment, and
how these responses are affected by thiamethoxam, and I expect to see a
transcriptional response that corresponds to these observations. Some transcriptional
data has also been collected by others using maize at the V4 developmental stage, and
specific tissue types (i.e. first leaf, crown root, and stem), and I aim to determine if these
same transcriptional changes are observed in the very early stages of maize
development.
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2.4

HYPOTHESES AND OBJECTIVES:

In this thesis, I will describe work testing the following hypotheses:
i.

breeding of elite rice cultivars has involved selection of gene expression differences in
functionally related genes.

ii.

breeding of elite rice cultivars has involved selection of gene expression differences in
genes under the control of large-effect regulatory alleles.

iii.

growth in low R:FR (weedy) conditions will cause differential expression of genes
involved in carbon metabolism, ROS-scavenging, hormone signaling, and defense in
maize seedlings.

iv.

growth in weedy conditions will cause similar changes in transcript abundance in maize
and soybean seedlings.

v.

Thiamethoxam seed-treatment will alter the transcriptional profile of maize seedlings.

vi.

thiamethoxam seed-treatment will alter the transcriptional response to weeds in maize
seedlings.

The main objectives of the research presented in this thesis are to:
i.

identify loci that were under lineage-specific selection for differences in gene expression
in elite rice cultivars.

ii.

identify genes that are differentially expressed in response to weed competition in maize
coleoptiles.

iii.

identify genes that are differentially expressed, in the same direction, in both maize and
soybean seedlings in response to growth near neighbouring weedy vegetation.

iv.

Identify genes that are differentially expressed in response to a thiamethoxam seedtreatment in maize coleoptiles.
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v.

identify genes that respond differently to the weed treatment when a thiamethoxam
seed-treatment is applied.
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CHAPTER 3

Evidence for selection on gene expression in

cultivated rice (Oryza sativa)

This research chapter has been published, and has been formatted to maintain
consistency in style throughout this thesis.
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3.1

ABSTRACT
Artificial selection has been used throughout plant domestication and breeding to

develop crops that are adapted to diverse environments. Here, I investigate if gene
regulatory changes have been widespread targets of lineage-specific selection in
cultivated lines Minghui 63 and Zhenshan 97 of rice, Oryza sativa. A line experiencing
positive selection for either an increase or a decrease in genes' transcript abundances
is expected to have an overabundance of eQTL alleles that increase or decrease those
genes' expression, respectively. Results indicate that several genes that share Gene
Ontology terms or are members of the same coexpression module have eQTL alleles
from one parent that consistently increase gene expression relative to the second
parent. A second line of evidence for lineage-specific selection is an overabundance of
cis-trans pairs of eQTL alleles that affect gene expression in the same direction (are
reinforcing). Across all cis-trans pairs of eQTL, including pairs that both weakly and
strongly affect gene expression, there is no evidence for selection. But, the frequency of
genes with reinforcing eQTL increases with eQTL strength. Therefore, there is evidence
that eQTL with strong effects were positively selected during rice cultivation. Among 41
cis-trans pairs with strong trans eQTL, 31 have reinforcing eQTL. Several of the
candidate genes under positive selection accurately predict phenotypic differences
between Minghui 63 and Zhenshan 97. Overall, our results suggest that positive
selection for regulatory alleles may be a key factor in plant improvement.
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3.2

INTRODUCTION
In the first chapter in The Origin of Species by Means of Natural Selection,

"Variation under Domestication," Charles Darwin (Darwin, 1859) noted that selection by
breeders could lead to plant varieties and animal breeds that varied far more than their
wild ancestors. By observing the heritable developmental changes wrought by breeder
selection, he laid the groundwork for the theory of evolution by natural selection.
One active area of plant breeding is in the development of hybrid varieties. Within
hybrid breeding programs, parental lines are highly homozygous or double haploid and
are drawn from distinct breeding populations. Hybrid traits often have high levels of
hybrid vigor, or heterosis. Rice is one crop where the use of hybrid varieties is
widespread. For example, the true breeding lines Minghui 63 and Zhenshan 97 are the
parents of the rice hybrid, Shanyou 63, which was grown with a yearly average of 3.79
million hectares in China between 1986 and 2001 (Xie and Hardy, 2009). Cultivated
lines of rice can be separated into two subspecies, japonica and indica. Minghui 63 and
Zhenshan 97 are genetically distinct indica varieties, and most genes share a very
recent common ancestor (McNally et al., 2009). Quantitative trait locus (QTL) analyses
of segregating populations derived from Minghui 63 and Zhenshan 97 have identified
polymorphic loci that contribute to grain yield (Hua et al., 2002; Xing et al., 2002; Yu et
al., 1997), grain quality (Tan et al., 1999), seedling vigor (Cui et al., 2002; Xu et al.,
2004), and response to low nitrogen (Lian et al., 2005). Genes' transcript levels also
differ between parental lines used in hybrid crosses (Schadt et al., 2003). The genetic
basis of such transcriptional variation has been mapped to both cis and trans acting
regulatory polymorphisms, termed expression QTL (eQTL). Cis-acting eQTL result from
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DNA polymorphisms within, or closely linked to, the gene and typically explain a
moderate proportion of the transcript abundance variance (West et al. 2007; Wang, Yu,
et al. 2010; Li et al. 2013). Trans-acting eQTL are DNA polymorphisms that affect gene
expression but are not linked to the affected gene and often explain a small proportion
of expression variance (West et al. 2007; Wang, Yu, et al. 2010; Li et al. 2013).
Several studies have demonstrated that gene expression variation among
cultivated plants and their close ancestors contributes to agronomic trait variation (e.g.
(Hu et al., 2009; Lukens and Doebley, 1999; Simons et al., 2006; Zhu et al., 2013). A
number of regulatory alleles have been selected in specific populations, thereby driving
gene expression and phenotypic differences between lineages (Doebley et al., 1997;
Studer et al., 2011). The breeding of complementary parents for hybrid seed production
also very likely involved selection for specific regulatory loci within the separate
lineages.
Selection can be detected by observing the directions and magnitudes of allele
substitutions obtained by QTL mapping. An overabundance of QTL alleles from a
parental lineage that affect a trait in the same direction is evidence for directional
selection (Orr, 1998a). Researchers have adapted Orr's approach to identify selection
on eQTL and have noted the accumulation of a high number of regulatory alleles with
consistent effects in one lineage (Fraser et al., 2010). In one approach, a trait is a set of
genes for which there are cis eQTL that a priori have some functional similarity; for
example, genes that are putatively involved in a common biological process. If parental
cis eQTL alleles act in the same direction more frequently than expected by chance,
one can infer a role of selection in driving transcription levels among genes with shared
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functions (Bullard et al., 2010; Fraser et al., 2011). For example, Fraser et al. 2011
found evidence of lineage-specific selection on specific pathways in Mus musculus at
over a hundred genes involved in processes such as growth, locomotion and memory.
In a second approach, a trait is a set of genes for which there are both cis- and transacting eQTL. Across genes, one investigates whether the directionality (or sign) of the
parental eQTL alleles agree more often than expected by chance (Fraser et al., 2010).
Here, using previously published data, I test for putative adaptive gene
expression evolution both for genes with functional relationships and for genes
regulated by more than one eQTL in Minghui 63 and Zhenshan 97. I find evidence of
lineage-specific selection on genes within GO gene modules related to DNA and RNA
binding and within two gene coexpression modules. Genes within these groups are
known to contribute to agronomically important traits. I found no evidence for positive
selection when genes with both weak and strong cis and trans eQTL regulatory effects
were combined into a single analysis, but I found strong evidence for selection among
the set of cis and trans eQTL with large effects on regulation. The 31 genes with the
strongest reinforcing trans eQTL have diverse biological functions, including roles in
abiotic stress responses. These genes are expressed in a small number of tissues and
have lower levels of expression relative to other genes, like genes that evolve rapidly in
natural populations. I conclude that selection for strong regulatory variants has been
important for rice hybrid breeding, and suggest that the regulatory loci and their targets
are good candidates for future plant improvement.
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3.3

MATERIALS AND METHODS

3.3.1 Data Sources

I obtained a list of cis and trans regulatory loci that contributed to transcript
variation at 14,127 genes within a population of 110 recombinant inbred lines
(RILs) derived from a cross between the O. sativa indica lines Minghui 63 and
Zhenshan 97. (Wang, Yu, et al. 2010) identified cis and trans eQTL using the
transcript abundance data derived from the Affymetrix GeneChip Rice Genome
Array hybridized with processed RNA from plant shoots 72 h after germination.
The 110 RILs were each sampled twice, and their parental lines were sampled
three times, resulting in 226 hybridizations. eQTL were identified using composite
interval mapping (Wang, Yu, et al. 2010). Markers within 1.5 logarithm (base 10)
of odds (LOD) of the peak LOD score or markers within 10 cM of the peak LOD
score when a support interval could not be determined were considered cis eQTL
(Wang, Yu, et al. 2010). Although the great majority of cis-acting elements are
close to the gene (Vandepoele et al., 2006), I judged this wider interval as
appropriate because QTL positioning is not precise in such a mapping
population. All other eQTL were termed trans eQTL.
I obtained SNP data for Minghui 63 and Zhenshan 97 from the OryzaSNP
Consortium (http://www.oryzasnp.org/, McNally et al. 2009). Custom perl scripts
were used to identify SNPs within regulatory regions 1000 base pairs upstream
of each gene's transcriptional start site annotated in the rice genome annotation
version 5.0 (The TIGR Rice Genome Annotation Project, Ouyang et al. 2007).
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SNPs provided were for Minghui 63 and Zhenshan 97 relative to the reference
rice genome, Nipponbare, and I eliminated any shared differences between
Minghui 63 and Zhenshan 97. SNP density upstream of genes with cis eQTL
(Appendix 7.1) was compared with the SNP density upstream of all other
expressed genes. To identify expressed genes, I used Affymetrix expression
profiles from three biological replicates of each Minghui 63 and Zhenshan 97
shoots harvested 72 h after germination (Wang, Yu, et al. 2010) (Expression
Omnibus (GEO), accession number GSE22564). I first used the Microarray Suite
5.0 (MAS5.0) in Bioconductor (http://www.bioconductor.org) package affy
(Gautier et al., 2004; Gentleman et al., 2004; R Development Core Team, 2010)
to apply the Wilcoxon signed rank-based gene expression presence/absence
detection algorithm. I defined probe sets as expressed if they were identified as
“present” in at least 2/6 parental chips (Liu et al., 2002).

3.3.2 Detecting lineage-specific selection on functionally related genes and the
genes' attributes

I tested for lineage-specific selection within a group of functionally related
genes by determining whether one parent's cis regulatory alleles affected
transcripts of genes within the group in the same direction more frequently than
expected under neutrality. This approach assumes that no two genes within a
group of functionally similar genes are regulated by the same cis eQTL. Including
cis eQTL that regulate multiple transcripts could lead to false positives. Excluding
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cis eQTL that regulate single genes could result in a loss of power. As noted
above, plant cis regulatory sequences are typically in very close proximity to their
target genes (Downs et al., 2014; Vandepoele et al., 2006), and I assumed that
one cis eQTL affected one gene within a functional group.
I identified all genes from (Wang et al. 2010b) with cis eQTL and identified
those genes involved in a common function. I postulated that genes with shared
GO terms and modules of coexpressed genes have functional similarity. I first
obtained a list of GO annotations for rice genes from the Gene Ontology
Consortium (2000, version 1.18, October 12, 2012; Ashburner et al. 2000). To
obtain a complete list of GO terms for each gene, I identified terms from all levels
of the GO hierarchy using the GO.db package from the Bioconductor library in R
(The R Project 2010; version 2.11.1). I grouped genes into Biological Process
and Molecular Function Gene Ontology (GO) categories and investigated all GO
terms with a minimum of 50 genes. I chose a cut-off of 50 as to have high
statistical power to determine whether the cis eQTL of genes within a group are
biased toward one parent (Fraser et al. 2011). To investigate lineage-specific
selection of coexpressed genes, I obtained lists of genes within Weighted Gene
Coexpression Network Analysis-generated modules (Childs et al., 2011). I tested
one set of modules (n= 5) generated from a tissue atlas from Minghui 63 (GEO
Accession: GSE19024) and a second set of modules (n= 3) generated from an
aerobic germination time course of a japonica cultivar, Amaroo (EBI Accession:
E-MEXP-1766).
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For both GO modules and coexpression modules, I used the
hypergeometric test to assess each gene module for evidence of cis-regulatory
allele bias. The hypergeometric test calculates the probability that one would
identify at least the observed number of cis eQTL alleles in which Minghui 63 >
Zhenshan 97 (or Zhenshan 97 > Minghui 63) among cis eQTL drawn randomly
from all 3941 cis eQTL. I used the Benjamini and Hochberg Method (Benjamini
and Hochberg, 1995) to control the false discovery rate. Only terms with FDRadjusted P values less than 0.05 were considered for further analysis. All
statistical analyses were conducted in R 2.11.1 (http://www.R-project.org).
Finally, I used AgriGo software (Du et al. 2010;
http://bioinfo.cau.edu.cn/agriGO/) to investigate whether coexpression modules
were enriched for genes that shared GO biological process and molecular
function terms. Enrichment of GO terms was determined by comparing the
frequencies of GO terms of module genes with cis eQTL to the frequency of
terms among all genes with cis eQTL.

3.3.3 Investigating lineage-specific selection on gene expression through
reinforcing eQTL

Given a gene whose expression levels are controlled by both cis and trans
eQTL alleles (Fraser et al. 2010), its cis and trans eQTL fall into two possible
categories. “Reinforcing” eQTL occur when a parent’s cis and trans alleles both
increase or both decrease transcript abundance relative to the other parent's
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alleles. “Opposing” eQTL occur when a parent’s cis and trans alleles have
opposite effects on transcript abundance relative to the other parent's alleles. In
the absence of selection, reinforcing and opposing eQTL are expected to occur
with equal frequency. I tested for an overrepresentation of reinforcing eQTL using
a χ2 test (alpha = 0.05). In instances where a single gene had multiple cis or trans
eQTL, the regulatory factors with the highest LOD score were used. I identified
genes with cis/trans eQTL pairs where both eQTL explained 0-10%, 10.1-20%,
20.1-30% or >30%, and tested for a trend in the proportion of reinforcing eQTL
using the Cochran-Armitage test. I also performed the χ2 test of independence
on eQTL triplets. Each triplet consisted of one cis eQTL and two, reinforcing trans
eQTL. I cross-classified the eQTL triplets by the parent with the positive cis eQTL
allele and the parent with the positive, trans eQTL allele. For genes with eQTL
triplets, where each eQTL in the triplet explained >30% of the expression
variation, I performed Fisher’s exact test to identify any deviation from the
expected distribution of reinforcing and opposing triplets.
I further investigated a number of candidate genes with strong-effect
reinforcing eQTL. For this investigation I used locus identifiers for the 31
candidate genes provided by the TIGR Rice Genome Annotation Project (version
5.0,(Ouyang et al., 2007)). For 25 of the 31 candidate genes I also provide
identifiers provided by the RAP Project (Kawahara et al. 2013; Sakai et al. 2013;
Appendix 7.2). First, I investigated whether the strong trans effect eQTL affects a
large number of genes. I counted the number of genes that map to the same
chromosomal peak positions as strong effect, reinforcing trans eQTL. Using a
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Student’s t-test, I compared this number to the number of genes regulated by all
other trans regions. Second, I determined whether the genes are found either
within a list of 8 rice domestication, diversification and crop improvement genes
(Gross and Olsen, 2010) and 13 candidate domestication genes (He et al.,
2011), or among 2,508 genes previously reported to be candidates for selection
based on low genetic diversity among a group of 40 cultivated rice accessions
relative to 10 wild rice accessions (Xu et al., 2012). To determine the probability
of obtaining the observed number of candidate genes by chance, I used a
resampling procedure. I repeatedly drew samples of size 31 (the number of
candidate genes) from the total group of 2410 genes with eQTL pairs and
determined the frequency at which domestication genes were among the 31
selected genes using 10,000 iterations. Third, I determined whether the
candidate genes are members of paralogous gene families more frequently than
expected by chance. 21,998 rice genes have been identified as members of
paralogous gene families, where families include between two and 214 genes
(Lin et al., 2008). A χ2 test was used to determine whether the candidate genes
are more often members of paralogous gene families than other genes with
cis/trans eQTL pairs. Fourth, I compared both the transcript levels and transcript
breadths of candidate genes relative to other expressed genes. I downloaded
transcript abundance data for 15 different tissue types in both Zhenshan 97 and
Minghui 63 plants (Wang, Xie, et al. 2010). The probability that the mean
transcript abundance of candidate genes differed from the mean abundance for
all genes with eQTL pairs across all 15 tissues was calculated with a Student’s t38

test. I also compared transcript abundance between the candidate genes relative
to all genes with eQTL pairs within each of the 15 tissue types using a Student’s
t-test. Finally, I investigated the breadths of candidate’s gene expression. A
Student’s t-test determined the probability that the mean number of tissues in
which candidate genes are expressed, defined as having a microarray signal
exceeding 26.7, differed from the mean number of tissues in which other genes
are expressed.
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3.4

RESULTS

3.4.1 Genes involved in shared processes have evidence of selection

To investigate whether the regulation of groups of functionally related
genes is consistent with selectively neutral substitutions between Minghui 63 and
Zhenshan 97, I sorted the 3,941 genes with cis eQTL from the Minghui 63 and
Zhenshan 97 recombinant inbred line (RIL) population (Wang, Yu, et al. 2010)
into GO Biological Process or Molecular Function modules (The Gene Ontology
Consortium, Ashburner et al., 2000) and into coexpression modules (Childs et al.
2011). For a number of processes, a significantly large number of parental,
regulatory alleles have effects in the same direction on gene expression. Of the
96 biological processes and 75 molecular function terms with over 50 genes, 19
modules (11%) have an overrepresentation of genes whose regulatory alleles'
are biased toward one parent (hypergeometric test, p<0.05) (appendix 7.3).
Modules in which positively acting Z97 alleles outnumber positively acting M63
groups are the most frequent. Modules include one in which positively acting
alleles are biased toward Minghui 63 alleles and 18 in which positively acting
alleles are biased toward Zhenshan 97. More conservatively, three GO modules,
Nucleic Acid Binding (GO:0003676) and its child terms DNA Binding
(GO:0003677) and RNA Binding (GO:0003723), have an overrepresentation of
parental alleles with consistent effects after Benjamini-Hochberg correction
(Benjamini and Hochberg, 1995) (P<0.05; appendices 7.3 and 7.4).
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Coexpression modules consisting of genes coexpressed across
developmental stages or across germination (Childs et al. 2011) also have
evidence of lineage-specific selection. Of eight coexpression modules, module
atlas_1 derived from genes expressed across diverse tissues and module
seed_1 derived from genes expressed across seed development, have a highly
significant overrepresentation of one parent's alleles acting in the same direction
(hypergeometric test, atlas_1 P value = 0.0029, seed_1 P value = 0.0052; table
3.1). In atlas_1, of 32 genes, 24 of the genes are positively regulated by
Zhenshan 97 alleles. Genes within this module are enriched for GO terms
including amylase activity, GTPase regulatory activity and small GTPase
regulator activity (table 3.2). Minghui 63 alleles of module seed_1 genes have an
excess of positively acting cis eQTL. Genes with GO terms describing peroxidase
and antioxidant activity are highly overrepresented within module seed_1 (table
3.2). I suggest that lineage-specific selection has led to an enhancement of
starch breakdown in Zhenshan 97 and to an enhancement of free radical
scavenging in Minghui 63.

3.4.2 Positive selection likely acted upon strong effect cis and trans eQTL during
rice breeding

I classified 2,441 genes with both cis and trans regulatory loci into four
categories based on the effects of parental cis and trans alleles on transcript
abundance (Wang, Yu, et al. 2010; fig 3.1). Across all 2,441 genes, opposing
41

Table 3.1 Evidence of lineage-specific selection among gene coexpression
modules in Zhenshan 97 and Minghui 63
Experimenta

Module
Name

GSE19024
GSE19024
GSE19024
GSE19024
GSE19024
E-MEXP-1766
E-MEXP-1766
E-MEXP-1766

atlas_1
atlas_2
atlas_3
atlas_4
atlas_5
seed_1
seed_2
seed_3

# Genes
in
Moduleb
32
47
9
38
12
643
15
10

a

Total
# Zc

Total
# Mc

24
19
4
20
7
294
8
5

8
28
5
18
5
349
7
5

Significanced GOe
**
ns
ns
ns
ns
**
ns
ns

GSE19024 = tissue atlas from Minghui 63 and E-MEXP-1766 = aerobic
germination time course from Amaroo, a japonica cultivar.
b
Number of genes within module with cis eQTL.
c
Number of genes within the module where the effect of the regulatory allele is
positive in the parent indicated (either Zhenshan 97 (Z) or Minghui 63 (M)).
d
**(p<0.01); a hypergeometric test was used to identify a bias in parental cisregulatory alleles within each gene coexpression module.
e
The number of GO terms enriched within the coexpression module.
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5
8
-

Table 3.2 Biological Process and Molecular function GO terms enriched
within coexpression module atlas_1 and seed_1
Module
Name

# in
input
a
list

# in
background
b
list

P value

GO term

Description

atlas_1

GO:0016160

amylase activity

2

2

7.30E-05

atlas_1

GO:0005092

GDP-dissociation inhibitor
activity

2

3

2.20E-04

atlas_1

GO:0030695

GTPase regulator activity

3

16

3.40E-04

atlas_1

GO:0005083

small GTPase regulator activity

3

16

3.40E-04

atlas_1

GO:0060589

nucleoside-triphosphatase
regulator activity

3

17

4.10E-04

seed_1

GO:0006979

response to oxidative stress

15

23

1.80E-06

seed_1

GO:0004601

peroxidase activity

16

25

1.20E-06

seed_1

GO:0016684

16

25

1.20E-06

seed_1

GO:0016798

27

61

7.50E-06

seed_1

GO:0004553

27

61

7.50E-06

seed_1

GO:0016209

antioxidant activity

16

29

1.70E-05

seed_1

GO:0016491

oxidoreductase activity

74

240

2.00E-05

seed_1

GO:0005506

iron ion binding

28

77

3.30E-04

c

oxidoreductase activity, acting
on peroxide as acceptor
hydrolase activity, acting on
glycosyl bonds
hydrolase activity, hydrolyzing
O-glycosyl compounds

a

Number of genes with cis eQTL within the module that are defined by the
corresponding GO term.
b
Number of genes in background list is the total number of genes with cis eQTL
that are defined by the corresponding GO term.
c
This GO term describes a biological process; all other GO terms describe
molecular functions.
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and reinforcing eQTL occur at similar frequencies; 1,228, or 50.3% of genes’
trans and cis eQTL pairs, are reinforcing, and 1,213, or 49.7%, of cis and trans
eQTL pairs are opposing (χ2 Test, P value = 0.77). Interestingly, Minghui 63 trans
regulatory loci have a significantly higher frequency of having a positive effect on
transcript abundance than do Zhenshen 97 trans regulatory loci (binomial test, P
value = 0.04; fig.3.1). I also identified 759 genes with cis/trans/trans eQTL triplets
in which both parent's trans alleles have consistent effects on gene expression.
387, or 51%, of the cis eQTL reinforce the trans eQTL pairs (χ2 Test, P value =
0.67).
Alleles that have large beneficial effects on a trait under selection are fixed
more quickly and are less likely to be lost through genetic drift than are alleles
with small effects (Fisher, 1999). I investigated whether selection primarily
affected eQTL with moderate to high regulatory control over gene expression.
Among genes with cis/trans pairs where each eQTL explained 0- 10%, 10.1–
20%, 20.1– 30% or >30%, of the expression variation at the corresponding target
gene, the proportion of genes with reinforcing eQTL increased linearly with the
reinforcing eQTL strength (Cochran-Armitage Test, χ2 = 5.9981, P value = 0.014;
fig. 3.2). Forty-three percent of the genes with cis and trans eQTL pairs that
explain 0-10% of the transcript variance are reinforcing, whereas 75% of the cis
and trans eQTL pairs that explain >30% of the variance are reinforcing (fig. 3.2).
Thus, there is strong evidence for selection on strong cis and trans regulatory
alleles that affect gene transcript abundance. I investigated whether multiple,
strong trans eQTL reinforce cis QTL. Of the 15 genes both with large-effect cis
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TRANS

M>Z
Z>M

CIS
M>Z Z>M
645
627
586
583
1231 1210

1272
1169
2441

Figure 3.1 Counts of genes with reinforcing and opposing eQTL.
Genes with both cis and trans eQTL pairs are sorted by the sign of the parental
eQTL effects on transcript abundance. M>Z denotes that the Minghui 63 eQTL
allele has a positive effect on transcript abundance relative to the Zhenshan 97
allele, and Z>M denotes that the Zhenshan 97 allele has a positive effect on
transcript abundance relative to the Minghui 63 allele. When a gene's cis and
trans eQTL alleles from one parent have a consistent effect on transcript
abundances, I define the gene as having reinforcing regulatory alleles. When a
gene's cis and trans alleles have compensatory effects, I define the gene as
having opposing alleles.
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100

% Reinforcing

80
60
40
20
0
0-10

10.1 - 20 20.1 - 30
>30
Cis and Trans eQTL Strength

ALL

Figure 3.2 Percentage of genes with reinforcing eQTL pairs as a function of
eQTL strength.
The proportions of genes with reinforcing cis/trans eQTL are plotted for genes
with cis and trans eQTL that both have similar coefficients of determination (R2). I
performed the Cochran-Armitage test for trends to determine if the proportion of
genes with reinforcing eQTL pairs is a function of eQTL strength.
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eQTL and large-effect trans eQTL in which the parental alleles act in the same
direction, nine (60%) were reinforcing (Fisher’s Exact Test, P value = 0.58).
Large effect trans eQTL occur at a much lower frequency than large effect
cis eQTL. I was particularly interested in the 41 genes with large effect trans
eQTL (r2 > 0.30). The proportion of reinforcing eQTL (31/41) is significantly
higher than expected by chance (Fishers Exact Test, P value = 0.0016; fig. 3.3). I
postulated that the transcript levels of these 31 genes have been important for
Zhenshan 97 and Minghui 63 breeding. Twelve of these genes also have large
effect cis eQTL (table 3.3). Of the 31 genes, 15 have been annotated with known
or putative functions by the TIGR Rice Genome Annotation Project (Ouyang et al.
2007; table 3.3). Several of the annotated genes have roles in plant stress
responses. These include LOC_Os11g47760, a DnaK-type molecular chaperone
within the heat shock 70 family (Hsp70); LOC_Os03g22050, OsCIPK10, a
Calcineurin B-like protein–interacting protein kinase; LOC_Os09g08910, a
putative ATP synthase; LOC_Os04g54440, a putative RNA binding protein, and
AKIP1 (ABA-activated protein kinase-interacting protein 1) (Borkird et al., 1991;
Liu et al., 2002; Tezara et al., 1999; Xiang et al., 2007). Other candidates have
diverse functions. Genes encode proteins involved in DNA binding
(LOC_Os03g38740), protein kinase activity (LOC_Os03g63330), transferase
activity (LOC_Os03g16334 and LOC_Os04g58040), transporter activity, and
amino acid metabolism (LOC_Os01g43320) (table 3.3).
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TRANS

CIS
M>Z Z>M
13
6
4
18
17
24

M>Z
Z>M

19
22
41

Figure 3.3 Counts of large-effect genes with reinforcing and opposing
eQTL.
Genes with eQTL pairs, where the trans eQTL explains at least 30% of the
expression variation at the target locus, are sorted by the sign of the parental
effect on transcript abundance.
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Table 3.3 Identities and attributes of candidate gene targets of positive selection
a

Gene ID

LOC_Os01g02180
LOC_Os01g32830
LOC_Os01g37280
LOC_Os01g43320
LOC_Os01g58459
LOC_Os02g03640
LOC_Os03g16334
LOC_Os03g22050
LOC_Os03g38740
LOC_Os03g63330
LOC_Os04g07280
LOC_Os04g54440
LOC_Os04g58040
LOC_Os05g48290
LOC_Os06g03486
LOC_Os06g07923
LOC_Os06g21570
LOC_Os08g41070
LOC_Os09g08910
LOC_Os09g15590
LOC_Os09g16714
LOC_Os09g31150
LOC_Os09g36020
LOC_Os10g01110
LOC_Os10g33840
LOC_Os10g35160
LOC_Os10g40960
LOC_Os10g42980
LOC_Os11g42490
LOC_Os11g47760
LOC_Os12g27090

Annoation

Parent
g1

Expressed Protein
g1
Expressed Protein
g1
Expressed Protein
Transmembrane amino acid transporter
g1
Expressed Protein
g1
Expressed Protein
Fringe-related Protein
g2
CAMK_Kin1/SNF1/Nim1_like.16
Putative Dicer Homolog
Aspartokinase, chloroplast precursor
g1
AGAP002737-PA
RNA Binding Protein, AKIP1
g1
Expressed Protein
T-complex Protein
g1
Expressed Protein
g1
Expressed Protein
Os6bglu24-beta-glucosidase homologue
g4
Retrotransposon Protein
ATP Synthase
OsFBX316-F-fox domain containing protein
g1
Expressed Protein
TRANSPARENT TESTA1 protein
EAP30/Vps36 Family Domain Containing Protein
OsSCP44 - putative Serine Carboxypeptidase
g1
Expressed Protein
g1
Expressed Protein
Oxidoreductase, 20G-F3 oxygenase family protein
g1
Retrotransposon protein, Ty3-gypsy subclass
g1
Retrotransposon Protein
g5
DnaK Family Protein
g1
Expressed Protein

b

Z
Z
M
Z
Z
M
M
Z
M
Z
M
Z
Z
M
M
M
Z
M
M
Z
Z
Z
Z
M
M
Z
M
Z
Z
Z
Z
18Z:13M
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Cis
c
Effect

Trans
c
Effect

# of Tissues with
d
Expression

Paralogous
e
Genes

# of Genes in
f
Gene Family

17.1
12.0
91.1
35.0
69.8
10.6
57.8
20.0
11.3
14.8
32.5
19.2
38.7
14.5
96.8
33.6
6.7
8.1
15.0
6.3
25.7
13.0
20.0
20.2
9.4
11.8
65.3
29.6
58.1
41.2
38.3
30.40

48.4
48.8
73.9
32.5
46.8
46.9
32.4
36.8
57.7
30.9
52.3
38.0
44.2
49.3
52.2
45.1
65.4
69.1
31.8
62.0
39.1
64.9
37.8
82.6
51.8
31.2
39.8
36.5
44.9
30.5
34.1
47.02

1
7
0
0
1
0
15
5
15
14
0
0
2
14
15
11
1
0
0
0
0
0
13
0
15
0
1
0
2
15
15
5.23

Yes
No
No
Yes
No
Yes
Yes
No
Yes
Yes
Yes
Yes
No
Yes
No
No
Yes
Yes
Yes
No
No
Yes
Yes
Yes
No
Yes
Yes
No
No
Yes
No
18Y:13N

2
21
3
3
2
2
3
2
19
34
2
11
8
2
13
24
11
30
10.67

a

Candidate genes have reinforcing eQTL pairs that include a large-effect trans

eQTL.
b

The parental alleles (Z = Zhenshan 97 and M = Minghui 63) that contribute to a

higher abundance of the corresponding GO term.
c

The percentage of variation explained by the eQTL.

d

Number of the 15 tissues from (Wang et al. 2010a) in which the transcript was

detected.
e

Paralogous gene family membership.

f

Number of genes, if any, in each family.

g

Additional notes on gene annotations: g1 = uncharacterized, g2 = OsCIPK10, g3

= similar to Beta-3-glucuronyltransferase, g4 = similar to helicase-like protein, g5 =
Hsp7
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The 31 putative selection targets are not overrepresented among plant
domestication genes. None are among the early 21 domestication, diversification
or crop improvement genes (Gross and Olsen, 2010; He et al., 2011). Only one
(LOC_Os03g63330, an aspartokinase) is among the 2,508 genes with
significantly lower diversity in cultivated rice relative to wild rice (Xu et al. 2012), a
number not significantly different than expected (P value = 0.49). These results
suggest that many genes that were selection targets during crop domestication
are not the same genes that were selection targets during crop improvement.
I investigated whether selection candidates share attributes with genes
that evolve rapidly in natural populations. Paralogous genes may evolve more
rapidly than do other genes (Duarte et al., 2006), but the 31 selection candidates
are not more likely to be members of a gene family than expected (χ2 test, P
value = 0.74; table 3.3). Nonetheless, the selection candidates share other
attributes of rapidly evolving genes. Genes expressed in a small number of
tissues evolve more rapidly than genes that are broadly expressed (Yang et al.,
2005). Across 15 diverse rice tissues (Wang, Xie, et al. 2010), transcripts of the
31 genes are found in an average of 5.23 tissues. This average is significantly
lower than the mean expression breadth of all other genes with eQTL pairs (7.93)
(Student’s t-test, P value < 0.01; fig. 3.4; table 3.3). The transcript levels and
expression patterns of genes with low transcript abundances both evolve more
rapidly than the levels and patterns of genes that are abundantly expressed (Liao
and Zhang, 2006). The mean transcript abundance of candidate genes across

51

Figure 3.4 Heat map depicting expression of candidate genes across 15
tissues.
Using published microarray expression data (Wang, Yu, et al. 2010), I plotted
the mean log base 2 intensity of each gene of the 31 candidate genes across 15
different tissues. The colour scale is based on the mean log intensity for all
samples within a given tissue.
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the 15 tissues is lower than the mean abundance of all other genes with eQTL
pairs (Student’s t-test P value < 0.01; fig. 3.4). More specifically, for 14 out of the
15 tissue types examined, the transcript abundances of the candidate genes are
significantly lower than the abundances of all other genes with eQTL pairs
(Student’s t-test: callus P value = 0.004, germinating seedling P value = 0.013,
plumule P value = 0.001, radicle P value = 0.001, seedling P value = 0.029,
shoot P value = 0.039, root P value = 0.009, sheath P value = 0.013, panicle P
value = 0.010, stem P value = 0.041, palea P value = 0.003, stamen P value =
0.020, spikelet P value = 0.004, and endosperm P value = 0.007). The mean
transcript levels of gene groups do not significantly differ in leaf tissue.
Finally, selection may have acted upon trans eQTL that correspond to
transcription factors or other regulatory molecules that influence the expression
of many genes (Keurentjes et al., 2007; Vazquez et al., 2004). However, the
strong trans alleles with reinforcing cis alleles are not unusually highly connected
to other genes. A mean of 24.87 genes have trans eQTL within the genetic
intervals containing the 31 large-effect, reinforcing trans eQTL. A mean of 26.37
genes have trans eQTL within the genetic intervals containing all other large
effect eQTL (Students t-test, P value = 0.086). Our data suggest selection has
not favoured large effect loci that are master regulators.
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3.5

DISCUSSION
Most quantitative traits respond quickly and strongly to artificial selection,

and selection on genetic variation for agricultural traits has had tremendous
effects on plant and animal productivity (e.g. Fischer and Edmeades, 2010).
Much recent work has focused on identifying the genetic factors that have
contributed to these traits within distinct, elite germplasm. Although these
changes may be regulatory or structural, transcriptional changes can be finetuned for specific tissues or specific levels whereas nonregulatory changes in
genes may have pleiotropic effects (Doebley and Lukens, 1998). Thus, selection
during plant breeding has likely acted at least in part on regulatory loci.
Cellular and organismal processes are distinctly modular, and this work
presents strong evidence that genes that contribute to specific biological modules
have come under lineage-specific selection in the breeding of Zhenshan 97 and
Minghui 63. The three GO groups of genes that have strong evidence of lineagespecific selection are Nucleic Acid Binding and two of its child terms, DNA
Binding and RNA Binding. Sixteen other modules have significant patterns of
lineage-specific selection without applying a multiple testing correction. Genes
controlling major phenotypic changes in crop species are enriched for
transcriptional regulators--examples include tb1 (Doebley, 2004; Doebley and
Lukens, 1998) and a tb1 orthologue (Remigereau et al., 2011), tga1 (Wang et al.,
2005), and Q (Simons et al., 2006). Of the 427 genes within the GO module for
Nucleic Acid Binding, 244 have higher expression when regulated by the
Zhenshan 97 cis allele and therefore lower expression when regulated by the
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Minghui 63 cis allele. Of the 244 genes, 69 are transcription factors (PlantTFDB
3.0; (Jin et al., 2013)). I propose that positive selection may have acted on these
genes. The transcription factors include genes from many families that have been
important in crop breeding, such as HD-Zip (Whipple et al., 2011), TCP (Cubas et
al., 1999c), and SBP (Wang et al. 2005). Genetic variation at Sub1A, one of three
genes at a locus including Sub1B and Sub1C, is critical for breeding
submergence stress tolerance in rice (Xu et al., 2006). Sub1A is not represented
within the expression data, but Zhenshan 97 cis regulatory alleles increase
Sub1B and Sub1C transcript levels relative to Minghui 63. The observation that
selection may have favoured either high expression of regulatory factors of
Zhenshan 97 relative to Minghui 63 or low expression of regulatory factors in
Minghui 63 relative to Zhenshan 97 suggests that the regulatory genes interact
within networks to execute their functions (Mejia-Guerra et al., 2012).
Two coexpression modules, atlas_1 and seed_1, also show an excess of
parental regulatory alleles acting in a consistent fashion (table 3.1). Within the
module atlas_1, genes are highly enriched for positive regulatory Zhenshan 97
alleles relative to Minghui 63 alleles. The module is enriched both for genes
related to amylase activity, such as LOC_Os01g51754, encoding an α-amylase
precursor, and for genes that may play a role in the regulation of amylase
biosynthesis (table 3.2). Amylase activity may have been targeted by plant
breeders because of its role in enhancing rapid and uniform seedling emergence
under a wide range of environmental conditions (Karrer et al., 1992). High levels
of the α-amylase transcript are correlated with increased seedling vigor during
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exposure to high and low temperatures (Karrer et al. 1992). Because Zhenshan
97 regulatory alleles enhance amylase activity-related genes relative to Minghui
63 alleles, I can predict that Zhenshan 97 has increased seedling vigor relative to
Minghui 63. Indeed, 11-day-old Zhenshan 97 seedlings have higher shoot dry
weight, root dry weight, total dry weight, and maximum root length than Minghui
63 (Cui et al. 2002). Within the seed_1 module, Minghui 63 has an excess of
positively acting regulatory loci. This module contains genes involved in plant
responses to oxidative stress (table 3.2), a type of abiotic stress that is caused by
an imbalance between a plant's reactive oxygen species and its ability to detoxify
these compounds. Oxidative stress can be induced by a number of
environmental triggers, including light, drought, high salinity, cold and pollutants.
The high expression of the Minghui 63 alleles relative to Zhenshan 97 suggests
that selection may have been for increased stress tolerance in Minghui 63.
Module seed_1 contains 11 peroxidase precursors, and transgenic plants
overexpressing peroxidase have an increased resistance to oxidative stress
(Kawaoka et al., 2003). When exposed to oxidative stress through high irradiance
and low CO2 conditions, Minghui 63 has a lower reduction in chlorophyll content
than does Zhenshan 97, a phenotype consistent with an improved oxidative
stress tolerance (Demao and Xia, 2001).
I note that genes with cis eQTL have a higher number of substitutions in
their promoters, (4.15 single nucleotide polymorphisms [SNPs]/kb) (appendix 7.1)
compared with other expressed genes (3.62 SNPs/kb) (Student’s t-test, P value
< 0.0001;(Doss et al., 2005)). I am interested in determining the nucleotide
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variation of genes within the Gene Ontology (GO) and coexpression modules
across Minghui 63 and Zhenshan 97 relatives. If novels alleles have undergone
selective sweeps on one lineage, then these sweeps will result in the hitchiking of
linked alleles as the favorable allele is substituted for an unfavorable allele
(Kaplan et al., 1989). At these genes, the haplotype diversity may be low within
the selected population. However, given the recent divergence of Minghui and
Zhenshan 97, rice improvement likely acted on regulatory alleles segregating
within the ancestral population. Soft sweeps of these selected genes may not
greatly distort expected patterns of nucleotide variation (Pritchard et al., 2010).
This work also provides evidence of lineage-specific selection on large
effect regulatory loci during the breeding of Minghui 63 and Zhenshan 97. Both
positive selection and relaxed purifying selection could lead to the excess of
reinforcing eQTL among eQTL pairs. I explored the probabilities of fixation of two
regulatory alleles under seven evolutionary models (appendix 7.5). If all
regulatory alleles are generated by recent mutations, as opposed to being
present in segregating variation in the ancestral population, I find that directional
evolution generating an excess of reinforcing eQTL is more likely to result from
positive selection than relaxed purifying selection (appendix 7.5). I also explored
scenarios in which favorable alleles have initial allele frequencies greater than
1/(2Ne) within the ancestral population. Different allele frequencies in the
ancestral population do not tend to change the rankings of fixation frequencies of
opposing and reinforcing eQTL, although the magnitude of the difference in
fixation probability between fixation and opposing cases can become less (data
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not shown). It is possible that with relaxed purifying selection, mutation is biased
to generate a reinforcing pattern of eQTL (Fraser et al. 2010). Reinforcing eQTL
observed in this study may have fixed due to relaxed negative selection, but I
suggest that mutational bias is not strong enough to overcome the difference in
fixation probabilities between scenarios of relaxed negative selection and positive
selection. For example, the substitution rate of two positive alleles on one lineage
under selection for high levels of gene expression is about 16 times the
substitution rate of two positive alleles on one lineage that switches from purifying
selection for positive alleles to neutrality (appendix 7.5 B and D). Furthermore,
among rice eQTL, the large effect trans eQTL also tend to have reinforcing cis
eQTL, and the frequency of genes with reinforcing eQTL increases with cis and
trans eQTL effects. These results also strongly indicate that positive selection
has fixed favorable alleles (Orr, 1998b).
The 31 genes with strong trans regulatory loci that reinforce cis regulatory
loci have on average lower transcript levels (P value < 0.01) and are more
narrowly expressed (P value = 0.012) than are other genes with eQTL pairs.
These two characteristics are shared with rapidly evolving genes within natural
populations. Liao and Zhang (2006) reported that the evolutionary rate of a gene
expression profile during mammalian evolution is negatively correlated with the
level of gene expression. Yang et al. (2005) reported that the rate of geneexpression profile evolution is negatively correlated with the tissue specificity of
genes. I conclude that genes that have undergone regulatory evolution in natural
populations share key attributes with genes targeted by artificial selection.
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Changes in the expression profile of highly and broadly expressed genes likely
have deleterious effects on core cellular functions in both natural and agricultural
environments.
Expression levels of paralogous genes may evolve more quickly than
other genes within natural populations (Duarte et al. 2006), and gene family
members can be involved in the evolution of traits that have likely come under
selection (Smadja et al., 2009). I find that paralogous genes are not more likely
than other genes to have regulatory variants that have undergone lineagespecific selection. These results suggest that rice paralogous genes are under
similar selective constraints as other genes. The rapid evolution of paralogous
gene expression in natural populations occurs shortly after gene duplication
(Chaudhary et al., 2009; Gu et al., 2002), and few genes in rice are recent
paralogs (Yu et al., 2005).
I suggest that genes with strong, reinforcing eQTL help explain important
phenotypic differences between Minghui 63 and Zhenshan 97. For example, the
biomass accumulation of Zhenshan 97 is high relative to Minghui 63 in conditions
with limited water availability (e.g., osmotic stress; Cui et al. 2008). Two genes,
an hsp70 (Os11g0703900/LOC_Os11g47760) and OSCIPK10 (calcineurin B-like
protein-interacting protein kinase 10/ Os03g0339900/LOC_Os03g22050), may
contribute to this response. Cis and trans Zhenshan 97 alleles increase transcript
levels of both hsp70 and OsCIPK10 relative to Minghui 63. Transcript levels of
hsp70 genes are strongly associated with osmotic stress responses in plants
(Borkird et al., 1991; Cho and Hong, 2006), are positively correlated with plant
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growth under stress (Cho and Hong, 2006; Lee and Schöffl, 1996; Sung and
Guy, 2003), and transgenic plants overexpressing hsp70 are drought stress
tolerant (Cho and Hong 2006). OSCIPK10 transcript accumulates specifically in
response to salt stress (Xiang et al. 2007). Overexpression of the related
OsCIPK03, OsCIPK12, and OsCIPK15 increase cold, drought, and salt stress,
respectively (Xiang et al. 2007). Remarkably, given I have limited evidence for
the accumulation of multiple reinforcing trans eQTL, OsCIPK10 has five trans
eQTL, and the Zhenshan 97 alleles at all eQTL upregulate OsCIPK10 transcript
abundances.
I can speculate on the functions of other genes. The top 4 Mb of the indica
Minghui 63 chromosome 6 contains an introgression from Oryza sativa japonica
(McNally et al. 2009), and this region colocalizes with QTL for traits including leaf
area, vascular bundle number, grain yield, and plant height (Cui et al., 2008; Ge
et al., 2005; Zheng et al., 2008). Two selection candidate genes annotated only
as "expressed proteins," LOC_Os06g03486 and LOC_Os06g07923, are located
in this region. Phenotypic analysis of introgression lines with both cis and trans
regulatory loci (Moore and Lukens, 2011) will test the functions of the Minghui 63
and Zhenshan 97 regulatory alleles.
In this report, I provide evidence that regulatory loci controlling transcriptabundance levels in rice seedlings have not evolved neutrally and likely have
been targets of artificial selection. The number of regulatory loci subjected to
selection during breeding is certainly higher than the number identified here.
Most notably, regulatory control of transcripts differs across tissues (Adams et al.,
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2003; Downs et al., 2013) and across environments (Munkvold et al., 2013).
Thus, one would very likely identify additional transcripts with evidence of
lineage-specific selection when investigating transcriptomes from different tissues
or from plants grown in different environmental conditions. In addition, selection
may favor a stable, precise level of gene expression such that compensatory
genetic changes in cis and trans regulatory elements accumulate (Goncalves et
al., 2012; Kuo et al., 2010). Finally, although I identify genes used in past plant
improvement, I am hopeful that future use of these genes in breeding programs
will enhance agricultural environmental sustainability and productivity.
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CHAPTER 4

Analysis of the early transcriptional

response to neighbouring turf grass, and the effect of
thiamethoxam on this response, in maize
4.1

ABSTRACT
Crop-weed competition is a major source of yield loss in maize. Plants can

react to the presence of neighbouring plants largely because of changes in the
ratio of incoming red-to-far-red (R:FR) light. The aim of this study is to examine
transcriptional differences of young maize seedlings grown in close proximity to
neighbouring turf grass as compared to seedlings without adjacent plants grown
nearby, using RNA-seq. An insecticide, thiamethoxam, causes seedling vigour
and represses morphological responses to neighbouring plants, in addition to its
insecticidal role. I further investigated the effect of thiamethoxam on transcript
abundance in maize coleoptiles, and the effect of thiamethoxam on the molecular
response to neighbouring plants. I identified 102 genes that are differentially
expressed in the weed treatment relative to the weed-free control. Overall, many
transcripts of plants from thiamethoxam treated seeds which are also
upregulated in weedy conditions were either downregulated or unaffected by the
weedy conditions in the absence of the thiamethoxam treatment, which may
explain the lack of apparent morphological responses to weedy conditions by
thiamethoxam-treated plants. This study provides a snapshot of the early
transcriptional response to growth in weedy conditions in maize, and provides
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evidence for the transcriptional effect of a thiamethoxam seed-treatment on ROS
scavenging and biotic defense during the response to neighbouring turf grass in
maize seedlings.
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4.2

INTRODUCTION

4.2.1 The presence of neighbouring plants induces changes in morphology and
physiology

A plant may alter its development in the presence of neighbouring plants
(Afifi and Swanton, 2012; Ballaré et al., 1987, 1997; Rajcan and Swanton, 2001).
Plants can sense neighbours by changes in light quality. Specifically, the red-tofar-red (R:FR) light is lower in the presence of neighbouring plants than in their
absence. Plants have a shared set of responses, collectively termed the shade
avoidance syndrome (SAS) (Ballaré et al., 1987, 1990). The SAS includes, but is
not limited to, internode elongation, stem elongation, increased hyponasty (leaf
angle), changes in the composition of photosystems, and the acceleration of
flowering (Casal et al., 1986; Smith, 1982; Smith and Whitelam, 1997). With
resources being allocated to plant growth, there is often a decrease in plants
seed production (Ballaré et al., 1997). The SAS is one component limiting yields
of densely grown crops. Since the shade-avoidance response is generally
considered undesirable in crop plants (Ballaré et al., 1997), it is important to
know which genes are involved in the response in order to control it in
agronomically important species.
Morphological and physiological responses of maize (Zea mays L.) plants
to growth in close proximity to neighbouring turf grass have been investigated
(Afifi and Swanton, 2011, 2012; Afifi et al., 2015; Cerrudo et al., 2012a; Rajcan
and Swanton, 2001). However, the underlying genetic basis for most of these
responses has not been elucidated. RNA-seq studies can be used to identify the
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suite of genes that respond transcriptionally to a specific treatment, and can be
used to identify increases and decreases in transcript abundance that occur in
maize seedlings grown in close proximity to neighbouring turf grass relative to
maize seedlings grown without adjacent neighbouring plants. The transcriptional
data can be used to explain previously observed morphological and physiological
responses in maize to neighbouring turf, and can uncover new responses.

4.2.2 Physiological changes associated with light quality: carbon metabolism,
ROS-scavenging, hormone signaling and biotic defense

Changes in the incoming R:FR light ratio received by plants result in
carbon metabolism changes (Gong et al., 2015; McCormac et al., 1991; Melis
and Harvey, 1981; Murchie and Horton, 1997; Smith et al., 1993). A common
characteristic of the shade avoidance response is increased PSII:PSI ratio (i.e.
an increase in the components, such as proteins comprising the light-harvesting
complexes, that compose photosystem II relative to those that compose
photosystem I) (Melis and Harvey, 1981; Smith et al., 1993). In addition, a
decreased chlorophyll a:b ratio (Gong et al., 2015; McCormac et al., 1991;
Murchie and Horton, 1997), and reduced Rubisco content (Valladares and
Niinemets, 2008) are typically observed. These physiological changes are
thought to increase the efficiency of light usage while also minimizing CO2 loss
(Valladares and Niinemets, 2008) in low R:FR light conditions.
Increased production of reactive oxygen species (ROS) can occur
following the changes in the stoichiometry of photosystems I and II that occur
65

during exposure to low R:FR-inducing conditions (Yamazaki and Kamimura,
2002). ROS, in high quantities, are toxic to plant cells, thus, plants experiencing
low R:FR light have been hypothesized to use ROS-scavenging mechanisms to
detoxify affected cells (Afifi et al., 2014). Accordingly, expression of genes
encoding ROS-scavenging enzymes and non-enzymatic antioxidants have been
found to be affected by plant growth in low R:FR light environments (Afifi and
Swanton, 2012; Afifi et al., 2014; Devlin et al., 2003; Horvath et al., 2015).
Hormone signaling is involved in both the growth and biotic defense
responses common to plants grown in close proximity to neighbouring plants.
Elongation traits induced by low R:FR are controlled, in part, by gibberellic acid
(GA) (Chory and Li, 1997), auxin (AUX) (Morelli and Ruberti, 2000) and ethylene
(Pierik et al., 2003), while plant defense responses typically involve the hormones
salicylic acid (SA) and jasmonic acid (JA). Plants grown near neighbouring plants
tend to be at higher risk for pathogen attack (reviewed in Ballaré, 2011), yet biotic
defenses involving hormones SA and JA are typically downregulated (Moreno et
al., 2009; Robson et al., 2010; de Wit et al., 2013), seemingly as a trade-off for
increased apical growth.
The response to neighbouring weeds involves changes to several key
processes, as described above. I hypothesize that transcriptional signatures of
plants grown in the presence of neighbouring turf grass will help understand the
molecular basis of the morphological and physiological responses observed
previously. I predict that the transcripts of maize coleoptiles grown in the
presence of weeds will differ from transcripts of coleoptiles grown without weeds.
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More specifically, I expect genes encoding photosystem-related proteins, genes
encoding both enzymatic and non-enzymatic ROS-scavenging proteins, genes
involved in the signaling growth-related and defense-related hormones, and
genes involved in biotic defense will differ between weed-treated and weed-free
plants. Studies indicate that many species display shade avoidance traits, and
some aspects of the transcriptional responses to the SAS are shared between
species. I aim to compare the transcriptional responses of maize coleoptiles and
soybean seedlings to independent weed treatments to identify any genes that
show increased, or decreased, transcript abundance in both species relative to a
weed-free control to identify genes that may be essential for successful growth of
multiple plant species in low R:FR light environments.

4.2.3 Effect of thiamethoxam seed-treatment on the response to neighbouring
weeds

Thiamethoxam [3-(2-chloro-1,3-thiazol-5-ylmethyl)-5-methyl-1,3,
5-oxadiazinan-4-ylidene(nitro)amine], commercially used as a seed-treatment
under the name Cruiser ®, is a broad-spectrum neonicotinoid insecticide
(Maienfisch et al., 2001). In addition to protecting germinating seedlings from a
variety of insects, it also increases plant vigour (Cataneo et al., 2010; Stamm et
al., 2014). For example, thiamethoxam-treated soybean seeds germinate more
quickly when exposed to water deficit than do untreated seeds (Cataneo et al.,
2010). Thiamethoxam, when applied as a treatment to maize seeds, results in a
lack of morphological response to neighbouring turf grass (Afifi et al., 2014), and
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the role of gene expression in this response has not yet been elucidated. Some
neonicotinoids are known to induce SA-associated defense responses (Ford et
al., 2010). The upregulation of salicylic acid-mediated responses may explain the
vigour associated with the thiamethoxam seed-treatment observed in maize
seedlings, thus I hypothesize that a thiamethoxam seed-treatment will affect the
transcript abundance of genes involved in SA signaling.
The objectives of this study were to examine genome-wide changes in
transcript abundance that are induced following germination and coleoptile
development during a weed treatment, where maize was grown surrounded by
turf grass acting as a neighbouring weed treatment. I also sought to determine
the effect of a thiamethoxam seed-treatment on transcript abundance in maize
coleoptiles, and to determine whether the thiamethoxam treatment affected the
response to weedy neighbours in maize.
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4.3

MATERIALS AND METHODS

4.3.1 Plant material and growth conditions

This study used an F1 hybrid population of two inbred lines of maize, CG
108 x CG 102, developed at the University of Guelph (Ontario, Canada).
Thiamethoxam-treated seeds (100 g a.i.100 kg-1) and untreated seeds were
planted at a depth of 3 cm in 355 mL plastic cups (Dart Container Corporation,
Mason, MI) with an 8 cm diameter and 10 cm height. Cups were filled with clay
particles (Turface MVP ®; Profile Products LLC, Buffalo Grove, IL, USA), and a
single seed was planted per cup. Cups were placed in cylindrical pots with an 8
cm diameter and height of 18 cm (1 L natural cylinder modified to 18 cm,
Consolidated Bottle Co., Toronto, ON). The cylindrical pots were then centered in
larger pots (25 x 19 cm 6 L pots) (Airlite Plastics Company, Omaha, NE) as
described previously by Afifi and Swanton (2011). Some large pots were filled
with soil (Sunshine Professional LA4 Growing Mix; Sun Gro Horticulture;
Bellevue, WA, USA) and had turf on the outside, and this constituted the weed
treatment. Turf consisted of perennial ryegrass Fiesta III (Lolium perenne L.) 3-4
weeks prior to planting of the maize seeds to allow for growth of a dense canopy
of grass prior to planting the maize seeds. Other large pots had turface in place
of the turf grass, and this was used as our weed-free control. Before maize
seeds were planted, the ryegrass turf was trimmed to a height that ensured there
would be no shading of the maize seedlings. This potting arrangement ensures
the physical separation of the maize plants with the turf grass, and prevents any
shading of maize seedlings and competition for other components, such as
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nutrients and water. The turf grass and maize seedlings were watered on a daily
basis, and turf grass was fertilized with Hoagland’s Nutrient Solution once a
week.
Plants were grown in the same growth cabinet (Conviron, Winnipeg,
Canada), which was set to 26/19 ºC, 16:8 (day:night) regime with 60-65%
humidity. Irradiance was supplied by a sliding bank of Sylvania Cool White
fluorescent tubes and 40 W tungsten bulbs delivering 500 μmol m-2 s-1 PPFD
(photosynthetic photon flux density). Incoming PPFD at the top of maize
seedlings was measured using a point quantum radiometer (LI-190SA, LI-COR
Biosciences Lincoln, NE, USA) with a cosine-corrected sensor on a fiber-optic
cable. Light quality treatments were confirmed for a difference in R:FR using a
R:FR sensor (SKR 110, 660/730 nm, Skye Instruments Ltd, Llandrindod Wells,
Powys, UK). The R:FR ratio was measured immediately following the planting of
maize seeds. The R:FR ratio was determined by pointing the sensor downwards,
10 cm above the cup containing the newly planted maize seed, at six randomly
selected pots for each weedy or weed-free treatment, for each of three replicates.
The R:FR in the weed-free treatment was (R:FR ± SE) 4.93 ± 0.09, and in the
weedy treatment the ratio was 2.37 ± 0.13. The weedy and weed-free treatments
were randomly assigned to one half of the growth chamber in each replicate to
ensure that there would be no contamination of the “weedy” effect, and the
thiamethoxam-treatment was randomly assigned to half of the plants within each
weedy/weed-free treatment. Three separate growth chamber experiments served
as three replicates, separated in time. For RNA extraction, all plant tissue above
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the coleoptile-mesocotyl node was harvested at the coleoptile stage of
development (approximately 5 days after planting). Tissue was harvested from
three randomly selected plants from each treatment (weed-free control, weedfree treated, weedy control, weedy treated) that contained between ten and
twelve plants. I grew an excess of plants to ensure that the correct
developmental stage could be captured for RNA extraction and isolation. In total,
there were 12 biological samples. Tissue was immediately frozen in liquid
nitrogen and stored at -80 ºC following harvest.
I wanted to determine if any of the genes with a transcriptional response to
the weed treatment in maize coleoptiles also showed the same transcriptional
response to a weed treatment in a distantly related crop species. To identify
differentially expressed genes in soybean during a weed treatment, I
downloaded publically available raw RNA-seq data that had been collected by
Horvath et al. (2015) (NCBI Gene Expression Omnibus Accession GSE59875).
Briefly, Horvath et al. (2015) grew soybean (Glycine max (L.) Merr.) cultivar
AG1631 in field conditions with a weed-free control and weedy treatments across
four growing seasons. During the first two years, the weedy treatment consisted
of naturally occurring populations of velvetleaf (Abutilon thoephrasti) and wild
buckwheat (Polygonum convolvulus). In 2010, flax was used as a source of
weeds for the weed treatment, and in 2011 naturally occurring velvetleaf and
weedy common sunflower (Helianthus annuus) were used. Newly emerged
unfolded trifoliate tissue, along with the associated meristem, was harvested for
RNA extraction at the V3 developmental stage (Horvath et al., 2015).
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4.3.2 RNA Isolation

Following plant tissue harvest at the coleoptile stage, maize plant material
was ground to a fine powder in liquid nitrogen. Using approximately 150 mg of
ground tissue, RNA was extracted using Trizol Reagent (Invitrogen) and was
purified using the RNeasy Plant Mini kit (Qiagen). The RNA was analyzed for
integrity and quantity using the Nanodrop 1000 spectrophotometer and agarose
gel electrophoresis (appendix 7.6).

4.3.3 Processing and mapping of Illumina 100 bp paired-end reads

mRNA-Seq was performed by the Clinical Genomics Centre at Mount
Sinai Hospital (Toronto, ON) using the Illumina HiSeq™ 2000 platform.
Sequencing generated 100 bp paired-end reads. In the initial stages of our RNAseq pipeline (appendix 7.7), sequencing reads produced by the Illumina HiSeq™
2000 were run through a freely available program FastQC
(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/) to identify overrepresented adapter sequences. TRIM GALORE!
(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) was used to
remove the over-represented sequences. Tophat2 (http://tophat.cbcb. umd.edu/)
(Kim et al., 2013) was used to map reads to the maize B73 5b filtered gene set
that contains predicted genes without other low confidence structures, such as
pseudogenes and transposons (RefGen_v2,
ftp://ftp.gramene.org/pub/gramene/maizesequence.org/release-5b/filtered-set/,
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(Schnable et al., 2009)). Default settings for Tophat2 were used for most
parameters. I increased the number of mismatches that can appear in the anchor
region of a spliced alignment from the default of 0 to 1, and increased the
maximum intron length allowed from 50,000 to 60,000 bp to increase the number
of aligned reads. For soybean, reads were mapped to the Glycine max reference
genome (version 1.0.30, ftp://ftp.ensemblgenomes.org/pub/plants/release30/fasta/glycine_max/dna/, (Schmutz et al., 2010)), also using Tophat2. Gene
annotations were obtained from a Mapman mapping file. For maize, the mapping
file used was from the filtered gene set 5b genome release,
Zm_B73_5b_FGS_cds_2012
(http://mapman.gabipd.org/web/guest/mapmanstore) (Schnable et al., 2009). For
soybean, the mapping file used was from the Phytozome v9.0 release
(http://mapman.gabipd.org/web/guest/mapmanstore) (Schmutz et al., 2010).

4.3.4 Identification of differentially expressed genes

After the reads were aligned to the genome, I used HTSeq (http://wwwhuber.embl.de/users/anders/HTSeq/) (Anders et al., 2014) to obtain the raw read
counts (i.e. the number of read pairs mapped to each gene in the reference
genome). Using the Bioconductor package EdgeR (Robinson et al., 2010), the
counts were normalized for library size since samples will vary in the number of
genes with aligned reads that they contain, and genes with a low frequency of
reads aligned were removed (required at least 1 read per million reads in at least
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3 of the samples). Common dispersion estimates were used to estimate the
biological variation (variability in transcript abundance across the genome).
For soybean, the common dispersion estimates were calculated using
both replicates for the year 2010 data (only the 2010 data had two replicates of
useable data available), and the estimate for the 2010 data was then used to
identify differential expression of genes in all four years (2008, 2009, 2010 and
2011). For maize, I used a model with condition (weedy versus weed-free),
thiamethoxam (treated versus untreated), the interaction between condition and
treatment, and replication as terms in a linear model.

Where:

𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖 = 𝜇𝜇 + 𝐵𝐵𝑖𝑖 + 𝑊𝑊𝑗𝑗 + 𝑇𝑇𝑘𝑘 + (𝑊𝑊𝑊𝑊)𝑗𝑗𝑗𝑗 + 𝜖𝜖𝑖𝑖𝑖𝑖𝑖𝑖

Yijk = observed transcript abundance.
i = 1, 2, 3 (number of replicates)
j = 1, 2 (number of weed treatments)
k = 1,2 (number of thiamethoxam treatments)
μ = mean transcript abundance.
Bi = effect associated with replicates
Wj = effect of condition (turf versus no turf)
Tk = effect of seed treatment (thiamethoxam versus no thiamethoxam)
(WT)jk = interaction between condition and treatment
ϵijk = random error
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For the analysis of the soybean data, I used a model that included a year effect,
and tested the effect of condition (weedy versus weed-free).

Where:

𝑌𝑌𝑖𝑖𝑖𝑖 = 𝜇𝜇 + 𝐵𝐵𝑖𝑖 + 𝑊𝑊𝑗𝑗 + 𝜖𝜖𝑖𝑖𝑖𝑖

Yij = observed transcript abundance.
i = 1, 2, 3, 4 (number of blocks)
j = 1, 2 (number of weed treatments)
μ = mean transcript abundance.
Bi = effect associated with blocks (years)
Wj = effect of condition (weeds versus no weeds)
ϵijk = random error

Significant differences in gene expression were determined using a Generalized
Linear Model. A Benjamini-Hochberg FDR correction (Benjamini and Hochberg,
1995) was applied to obtain adjusted p-values. Terms with FDR adjusted pvalues of less than 0.05 were considered to indicate differential gene expression.

4.3.5 Gene ontology enrichment analysis using AgriGO and PageMan

I used AgriGO software (Du et al., 2010) to test for enrichment of gene
ontology terms that describe the biological processes, molecular functions, and
cellular components associated with gene products. Our objective was to perform
enrichment tests for all genes upregulated in a given treatment compared to its
control, and for all genes downregulated in a given treatment compared to its
75

control. For example, I wanted to determine if genes that are upregulated in the
weed treatment relative to the weed-free treatment share any biological
processes and/or functions. It is a requirement of the AgriGo software that groups
of genes being tested must include at least 10 annotated genes. Thus, I was only
able to test for enrichment of GO terms using Fisher’s Exact Test within three
groups of genes: (1) genes upregulated in the weed treatment relative to the
weed-free control in maize and soybean, (2) genes downregulated in the
thiamethoxam treatment relative to the untreated control in maize, and (3) genes
for which the effect of one treatment significantly depended on the other
treatment, indicating an interaction between treatments in maize. For both plant
species, I tested using a minimum of one mapping entry, meaning that the
enrichment test could be performed even if there was only a single gene with a
particular GO term in our data set, and I used a Benjamini and Hochberg FDR
correction (Benjamini and Hochberg, 1995) to correct for the effects of multiple
testing, with significance set at 0.05.
Differentially expressed genes were visualized with Mapman version
3.5.1R2 (Thimm et al., 2004; Usadel et al., 2005) to assist with interpretation of
expression changes. Differentially expressed genes were tested for enrichment
using PageMan (Usadel et al., 2006), which tests for the over-representation of
mapman bins (categories that describe the biological role of a gene, such as
‘hormone signaling’) within a group genes. The maize mapping-file originally
obtained (Zm_B73_5b_FGS_cds_2012,
http://mapman.gabipd.org/web/guest/mapmanstore) was incomplete and was
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missing some gene annotations that were important to our analysis. Thus, the
maize mapping-file was manually edited to include additional bins (descriptions of
biological function) for genes that were not fully annotated originally in order to
obtain the most accurate depiction of their biological role in Mapman images
(appendix 7.8). The original Glycine max mapping file was used (Phytozome v
9.0 Gmax_189 download, http://mapman.gabipd.org/web/guest/mapmanstore).
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4.4

RESULTS AND DISCUSSION

4.4.1 RNA-Seq identifies up- and down-regulation of genes in response to the
weed treatment, including a xyloglucan endotransglucosylase involved in
cell expansion

I sequenced an average of 2.68 billion bp per sample across the four
treatments and three replicates of maize coleoptile tissue (table 4.1). The 100 bp
paired-end reads were aligned to the B73 reference genome (version 3.23) and
an average of 22.5 million reads (85.0% of reads) were aligned per sample (table
4.1). I used a linear model to determine if neighbouring plants and a
thiamethoxam seed-treatment explained variation in each genes transcript
abundance. I first identified genes with significant abundance differences when
grown in the presence of surrounding turf grass compared to control plants that
were grown without neighbouring turf grass. I identified 102 differentially
expressed genes (p<0.05 after BH correction) (table 4.2; appendices 7.9 and
7.10), 77% of which have been annotated with mapman annotations (tables 4.2
and 4.3). Of these 102 genes, 85 have increased transcript abundance in the
weed treatment relative to the weed-free control (tables 4.2 and 4.3).
Many species, including maize, share morphological and physiological
responses to treatments that induce low R:FR light conditions, and I first tested
whether transcripts known to affect these responses differ in the weed treatment
compared to the weed-free control. One common feature of the shade avoidance
response is stem and leaf elongation, thus, I expected that I would identify genes
involved in cell elongation. xyloglucan endotransglycoslases/hydrolases
78

Table 4.1. Mapping of paired-end reads to the maize reference genome.
Sample

Replicate

# bp sequenced

I
II
III
I
II
III
I
II
III
I
II
III

2,283,973,400
3,099,320,800
2,863,021,600
2,883,973,400
3,039,861,600
2,410,987,600
2,583,182,200
2,978,615,400
2,164,585,600
2,413,479,800
2,813,996,800
2,672,988,800
2,683,998,917

WF

W

WFT

WT
Average
a

# mapped
readsa
26,450,866
15,769,943
24,398,457
22,115,141
24,939,230
18,558,055
24,430,794
25,807,603
20,575,207
20,625,361
23,976,468
22,949,901
22,549,752

% mapped
to B73
85.3
84.7
85.2
85.6
83.7
85.7
84.7
84.9
85.3
85.5
85.2
85.9
85.0

# of aligned reads is the sum of left and right reads that were aligned to the B73
reference genome.
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Table 4.2 Number of genes identified as differentially expressed in maize
and soybean.

Number of Differentially Expressed Genes in Maize
Upregulated

W vs WF
T vs U

Interaction

Annotated
61
2

Unannotated Total Annotated Unannotated
Total
24
85
15
2
17
0
2
64
16
80
Genes with an Interaction
Annotated
Unannotated
32
8
Number of Differentially Expressed Genes in Soybean
Upregulated

W vs WF

Total
DE
Genes

Downregulated

Annotated
230

Unannotated
60

Annotated
177

Unannotated
35

40
Total
DE
Genes

Downregulated
Total
290

102
82

Total
212

502

Annotated genes are those which have annotations available using Mapman, and
unannotated genes are those with no annotation available. W = weed treatment,
WF = weed-free treatment, T= treated with thiamethoxam, U = no thiamethoxam
treatment, DE = differentially expressed (either upregulated or downregulated in
response to the corresponding treatment).
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Table 4.3 Annotated maize genes that are significantly differentially
expressed between weedy and weed-free treatments.
Locus ID

GRMZM2G322819
GRMZM2G064382
GRMZM2G117971
GRMZM2G156632
GRMZM2G453805
GRMZM2G448344
GRMZM2G178645
GRMZM2G039639
GRMZM2G080839
GRMZM2G166141
GRMZM2G117942
GRMZM2G402631
GRMZM2G075283
GRMZM2G471357
GRMZM2G051943
GRMZM2G436448
GRMZM2G358153
GRMZM2G018984
GRMZM2G043878
GRMZM2G425728
GRMZM2G374971
GRMZM2G006762
AC198353.5_FG001
GRMZM2G349749
GRMZM2G075315
GRMZM2G124759
GRMZM2G074611
GRMZM2G116520
GRMZM5G807276
GRMZM2G444541
GRMZM5G846916
GRMZM2G155253
GRMZM2G126261
GRMZM2G093526
GRMZM2G108219
GRMZM2G069298
GRMZM2G103197
GRMZM2G156861
GRMZM2G039993
GRMZM2G108847
GRMZM2G085974
GRMZM2G160710
GRMZM2G073884
GRMZM2G463640
GRMZM2G092474
GRMZM2G125001
AC214360.3_FG001

Annotation

serine-type endopeptidase/ serine-type peptidase
ZIP4 (ZINC TRANSPORTER 4 PRECURSOR)
PR4 (PATHOGENESIS-RELATED 4)
Bowman-Birk type wound-induced proteinase inhibitor
acidic endochitinase (CHIB1)
RBCL | large subunit of RUBISCO
AATP1 (AAA-ATPase 1)
osmotin 34 (PR)
FAD-binding domain-containing protein
germin-like protein, putative
PR4 (PATHOGENESIS-RELATED 4)
osmotin 34 (PR)
PR10 (PATHOGENESIS-RELATED GENE 10)
peroxidase, putative
chitinase, putative
PR5K
RuBisCO-associated protein
RAP2.12
33 kDa secretory protein-related
ELIP2 (EARLY LIGHT-INDUCIBLE PROTEIN 2)
osmotin 34 (PR)
ATAPY1 (APYRASE 1)
scpl28 (serine carboxypeptidase-like 28)
PLA2A (PHOSPHOLIPASE A 2A)
Bowman-Birk type trypsin inhibitor
lipase class 3 family protein
dirigent
Bowman-Birk type trypsin inhibitor
2-oxoacid-dependent oxidase, putative
Ribosomal Protein S15
glycosyl hydrolase family 17 protein
fructose-bisphosphate aldolase, putative
peroxidase, putative
GA2 (GA REQUIRING 2); ent-kaurene synthase
peroxidase 12 (PER12) (P12) (PRXR6)
FLS (FLAVONOL SYNTHASE)
ATCLH1
LOX1
S-adenosyl-L-methionine:carboxyl methyltransferase
serine-type endopeptidase inhibitor
meprin and TRAF homology domain-containing protein
protein metal ion binding protein
leucine-rich repeat transmembrane protein kinase
PETB (cytochrome b(6) subunit of the cyt. b6f complex)
osmotin 34 (PR)
SIP1 (SOS3-INTERACTING PROTEIN 1)
GA2 (GA REQUIRING 2); ent-kaurene synthase
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a

Log2 FC

-5.01
-1.97
1.49
1.27
1.12
-1.28
1.54
1.36
1.76
1.71
1.43
1.08
1.92
1.12
1.30
1.87
1.14
1.37
1.39
-1.25
1.07
1.07
1.53
2.44
0.82
1.63
1.10
1.06
0.92
-1.23
1.16
0.68
0.72
-0.76
1.38
1.15
-0.69
-0.64
-1.12
1.36
1.48
0.93
1.95
-1.30
0.99
-0.90
1.00

P-value

b

4.98E-51
6.53E-20
2.64E-15
4.34E-11
2.55E-10
7.24E-10
9.04E-10
1.32E-09
2.45E-09
1.39E-08
1.42E-08
1.98E-08
2.03E-08
4.41E-08
7.03E-08
2.74E-07
6.89E-07
3.52E-06
4.24E-06
2.07E-05
4.82E-05
1.54E-04
2.30E-04
3.11E-04
3.15E-04
4.61E-04
4.77E-04
4.77E-04
4.77E-04
6.53E-04
1.11E-03
1.17E-03
1.32E-03
1.98E-03
2.12E-03
2.39E-03
2.39E-03
2.48E-03
2.59E-03
2.70E-03
3.46E-03
3.58E-03
4.20E-03
5.93E-03
6.42E-03
7.50E-03
7.90E-03

GRMZM2G447795
GRMZM2G127328
GRMZM2G026980
GRMZM2G459828
GRMZM2G172214
GRMZM2G133475
GRMZM2G339091
GRMZM2G176472
GRMZM2G140231
GRMZM2G011160
GRMZM2G474459
GRMZM2G132591
GRMZM2G450825
GRMZM2G465226
GRMZM2G455909
GRMZM2G095126
GRMZM2G117497
GRMZM2G475059
GRMZM2G100412
GRMZM2G104269
GRMZM2G108637
GRMZM2G120619
GRMZM2G091233
GRMZM2G144346
GRMZM2G370425
GRMZM2G001696
GRMZM2G328785
GRMZM2G121878
GRMZM2G054900
a

acidic endochitinase (CHIB1)
LHT2 (LYSINE HISTIDINE TRANSPORTER 2)
XTR6 (XYLOGLUCAN ENDOTRANSGLYCOSYLASE 6)
40S ribosomal protein S10 (RPS10C)
protein CBS domain containing protein
peroxidase, putative
SCPL27 (serine carboxypeptidase-like 27)
calmodulin-binding protein
receptor-like protein kinase, putative
ATATH6, ATH6 | ATATH6 (ATPase)
RPL2.2 (large subunit of the ribosomal complex )
WAK1 (CELL WALL-ASSOCIATED KINASE)
COX1 | cytochrome c oxidase subunit 1
allergen V5/Tpx-1-related family protein
NB-ARC domain containing protein
AGAL1 (ALPHA-GALACTOSIDASE 1)
SANT/MYB protein, putative
Glutathione-S-transferase 30
Cytochrome P450 87A3
OASC (O-ACETYLSERINE (THIOL) LYASE ISOFORM C)
flavin-containing monooxygenase family protein
LHB1B1; chlorophyll binding
DC1 domain-containing protein, protein binding protein
zinc finger (B-box type) family protein
ATS (ABERRANT TESTA SHAPE)
PEPCK (PHOSPHOENOLPYRUVATE CARBOXYKINASE 1)
S-locus lectin protein kinase family protein
CA2 (CARBONIC ANHYDRASE 2)
calmodulin-binding family protein

0.85
1.18
0.80
0.66
0.64
0.81
0.87
1.31
1.16
1.36
-0.82
0.81
-0.89
1.29
1.49
0.69
1.00
-1.44
1.24
-0.66
1.32
0.56
1.03
0.87
1.09
0.54
0.76
0.52
1.43

9.11E-03
9.84E-03
1.03E-02
1.48E-02
1.57E-02
1.80E-02
2.04E-02
2.07E-02
2.11E-02
2.32E-02
2.32E-02
2.52E-02
2.72E-02
2.74E-02
2.88E-02
2.88E-02
2.88E-02
2.92E-02
3.04E-02
3.15E-02
3.50E-02
3.58E-02
3.60E-02
3.80E-02
4.12E-02
4.36E-02
4.39E-02
4.63E-02
4.97E-02

Positive values indicate an increase in transcript abundance, and negative

values indicate a decrease in transcript abundance. Log2FC = log (base 2) fold
change in expression
b

P-values are FDR-adjusted p-values.

Note: a complete list of genes, including both annotated and unannotated genes,
that are either upregulated or downregulated in the weed treatment compared to
the weed-free treatment are available in Appendix 7.9.
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(xth) encode cell wall modifying proteins, are involved in cell wall loosening
(Cosgrove, 2005), and are upregulated in response to low R:FR light conditions
(Devlin et al., 2003). Expression changes in members of this gene family during a
exposure to low R:FR have been used as markers for the shade avoidance
syndrome (Casal, 2013) and I found that xth6 (GRMZM2G026980) is high in
plants with weedy neighbours compared to those without neighbours (table 4.3).
I also determined that some transcripts that respond to low R:FR in
many species do not differ between our weedy and weed-free treatments. High
levels of phytochrome interacting factor 3-like gene1 (pil1) are associated with
low R:FR conditions in soybean and Arabidopsis (Horvath et al., 2015; Salter et
al., 2003). pil1 encodes a transcription factor that is involved in the elongation
response that is upregulated rapidly in low R:FR conditions, although the exact
molecular control of pil1’s involvement in the SAS response is not known (Salter
et al., 2003). Our analysis revealed no significant differences. pil1 is known to be
circadian-clock regulated, and its responsiveness to low R:FR light changes
according to the time of the day (Salter et al., 2003), so it is possible that the time
at which I sampled was not optimal for the detection of increased expression.

4.4.2 Weed treatment alters expression of genes involved in the photosynthetic
light reactions and the Calvin Cycle

Growth of maize seedlings in the presence of neighbouring plants reduces
grain yield (Cerrudo et al., 2012a). Grain yield in maize is determined by a
number of factors, including the plants ability to photosynthesize (Edmeades and
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Daynard, 1979). The change in the relative proportion of incoming red and far-red
wavelengths of light affects the photosynthetic process (Barreiro et al., 1992).
The physiological consequences of growth near neighbouring weeds on the
processes of carbon metabolism in maize seedlings have not been explored;
however, early transcriptional changes in genes encoding photosynthetic proteins
may provide some insight into the early mechanisms of yield loss. There are
several common responses to low R:FR light involving the photosynthetic
machinery that have been reported and they are involved in reconciling the
imbalance in photosystem activity that occurs during low R:FR conditions.
During growth in low R:FR, the incoming light is preferentially absorbed by PSI,
since it is able to use energy from longer wavelengths than PSII (Melis et al.,
1987), creating an imbalance in the activity of PSII and PSI (Glazer and Melis,
1987). This causes an increase in the production of reactive oxygen species
(ROS) (Yamazaki and Kamimura, 2002), and an increase in the production of
ROS H2O2 has been observed in maize seedlings grown in a weed treatment
compared to plants grown without a weed treatment (Afifi and Swanton, 2012;
Afifi et al., 2014). The imbalance in the function of PSI and PSII initiates changes
in photosystem stoichiometry (Kim et al., 1993). During low R:FR light conditions,
an increase in the PSII:PSI ratio is observed that acts to partially correct the
imbalance between PSI and PSII (Melis and Harvey, 1981; Smith et al., 1993). I
observed evidence that supports this change in stoichiometry through the
upregulation of a gene encoding lhb1b1 (GRMZM2G120619) (fig. 4.1; table 4.3),
part of PSII, which possibly results in changes to the amount of light harvesting
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Figure 4.1 Genes differentially expressed in maize in response to the weed
treatment that are related to metabolism.
This plot depicts genes involved in metabolism and their relative levels of
expression during growth in low R:FR light. Genes indicated by blue squares are
downregulated, and genes indicated by red squares are upregulated during weed
competition. Dark circles represent additional positions where differences in gene
expression can potentially be plot.
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proteins produced. The light harvesting complex II components generally have a
lower chlorophyll a:b ratio than other components of the photosystem machinery
(Green and Durnford, 1996). Thus, there is likely a reduction in the chlorophyll
a:b ratio in maize coleoptiles, a trait of plants grown in low R:FR light conditions
(Gong et al., 2015; McCormac et al., 1991; Murchie and Horton, 1997). The
change in photosystem composition is associated with changes in electron
transport, including a decrease in the components that transport electrons, such
as cytochrome b6f (Evans, 1988). Accordingly, I observed a decrease in the
expression of a gene encoding a subunit of cytochrome b6f (GRMZM2G463640).
Schopfer (1977) provided evidence of decreased synthesis of Rubisco and
other enzymes involved in the Calvin Cycle upon treatment with far-red
irradiance. Decreases in various components of the Rubisco protein have also
been reported as a response to low R:FR treatment (Hattrup et al., 2007). The
decrease in production of enzymes used in the Calvin Cycle, such as Rubisco, is
thought to be connected to a decreased photosynthetic capacity that has been
observed in plants exposed to far-red irradiance (Hoddinott and Hall, 1982). Our
study indicates that in the weed treatment there is reduced expression of a gene
encoding the large subunit of Rubisco (GRMZM2G448344) (fig. 4.1; table 4.3),
which may be indicative of a decreased Rubisco protein content.
Early exposure of maize seedlings to neighbouring vegetation can result in
yield losses (Swanton et al., 1999). The precise molecular mechanism of yield
loss resulting from growth of maize seedlings within close proximity to
neighbouring weeds is not yet known. One possible explanation is that the lack of
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red light available for photosynthesis early in plant development may cause a
deficit in the carbon that is gained, which cannot be compensated. Whatever the
ultimate cause of reduced yield, the weed treatment-induced increases and
decreases in transcript abundance of genes involved in photosynthesis observed
in this study may be indicative of early changes in carbon metabolism that
ultimately affect grain yield in maize.

4.4.3 Genes encoding peroxidases are over-represented amongst genes with
increased transcript abundance during the weed treatment

As mentioned above, a consequence of growth in close proximity to
neighbouring plants in maize seedlings is increased production of ROS, such as
H2O2 (Afifi and Swanton, 2012; Afifi et al., 2014). ROS are generated through
photosystem imbalances (Yamazaki and Kamimura, 2002) but are also produced
in response to various abiotic and biotic stresses (reviewed in Gill and Tuteja,
2010). ROS-scavenging enzymes, such as peroxidases and glutathione-stransferases, will detoxify cells of ROS. Peroxidases specifically function to
reduce H2O2 to water and are regulated by phytochromes such that far-red light
increases peroxidase levels (Sharma et al., 1976). Upregulation of genes
encoding peroxidases in low R:FR conditions has been reported previously using
microarrays (Devlin et al., 2003). Transcript abundances of five genes encoding
peroxidases (GRMZM2G471357, GRMZM2G126261, GRMZM2G108219,
GRMZM2G133475, GRMZM2G089982) are higher in the weed treatment than in
the weed-free treatment (fig. 4.2; table 4.3). Within the group of genes with higher
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increasel

Figure 4.2 Genes DE in the weed treatment that are related to hormone
signaling and defense.
A number of genes that are differentially expressed during weed competition are
involved in abiotic and biotic stress responses. This map of genes involved in
stress depicts genes upregulated (red square) and downregulated (blue square)
in response to low R:FR light. Genes involved in signaling of ethylene, SA and JA
can be observed, as well as genes involved in ROS-scavenging (i.e. glutathiones-transferase) and biotic defense (i.e. pr genes). Dark circles represent additional
positions where differences in gene expression can potentially be plot.
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transcript abundances in the weed treatment than the weed-free treatment, those
encoding peroxidases are over-represented and occur more often than expected
by chance (p<0.05), which may indicate that peroxidases play a prominent role,
compared to other antioxidants, in the detoxification of ROS during the weed
treatment in maize coleoptiles.
Transcript abundance of gst30 (glutathione-s-transferase 30)
(GRMZM2G475059), a gene that encodes another ROS-scavenging enzyme (fig.
4.2; table 4.3), was significantly lower in plants from the weed treatment
compared to those grown in weed-free conditions. Downregulation of gst has
also been detected recently in young soybean plants (V3 developmental stage) in
response to growth near neighbouring weedy plants (Horvath et al., 2015).

4.4.4 Genes encoding proteins involved in the signaling of growth hormones are
up- and down-regulated in the weed treatment

Low R:FR environmental conditions induce a variety of elongation traits
that are controlled by a number of different phytohormones, including GA, AUX,
and ethylene (Chory and Li, 1997; Morelli and Ruberti, 2000; Pierik et al., 2003).
For instance, during growth in low R:FR light, an increase in GA production
occurs (Hisamatsu et al., 2005), which results in the degradation of DELLA
proteins that normally function in restraining growth (Djakovic-Petrovic et al.,
2007). Thus, upon DELLA protein degradation, the restraint that DELLA proteins
normally impose on growth is removed, and an increase in height is observed. In
maize seedlings, the increase in height observed previously (Afifi and Swanton,
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2012) is likely due to an increase in cell expansion, regulated in part by GA, in
the leaves, as opposed to the stem where it occurs in most species. Two genes
involved in the metabolism of Gibberellic Acid (GA) were identified as ga2
(GRMZM2G093526 and AC214360.3_FG001) (table 4.3), the protein product of
which is involved in the early steps of gibberellin biosynthesis (Yamaguchi et al.,
1998). Although ga2 (also known as ent-kaurene synthase) has not been the
primary target of many studies, mutations in ga2 in Arabidopsis are known to
result in an extreme dwarf phenotype (Koornneef and Veen, 1980), providing
support for the role of ga2 in cell expansion. Our findings indicate that one copy
of ga2 is upregulated in the weed treatment relative to the weed-free control
(GRMZM2G093526), while the other copy is downregulated
(AC214360.3_FG001). This observation may be a consequence of the multitissue sample harvested for analysis of gene expression, as tissue and cellspecific regulation of ga2 has been observed previously (Aach et al., 1995; Sun
and Kamiya, 1997). According to Sekhon et al. (2011), these two ga2 genes have
different levels of transcript abundance in very early maize leaf and stem tissue,
and are expressed in different parts of the leaves at the fifth leaf stage. Perhaps
these expression differences between the two copies of ga2 indicate a difference
in how they respond to the presence of neighbouring plants.
A physiological component of the SAS is increased production of ethylene
(Pierik et al., 2003, 2004, 2009), and this has been best shown clearly in tobacco
(Pierik et al., 2003). Shade-avoidance traits have been induced in tobacco by
application of ethylene, and ethylene-insensitive transgenic lines have shown
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reduced stem elongation during low R:FR conditions (Pierik et al., 2003). This
change in plant height that typically accompanies the response to neighbouring
plants in many species was not observed in young maize seedlings at 5 dap
(data not shown), but has been observed at later developmental stages (data not
shown). While there was no observable change in height of seedlings grown in
weeds compared to without weeds, it appears that a molecular signature of the
response may still be present. A gene putatively involved in ethylene
biosynthesis (has similarity to ACC oxidase 1 - Ethylene-forming enzyme)
(GRMZM2G807276), and an ethylene-responsive element (GRMZM2G018984)
both have higher transcript abundance in the weedy treatment (fig. 4.2; table
4.3).

4.4.5 Genes related to biotic defense have an increased transcript abundance in
the weed treatment

When plants are grown in high-density conditions, competing for light is
not the only concern in terms of survival and fitness. Plants that grow within close
proximity to other plants have a higher risk of pathogen attack (Ballaré, 2009;
Gilbert, 2002). Thus, it is important to understand the effects of growth near
neighbouring plants on the expression of genes related to plant defense. Upon
pathogen attack, transcript abundance increases of defense/pathogenesisrelated genes will occur (Yuan et al., 2013). Subsequently, proteins encoded by
defense genes are upregulated, and will act in a variety of ways to inhibit the
activity of pests, or deter them (reviewed in Sudisha et al., 2012). For example,
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some Pathogenesis-related proteins will inhibit the activity of proteinases of
specific pests/pathogens (reviewed in Sudisha et al., 2012). Of the 102 genes I
identified that are differentially expressed in the weed treatment relative to the
weed-free control, I identified 17 genes as having a specific role in biotic stress.
Interestingly, all 17 genes have increased transcript abundance in the weed
treatment in maize (table 4.3) and defense-related biological functions and
processes are over-represented within the group of genes upregulated during the
weed treatment relative to the weed-free control (table 4.4). These defense
genes include eight pr (pathogenesis-related) genes (GRMZM2G075283,
GRMZM2G117942, GRMZM2G117971, AC205274.3, GRMZM2G092474,
GRMZM2G402631, GRMZM2G374971, GRMZM2G039639) (fig. 4.2; table 4.3)
and three genes encoding chitinases (GRMZM2G447795, GRMZM2G453805,
GRMZM2G051943) (table 4.3). I also observed upregulation of Bowman-Birk
type protease inhibitors (GRMZM2G075315, GRMZM2G116520,
GRMZM2G156632), molecules with a known role in biotic defense in plants (Birk,
1985) (table 4.3). The downregulation of genes involved in defense responses
involving hormone signaling may lead us to question the ability of young maize
seedlings to defend themselves against pathogens. Numerous studies have
reported the downregulation of defense responses during low R:FR conditions,
but there are also many studies that have reported upregulation of defense
genes (Eckey-Kaltenbach et al., 1997; Ernst et al., 1992; Sharma et al., 1976).
Most studies examining the effects of low R:FR light conditions in biotic defenses
have used plants beyond the seedling stage
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Table 4.4 Gene ontology enrichment among genes overexpressed in the
weed treatment compared to the weed-free treatment
b

Gene ID

Type

Description

GO:0050832
GO:0009607
GO:0042742
GO:0006022
GO:0006026
GO:0006030
GO:0006979
GO:0006032
GO:0005975
GO:0009620
a
GO:0051704
GO:0016052
GO:0000272
GO:0009617
GO:0051707
GO:0005976
GO:0042221
GO:0009057
GO:0006952
GO:0004568

P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
F

GO:0016684

F

GO:0004553
GO:0016798
GO:0004867
a
GO:0004866
a
GO:0030414
GO:0004601
GO:0016209
a
GO:0005506
a
GO:0004857
a
GO:0020037
a
GO:0046906
GO:0045735
GO:0005576

F
F
F
F
F
F
F
F
F
F
F
F
C

defense response to fungus
response to biotic stimulus
defense response to bacterium
aminoglycan metabolic process
aminoglycan catabolic process
chitin metabolic process
response to oxidative stress
chitin catabolic process
carbohydrate metabolic process
response to fungus
multi-organism process
carbohydrate catabolic process
polysaccharide catabolic process
response to bacterium
response to other organism
polysaccharide metabolic process
response to chemical stimulus
macromolecule catabolic process
defense response
chitinase activity
oxidoreductase activity, acting on peroxide
as acceptor
hydrolase activity, hydrolyzing O-glycosyl
compounds
hydrolase activity, acting on glycosyl bonds
serine-type endopeptidase inhibitor activity
endopeptidase inhibitor activity
peptidase inhibitor activity
peroxidase activity
antioxidant activity
iron ion binding
enzyme inhibitor activity
heme binding
tetrapyrrole binding
nutrient reservoir activity
extracellular region

a

# in
input
c
list
2
3
2
3
3
3
5
3
10
2
4
5
3
2
2
4
5
5
5
3

# in
BG
d
list
7
21
7
40
37
36
225
36
1166
7
143
267
54
11
11
232
445
474
500
36

0.0025
0.0025
0.0025
0.0025
0.0025
0.0025
0.0025
0.0025
0.0025
0.0025
0.0033
0.0033
0.0033
0.0036
0.0036
0.015
0.024
0.029
0.035
0.0028

5

236

0.0028

7
7
4
4
4
5
5
8
4
6
6
3
7

494
531
99
117
117
236
267
872
203
670
674
126
472

0.0028
0.0028
0.0028
0.0028
0.0028
0.0028
0.0044
0.007
0.013
0.031
0.031
0.031
0.0023

pe
value

indicates that the specified GO term is also over-represented in soybean
genes that are upregulated during weed competition.
b
P=biological process, F=molecular function, C = cellular component
c
number of differentially expressed genes in maize with the specified GO term.
d
number of genes in the maize reference genome with the specified GO term.
e
p-values are FDR-adjusted p-values.
Note: Too few genes were downregulated in the weed treatment relative to the
weed-free treatment to test for enrichment of GO terms.
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(Izaguirre et al., 2006; Moreno et al., 2009). The downregulation of defense
genes observed in response to the weed treatment may indicate a key difference
in the strategies of survival during growth in low R:FR light conditions of maize
seedlings and more mature plants, or may simply indicate a species-specific
response.

4.4.6

Genes involved in JA biosynthesis and signaling are downregulated in the
weed treatment

Responses to pathogen/pest attack in plants will often be regulated
through the production of hormones, such as SA and jasmonic acid JA. These
two hormones can induce gene expression of a number of defense-response
genes, and often act antagonistically, such that responses to a variety of
pathogens can be fine-tuned (reviewed in Pieterse et al., 2012). JA-induced
responses will begin at the site of damage (i.e. physical wounding due to
herbivory), but can then be triggered in distant parts of the plant to prevent
additional pathogen attack (reviewed in Pieterse et al., 2012). Hormonallyregulated defense responses and the SAS have been studied thoroughly
independently; however, it is becoming clear that hormone responses are
affected by changes in light quality (Moreno and Ballaré, 2014; Moreno et al.,
2009). In studies combining a low R:FR-inducing light treatment and herbivore
attack, JA-regulated defenses are attenuated (Cerrudo et al., 2012b; Izaguirre et
al., 2006; Moreno et al., 2009). A gene encoding a protein involved in the
biosynthesis of JA, lipoxygenase1 (lox1), was identified amongst genes that are
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downregulated during the early weed treatment in maize relative to the weed-free
control (table 4.3; fig.4.2). The downregulation of this gene implies impaired
function of processes, including defense, that rely on the production of JA during
growth near neighbouring vegetation.

4.4.7 A number of related genes in both maize and soybean are differentially
expressed in response to weeds

I wanted to compare the genes that respond to the weed treatment in
maize to genes that respond to a different, but also low R:FR-inducing, weed
treatment in soybean to identify whether there are core genes that are similarly
affected by growth to nearby weedy vegetation in both species. I obtained data
published in a previous study by Horvath et al. (2015) that examined the effects
of growing soybean surrounded by various weed species over four summers in
field conditions on the transcript abundance of genes. For example, in 2008,
soybeans were grown surrounded by velvetleaf (Abutilon thoephrasti) and wild
buckwheat (Polygonum convolvulus). The published list of differentially
expressed soybean genes in the ‘weedy’ treatments used a different analysis
pipeline than that used in our study, so I obtained the raw RNA-seq reads and reanalyzed them using our analysis pipeline (appendix 7.7), identifying 502 genes
that are either upregulated or downregulated in the weedy treatment relative to
the weed-free control (table 4.2; appendix 7.11).
A number of genes with the same functional annotation were identified in
both maize and soybean (table 4.5). I detected upregulation of three genes
95

Table 4.5 Genes upregulated or downregulated in both maize and soybean
seedlings during their weed treatments.
Maize Gene ID

Soybean Gene ID

Annotation

GRMZM2G121878

GLYMA01G03720

carbonic anhydrase 2

GRMZM2G120619

GLYMA16G27995

lhb1b1

GRMZM2G155253

GLYMA02G47280/
GLYMA11G11870/
GLYMA20G30620/
GLYMA14G01470

fructose aldolase bisphosphate

GRMZM2G039993

GLYMA02G06050

s-adenosyl-L-methionine:carboxyl
methyltransferase

GRMZM2G156861

GLYMA08G20200

lox1

GRMZM2G054900/
GRMZM2G176472

GLYMA03G39190

Calmodulin binding protein

Genes that are upregulated or downregulated in the weed treatment in maize
were compared to the list of genes upregulated and downregulated in the weed
treatment in soybean to identify genes with the same annotation. Genes with the
same annotation were then compared to identify the genes that are similarly
upregulated (or downregulated) in both maize and soybean.
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encoding proteins involved in photosynthesis in both plant species: carbonic
anhydrase, lhb1b1, and fructose aldolase bisphosphate. I also observed
downregulation of s-adenosyl methionine:carboxyl methyltransferase and lox1,
which is involved in JA biosynthesis, in both species. Interestingly, both maize
and soybean genes upregulated in the weed treatment relative to the weed-free
treatment are enriched with a few shared GO terms, including one that describes
multi-organism processes (GO:0051704), such as those involved in biotic
defense (table 4.4). Although maize and soybean are distantly related and the
strength of their phenotypic responses to growth near neighbouring plants differs,
it appears that some of the early transcriptional responses are shared.

4.4.8 Thiamethoxam treatment causes downregulation of genes involved in
photosynthesis, ROS-scavenging, hormonally-regulated defenses, and
cell wall maturation

82 genes are differentially expressed between the maize coleoptiles
whose seed was thiamethoxam-treated and coleoptiles whose seed was
untreated (tables 4.2 and 4.6; appendices 7.12 and 7.13). Of these 82 genes,
transcript abundances of 80 are lower in the thiamethoxam treatment group
relative to the untreated group (table 4.6). Downregulated genes encode proteins
involved in a number of processes, including photosynthesis, ROS-scavenging,
signaling and production of JA, and cell wall expansion.
Thiamethoxam has been found to increase photosynthetic rate in species
such as rice (Macedo et al., 2013), however, it appears that part of its function in
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Table 4.6 Annotated genes that are upregulated or downregulated in the
thiamethoxam treatment relative to the untreated control in maize.
Locus ID
GRMZM2G016254
GRMZM2G322819
GRMZM2G039993
GRMZM2G064382
GRMZM2G103197
GRMZM5G851266
GRMZM2G312997
GRMZM2G156861
GRMZM2G119705
GRMZM5G815098
GRMZM2G119823
GRMZM2G079616
GRMZM2G448344
GRMZM2G099678
GRMZM2G093276
GRMZM2G013798
GRMZM2G108514
GRMZM2G329040
GRMZM2G444541
GRMZM2G459828
GRMZM2G016836
GRMZM5G833406
GRMZM2G154523
GRMZM2G004060
GRMZM2G136453
GRMZM2G016241
GRMZM2G109252
GRMZM2G481231
GRMZM2G463640
GRMZM2G355572
GRMZM2G700208
GRMZM2G358180
GRMZM2G311036
GRMZM2G042895
GRMZM2G020423
GRMZM5G844143
GRMZM2G036351
GRMZM2G099467
GRMZM2G167613
GRMZM2G392125
GRMZM2G345717
GRMZM2G109130
GRMZM2G102760
GRMZM2G096792
GRMZM2G075456
GRMZM2G449681
GRMZM2G070500
GRMZM2G116614
GRMZM2G066049
GRMZM2G012160

Annotation
TPS21 (TERPENE SYNTHASE 21)
serine-type endopeptidase/ serine-type peptidase
S-adenosyl-L-methionine:carboxyl methyltransferase
family protein
ZIP4 (ZINC TRANSPORTER 4 PRECURSOR)
ATCLH1
Polyphenol oxidase II
DOX1
LOX1
Ribosome-inactivating protein 9
Bowman-Birk type trypsin inhibitor (WTI)
basic helix-loop-helix (bHLH) family protein
transferase family protein
RBCL | large subunit of RUBISCO
protein vegetative storage protein PNI288
IRT2
RPS2 | Chloroplast ribosomal protein S2
tyrosine decarboxylase, putative
haloacid dehalogenase-like hydrolase family protein
NADH dehydrogenase ND1
40S ribosomal protein S10 (RPS10C)
cinnamoyl-CoA reductase family
IAR3
PLP4
similar to OsWRKY45
PAP27 (PURPLE ACID PHOSPHATASE 27)
Glutathione-S-Transferase 30
HDG1 (HOMEODOMAIN GLABROUS 1)
EMB1270 (embryo defective 1270)
PETB | Encodes the cytochrome b(6) subunit of the
cytochrome b6f complex
highly similar to protein transposon protein, putative,
CACTA, E
GDSL-motif lipase/hydrolase family protein
PSBC | chloroplast gene encoding a CP43 subunit of the
photosystem II reaction center
O-methyltransferase family 2 protein
basic helix-loop-helix (bHLH) family protein
jasmonate-induced protein
PSBA | Encodes chlorophyll binding protein D1 (PSII)
ZIM motif family protein
DMR6 (DOWNY MILDEW RESISTANT 6);
oxidoreductase
CAD9 (CINNAMYL ALCOHOL DEHYDROGENASE 9)
MERI5B (meristem-5)
LDOX (LEUCOANTHOCYANIDIN DIOXYGENASE)
LOX5
LOX5
PSAC | Encodes the PsaC subunit of photosystem I. |
caleosin-related family protein
WRKY33
nodulin MtN21 family protein
JAZ2
transferase family protein
cysteine protease inhibitor, putative
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a

b

Log2 FC
-5.22
-4.35

P-value
7.49E-46
7.19E-44

-3.60
-1.70
-1.26
-1.35
-2.23
-1.07
-1.32
-3.84
-2.03
-1.05
-1.03
-1.03
-1.47
-1.15
-0.98
0.98
-1.52
0.91
-1.11
-1.24
-0.81
-1.16
-0.78
-0.96
-1.75
-5.72

2.99E-21
1.03E-14
1.36E-12
4.55E-12
6.39E-12
6.48E-11
1.84E-10
3.92E-10
3.43E-08
5.24E-07
1.75E-06
2.02E-06
2.02E-06
2.67E-06
3.22E-06
3.43E-06
7.34E-06
1.70E-05
1.70E-05
2.12E-05
2.36E-05
4.80E-05
5.05E-05
7.73E-05
1.34E-04
1.86E-04

-1.60

2.94E-04

-0.86
-0.69

5.24E-04
6.03E-04

-0.97
-0.79
-1.11
-0.67
-1.17
-0.97

6.03E-04
6.44E-04
1.05E-03
1.26E-03
1.55E-03
1.55E-03

-0.86
-0.96
-0.90
-0.84
-0.66
-0.64
-0.96
-1.55
-0.78
-0.84
-0.68
-0.61
-0.59

2.04E-03
2.17E-03
2.17E-03
2.25E-03
2.93E-03
3.28E-03
4.11E-03
4.11E-03
4.52E-03
8.27E-03
8.27E-03
8.60E-03
8.72E-03

GRMZM5G836174
GRMZM2G450825
GRMZM2G319062
GRMZM2G002178
GRMZM2G112629
GRMZM2G043336
GRMZM2G387394
GRMZM2G349839
GRMZM2G012724
GRMZM2G474459
GRMZM2G353444
GRMZM2G094304
GRMZM2G110567
GRMZM2G154090
GRMZM2G427815
GRMZM2G093962
a

phosphatase
COX1 | cytochrome c oxidase subunit 1
Polyphenol oxidase, chloroplast precursor
AOS (ALLENE OXIDE SYNTHASE)
protein helix-loop-helix DNA-binding domain containing
protein
phytase, putative
transferase transferring acyl groups other than aminoacyl groups
ATAPY1 (APYRASE 1); ATPase
WRKY33
RPL2.2
lipase class 3 family protein
hydrolase
zinc finger (C3HC4-type RING finger) family protein
ATPT2
peroxidase
ATRBL3 (ARABIDOPSIS RHOMBOID-LIKE PROTEIN 3)

-0.92
-0.97
-0.63
-0.61

9.40E-03
1.02E-02
1.43E-02
1.59E-02

-0.69
-0.57

1.64E-02
1.65E-02

-0.91
-1.74
-0.76
-0.81
-0.55
-0.80
-0.55
-1.43
-0.55
-0.67

1.94E-02
1.96E-02
2.71E-02
2.71E-02
2.71E-02
2.84E-02
2.84E-02
3.48E-02
4.39E-02
4.89E-02

Positive values indicate an increase in transcript abundance, and negative

values indicate a decrease in transcript abundance. Log2FC = log (base 2) fold
change in expression
b

P-values are FDR-adjusted p-values.

Note: a complete list of genes, including both annotated and unannotated genes,
that are either upregulated or downregulated in the thiamethoxam treatment
compared to the untreated control are available in Appendix 7.12.
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maize coleoptiles may be associated with a decreased photosynthetic rate.
Genes encoding components of both PSI and PSII reaction centres
(GRMZM2G096792, GRMZM2G358180, and GRMZM5G844143) and a gene
encoding the large subunit of Rubisco (GRMZM2G448344), are downregulated in
the thiamethoxam-treated plants relative to untreated plants (fig. 4.3; table 4.6).
The effect of thiamethoxam on the photosynthetic process has not been well
investigated, but, prior reports indicate that the effect of thiamethoxam on
transcript abundance varies across development (Stamm et al., 2014). Thus, the
downregulation of genes involved in photosynthesis in thiamethoxam-treated
maize coleoptiles may differ from previous reports due to true differences in the
overall effect of thiamethoxam on genes involved in the photosynthetic process,
or may indicate a difference in the effect of thiamethoxam on gene expression at
different developmental stages.
The thiamethoxam vigour response that has been observed previously
(Afifi et al., 2014, 2015; Cataneo et al., 2010) is thought to be due, at least in
part, to increased antioxidant activity (Afifi et al., 2014). It has been predicted that
the vigour response of thiamethoxam-treated plants can be explained by a
reduction in ROS, such as H2O2, and that an increase in antioxidant activity, and
an increase in the expression of genes encoding ROS-scavenging enzymes,
such as GST, would accompany treatment with thiamethoxam in maize seedlings
(Afifi et al., 2014). I observed downregulation of a gene encoding a peroxidase
(GRMZM2G427815) and gst30 (GRMZM2G016241) in the thiamethoxam-treated
plants compared to untreated controls (fig.4.4; table 4.6). These findings
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Figure 4.3 Genes downregulated in response to the thiamethoxam
treatment in maize that are involved in metabolism.
This plot depicts mapman annotations of genes involved in metabolism and their
relative levels of expression during growth in the weed treatment compared to
weed-free conditions. Genes indicated by blue squares are downregulated in
response to the thiamethoxam treatment in maize coleoptiles. Dark circles
represent additional positions where differences in gene expression can
potentially be plot.
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Figure 4.4 Genes downregulated in the thiamethoxam treatment that are
involved in hormone signaling and defense.
A number of genes that are downregulated in the thiamethoxam treatment when
compared to untreated controls are involved in abiotic and biotic stress
responses. This map depicts the mapman annotations for genes downregulated
(blue square) in response the thiamethoxam treatment, as compared to an
untreated control. Genes involved in SA and JA signaling are shown, as well as
genes involved in ROS-scavenging (i.e. GST) and biotic defense (i.e. WRKY).
Dark circles represent additional positions where differences in gene expression
can potentially be plot.
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contradict previous reports of increased expression of genes encoding ROSscavenging enzymes, such as gst, in plants grown from thiamethoxam-treated
seeds (Afifi et al., 2014), but downregulation of genes encoding peroxidases has
been observed previously in soybean treated with thiamethoxam (Stamm et al.,
2014).
Neonicotinoids imidacloprid and clothiandin induce SA-associated
defenses (Ford et al., 2010). Therefore, it was hypothesized that I would also
observe differential expression of genes directly related to increased synthesis of
SA following treatment with a different thiamethoxam that is metabolized to form
clothiandin (Nauen et al., 2003). I did not detect differences in expression of
genes directly related to SA metabolism in plants treated with thiamethoxam. A
previous report also noted the lack of SA-related transcriptional changes
following treatment with thiamethoxam (Stamm et al. 2014). What I observed
were decreases in expression of genes related to JA biosynthesis and signaling
(fig. 4.4; table 4.6). JA-related genes are over-represented among genes with
lower expression levels in thiamethoxam-treated tissue than untreated tissue
(p<0.05). These JA-related genes include five that encode JA synthesizing
molecules (GRMZM2G102760, GRMZM2G109130, GRMZM2G156861,
GRMZM2G022178, and GRMZM2G312997), and two genes encoding JAresponsive proteins (GRMZM2G116614 and GRMZM2G020423) (table 4.6). SA
and JA are known to often act antagonistically (Robert-Seilaniantz et al., 2011).
Mutations that increase the synthesis and signaling of SA have been found to
suppress expression of JA-responsive genes (Petersen et al., 2000), and
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mutations that hinder signaling and synthesis of SA can lead to increased
expression of JA-responsive genes (Spoel et al., 2003). Thus, one can speculate
that the downregulation of genes involved in JA-mediated responses I observed
in response to thiamethoxam treatment may be occurring as a result of increases
in SA that occur during the metabolism of the thiamethoxam metabolism,
clothiandin (Ford et al., 2010).
Thiamethoxam treatment has been reported to reduce the elongation
response of maize seedlings to neighbouring weeds (Afifi et al., 2014). MERI5b is
a xyloglucan endotransglycosylase/hydrolase that is involved in cell wall
expansion (and is mostly, but not exclusively, expressed in the shoot apical
meristem) (Medford et al., 1991). The abundance of meri5b (GRMZM2G392125)
is low in plants grown from thiamethoxam-treated seeds versus untreated seeds
(table 4.6). Perhaps meri5b contributes to the thiamethoxam-mediated repression
of plant elongation.

4.4.9 Thiamethoxam affects gene transcript abundances conditional on the
weed treatment

To determine if the transcriptome response to the weed treatment was the
same between thiamethoxam-treated and untreated seed, I tested for an
interaction between the condition (weedy/weed-free) and the thiamethoxam
seed-treatment (treated/untreated). For 40 genes, the effect of thiamethoxam on
transcript abundance significantly differs between weed-treated and weed-free
coleoptiles. 36 of these genes are annotated (fig.4.5; table 4.7; appendix 7.14).
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Table 4.7 Annotated genes that have a different transcriptional response to
the weed treatment when a thiamethoxam treatment is also used in maize.
Locus ID
GRMZM2G016254
GRMZM2G322819
GRMZM2G064382
GRMZM2G481231
GRMZM2G459828
GRMZM2G119705
GRMZM2G312997
GRMZM2G039993
GRMZM2G449681
GRMZM2G098875
GRMZM2G354909
GRMZM2G448344
GRMZM2G061487
GRMZM2G156861
GRMZM2G131055
GRMZM2G334336
GRMZM2G074454
GRMZM2G181227
GRMZM2G037189
GRMZM2G438938
GRMZM2G139712
GRMZM2G036351
GRMZM2G012724
GRMZM2G042639
GRMZM2G131421
GRMZM2G448913
GRMZM2G551402
GRMZM2G112488
GRMZM2G070126
GRMZM2G069146
GRMZM2G015049
GRMZM2G144197
a

Annotation
TPS21 (TERPENE SYNTHASE 21)
serine-type endopeptidase/ serine-type peptidase
ZIP4 (ZINC TRANSPORTER 4 PRECURSOR)
EMB1270 (embryo defective 1270)
40S ribosomal protein S10 (RPS10C)
Ribosome-inactivating protein 9
DOX1; lipoxygenase
S-adenosyl-L-methionine:carboxyl methyltransferase
WRKY33
GAD glutamate decarboxylase
short-chain dehydrogenase/reductase (SDR) family protein
RBCL | large subunit of RUBISCO
AP2 domain-containing transcription factor
LOX1; lipoxygenase
glycosyltransferase
UDP-glucoronosyl/UDP-glucosyl transferase family protein
ketose-bisphosphate aldolase class-II family protein
CHY1
early response to dehydration 15-like protein
PRT6 (PROTEOLYSIS 6)
XIH
ZIM motif family protein
WRKY33
GSTL2 (Glutathione-S-transferase lambda 2)
early nodulin 93
coatomer protein complex, subunit beta 2
UBP13 (UBIQUITIN-SPECIFIC PROTEASE 13)
Pathogenesis-related protein 1
MOR1 (MICROTUBULE ORGANIZATION 1)
DREB1A
auxin-responsive protein
AAA-type ATPase family protein

p-values are FDR-corrected.
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P-valuea
2.33E-41
7.54E-38
4.07E-11
6.26E-06
2.76E-05
6.87E-05
6.87E-05
1.96E-04
2.44E-04
2.91E-03
2.91E-03
4.36E-03
6.89E-03
9.07E-03
1.14E-02
1.29E-02
1.30E-02
1.79E-02
2.05E-02
2.55E-02
2.85E-02
3.05E-02
3.09E-02
3.86E-02
4.48E-02
4.50E-02
4.53E-02
4.86E-02
4.86E-02
4.86E-02
4.86E-02
4.86E-02

Figure 4.5 Heatmap showing differences in the response to neighbouring
plants with and without thiamethoxam treatment.
Within the group of genes with a significant interaction, I compared the response
to weeds in untreated conditions to the response to weeds in treated conditions.
The heatmap colour key indicates changes in relative expression as log2fold
change. Decreases in expression are indicated in blue, and increases in
expression are indicated in red.
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These genes fall into two categories of interest: biotic defense and ROS
scavenging.
Four genes, consisting of three that encode WRKY transcription factors
(GRMZM012724,GRMZM2G004060, and GRMZM2G449681), and one that
encodes a Bowman-birk type trypsin inhibitor (GRMZM5G815098), are putatively
involved in plant defense responses (fig. 4.5; table 4.7). I also identified four
genes that encode proteins involved in JA hormone production and signaling
(table 4.7). Genes encoding JA synthesis and signaling proteins are enriched
among genes whose expression is affected by thiamethoxam differently
depending on whether or not plants are surrounded by neighbouring weeds
(p<0.05). lox1 and dox1, genes involved in JA biosynthesis, are expressed at
lower levels in untreated, weedy conditions than in thiamethoxam-treated, weedy
conditions (fig. 4.5) . This finding may indicate a possible role of JA in the
thiamethoxam vigor response. As was discussed previously, JA synthesis is
often downregulated during exposure to low R:FR light (Moreno et al., 2009;
Robson et al., 2010; de Wit et al., 2013). Perhaps the increased expression of
JA-related genes during weedy conditions in the presence of thiamethoxam is
indicative of upregulation of JA-mediated responses that improve plant
responses to stress.
Genes that have a different transcriptional response to the weed treatment
when combined with a thiamethoxam seed treatment include two that are
involved in ROS-scavenging (glutathione-s-transferase lambda (gstl2) and betahydroxyisobutyryl-coA hydrolase 1(chy1)) and one involved in terpenoid
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production (terpene synthase 21 (tps21)) (fig. 4.5; table 4.7). Our study provides
evidence that the thiamethoxam treatment increases transcript abundance of
genes encoding antioxidants during the weed treatment, compared to weedtreated plants without thiamethoxam. gstl2 transcript levels are decreased in
untreated weedy conditions relative to untreated weed-free conditions, but in the
presence of thiamethoxam are increased in the weed treatment relative to the
weed-free treatment (fig. 4.5). Thus, it appears that although the weed treatment
reduces the transcript abundance of gstl2 relative to weed-free conditions at the
coleoptile stage of development, thiamethoxam treatment may allow plants to
overcome that transcriptional response.
I also observed four genes that are upregulated in the weed treatment
relative to the weed-free treatment in the absence of thiamethoxam, but are
downregulated in the weed treatment relative to the weed-free treatment in the
presence of thiamethoxam (fig.4.5). Notably, a gene encoding an auxinresponsive protein (GRMZM2G015049) is within this group. During the typical
shade avoidance response, an increase in auxin occurs that is associated with
elongation growth, including that of the leaves (Carabelli et al., 2007; Fellner et
al., 2003). The reduced elongation response during growth near neighbouring
vegetation when maize seeds are treated with thiamethoxam compared to when
seeds are untreated (Afifi et al., 2014) may be explained, at least in part, by the
downregulation of the auxin-responsive gene in response to weeds when plants
are treated with thiamethoxam.
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I have compared expression profiles of young maize plants grown in the
presence of physically isolated neighbouring plants to that of maize plants grown
without neighbouring plants, and note that genes within certain biological
processes and responses are differentially expressed at unexpected frequencies.
Responses to neighbouring plants are dependent on a number of variables, and
the findings presented in this study contribute to the understanding of which
processes may be affected by early exposure to neighbouring weeds in maize
seedlings.
Gene expression changes in response to the weed treatment that are
shared between distantly related species may be indicative of the initial
responses to plant competition that evolved, or may be representative of
convergent evolution, and those transcriptional responses that are not shared
may indicate species (and cultivar) specific adaptations. I identified several genes
commonly affected in transcriptional abundance in response to weed treatments
relative to weed-free controls in maize and soybean seedlings despite the
notable differences in experimental method and design between our study and
the study that produced the soybean data (Horvath et al. 2015). Further work
should be performed to determine if the same expression changes are found in
other closely, and distantly, related plant species.
The effects of thiamethoxam on plant responses to abiotic stress have
been studied and have been found to increase vigour in plants grown under a
variety of stressful conditions, such as drought (Cataneo et al., 2010) and cold
(Larsen and Falk, 2013). I provide here the first large scale RNA-seq study on the
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impact of thiamethoxam on weed competition in maize. I have provided evidence
that thiamethoxam may affect the response to weedy neighbours through its
effect on genes related to ROS-scavenging and hormone signaling. These ROS,
hormone-signaling genes, and the proteins they encode should now be further
investigated with respect to their role in altering the shade avoidance response in
young maize seedlings.
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CHAPTER 5

General Discussion and Future Directions

In this thesis, I have used technology that identifies increases and
decreases in transcript abundance to address two main research questions. My
first question addressed the basis of selection during artificial selection. Is there
evidence for selection of gene expression in rice? Single genes have been
identified that have undergone regulatory evolution; however, attempts to identify
a signature of selection at a genome-wide level have been difficult since most
methods identify average modes of selection. Average modes of selection tend to
be negative as many detrimental changes to gene expression are negatively
selected against through evolution, so methods that detect the average type of
selection will miss signatures of positive selection. I addressed this problem by
using an approach based on the identification of expression differences, and
associated eQTL, that have accumulated in two lineages. The patterns of
reinforcing eQTL identified can possibly be the result of positive selection, or
neutral evolution (Fraser et al. 2010). My second research question was based
on the knowledge of morphological and physiological responses of maize to
growth in close proximity to neighbouring vegetation. What transcriptional
changes are induced by a weed treatment in maize coleoptiles, and are any
observed increases or decreases in abundance of transcripts in the weed
treatment relative to the weed-free control affected by a thiamethoxam
treatment?
In chapter 3, I used a retrospective approach to identify genes with
evidence of selection on regulatory differences that occurred during the breeding
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of two elite rice cultivars. I used a novel approach to identify groups of genes with
a shared biological function that have an over-representation of cis-acting
regulatory alleles from one parent, which indicates an increased likelihood of a
selection event having occurred on genes within that particular group. I found that
two groups with evidence of lineage-specific selection were particularly exciting.
Within these groups, there was evidence for improved oxidative stress response
and improved germination response in one rice lineage compared to the other
that corresponded with physiological data from the literature. I also determined
that there was likely artificial selection for genes with large-effect trans-eQTL, and
that these genes shared a number of attributes with other naturally rapidly
evolving genes, such as a lower than expected expression breadth.
The genes I present in chapter 3 as candidates of selection should be
validated. I provide a list of candidate genes that may have undergone regulatory
selection, but it is likely that some alleles of candidate genes have been selected,
while others have not. More detailed experimental work should be conducted to
determine which genes specifically have undergone regulatory evolution. The
procedure that I used for identifying candidates of regulatory selection can be
applied to any species, assuming that eQTL data are available. It would be
interesting to apply this test to a number of crop species, and determine if the
same/similar genes are identified as having undergone selection during breeding.
In chapter 4, I performed an RNA-seq experiment to identify genes that
have a transcriptional response to neighbouring plants, and to determine if seed
treatment with thiamethoxam alters the transcriptional response to neighbouring
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plants. Using mostly leaf tissue from a maize hybrid at the coleoptile stage, I
found that genes related to carbon metabolism, ROS-scavenging, hormone
signaling, and defense were affected transcriptionally. This work provides insight
regarding the molecular mechanisms underlying previously observed
morphological and physiological responses to maize seedlings grown close to
other plants. The results of this study have also revealed changes in transcript
abundance in response to neighbouring plants that have not been previously
identified in maize, and may point to a variety of physiological responses that
have also yet to be observed in maize. I identified genes that share a
transcriptional response to weedy competitors in both maize, which has a weak
response to low R:FR light, and soybean, which has a strong response to low
R:FR light. The shared genes may be those that were involved in the initial
responses to weed competition, and may be indicative of transcriptional
responses that are shared between many plant species.
Since many maize seeds are often treated with neonicotinoid insecticides,
it is important to understand the effect of these products on the response of
maize to growth near neighbouring vegetation. I first examined the effects of
thiamethoxam treatment on transcript abundance in the absence of a weed
treatment. I found that the thiamethoxam seed-treatment resulted in lower
expression of genes related to photosynthesis, ROS-scavenging, hormonally
regulated defenses, and cell wall maturation. I then examined the effect of the
thiamethoxam-treatment on the transcriptional response to neighbouring weeds. I
determined that many genes whose transcript abundance is decreased in the
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weed treatment relative to the weed-free treatment will increase in transcript
abundance in the weed treatment relative to weed-free when a thiamethoxam
treatment was also used. I believe that these changes in transcriptional response
to weeds in the presence of thiamethoxam, in part, describe the vigor observed in
thiamethoxam-treated maize seedlings during growth in surrounding turf.
To determine the functions of the differentially expressed genes, future
experiments should examine the effects of downregulation and over-expression.
For example, if a gene is upregulated during exposure to neighbouring weeds,
will downregulation inhibit the response entirely? Will modification of the level of
expression result in improvements to overall yield? Such experiments could be
performed using RNA interference technology (Kir et al., 2015; Montgomery et
al., 1998), to cause reduced transcript abundance at desired loci. To determine
the effects of increased expression, a promoter that is more active than the
native promoter (a constitutive promoter in the most extreme case) (Campo et al.,
2012), or tissue-specific promoter (Shu et al., 2015) could be incorporated in the
plant DNA. Further experiments should also aim to identify which genes respond
transcriptionally at different developmental stages. It may be that the genes
responding to early signals of neighbouring vegetation are not the same as those
responding later in development, and that modification of early-response genes
may bear no effect on overall yield, or other important traits concerning
production of a grain crop.

114

CHAPTER 6

References

Aach, H., Böse, G., and Graebe, J.E. (1995). ent-Kaurene biosynthesis in a cellfree system from wheat (Triticum aestivum L.) seedlings and the localisation of
ent-kaurene synthetase in plastids of three species. Planta 197, 333–342.
Adams, K.L., Cronn, R., Percifield, R., and Wendel, J.F. (2003). Genes
duplicated by polyploidy show unequal contributions to the transcriptome and
organ-specific reciprocal silencing. Proc. Natl. Acad. Sci. 100, 4649–4654.
Afifi, M., and Swanton, C. (2011). Maize seed and stem roots differ in response
to neighbouring weeds. Weed Res. 51, 442–450.
Afifi, M., and Swanton, C. (2012). Early Physiological Mechanisms of Weed
Competition. Weed Sci. 60, 542–551.
Afifi, M., Lee, E., Lukens, L., and Swanton, C. (2014). Thiamethoxam as a seed
treatment alters the physiological response of maize (Zea mays) seedlings to
neighbouring weeds. Pest Manag. Sci. 71, 505-514.
Afifi, M., Lee, E., Lukens, L., and Swanton, C. (2015). Maize (Zea mays) seeds
can detect above-ground weeds; thiamethoxam alters the view. Pest Manag. Sci.
71, 1335–1345.
Anders, S., Pyl, P.T., and Huber, W. (2014). HTSeq – A Python framework to
work with high-throughput sequencing data. Bioinformatics btu638.
A N Glazer, and Melis, A. (1987). Photochemical Reaction Centers: Structure,
Organization, and Function. Annu. Rev. Plant Physiol. 38, 11–45.
Asano, K., Yamasaki, M., Takuno, S., Miura, K., Katagiri, S., Ito, T., Doi, K., Wu,
J., Ebana, K., Matsumoto, T., et al. (2011). Artificial selection for a green
revolution gene during japonica rice domestication. Proc. Natl. Acad. Sci. 108,
11034–11039.
Ashburner, M., Ball, C.A., Blake, J.A., Botstein, D., Butler, H., Cherry, J.M.,
Davis, A.P., Dolinski, K., Dwight, S.S., Eppig, J.T., et al. (2000). Gene ontology:
tool for the unification of biology. The Gene Ontology Consortium. Nat. Genet.
25, 25–29.
Ballaré, C.L. (2009). Illuminated behaviour: phytochrome as a key regulator of
light foraging and plant anti-herbivore defence. Plant Cell Environ. 32, 713–725.
Ballaré, C.L. (2011). Jasmonate-induced defenses: a tale of intelligence,
collaborators and rascals. Trends Plant Sci. 16, 249–257.

115

Ballaré, C.L., Sánchez, R.A., Scopel, A.L., Casal, J.J., and Ghersa, C.M. (1987).
Early detection of neighbour plants by phytochrome perception of spectral
changes in reflected sunlight. Plant Cell Environ. 10, 551–557.
Ballaré, C.L., Scopel, A.L., and Sánchez, R.A. (1990). Far-red radiation reflected
from adjacent leaves: An early signal of competition in plant canopies. Science
247, 329–332.
Ballaré, C.L., Scopel, A.L., and Sánchez, R.A. (1997). Foraging for light:
photosensory ecology and agricultural implications. Plant Cell Environ. 20, 820–
825.
Barreiro, R., Guiamét, J.J., Beltrano, J., and Montaldi, E.R. (1992). Regulation of
the photosynthetic capacity of primary bean leaves by the red:far-red ratio and
photosynthetic photon flux density of incident light. Physiol. Plant. 85, 97–101.
Bauchet, G., Munos, S., Sauvage, C., Bonnet, J., Grivet, L., and Causse, M.
(2014). Genes involved in floral meristem in tomato exhibit drastically reduced
genetic diversity and signature of selection. BMC Plant Biol. 14, 279.
Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate: A
practical and powerful approach to multiple testing. J. R. Stat. Soc. Ser. B
Methodol. 57, 289–300.
Birk, Y. (1985). The Bowman-Birk inhibitor. Trypsin- and chymotrypsin-inhibitor
from soybeans. Int. J. Pept. Protein Res. 25, 113–131.
Borkird, C., Simoens, C., Villarroel, R., and Van Montagu, M. (1991). Gene
expression associated with water-stress adaptation of rice cells and identification
of two genes as hsp 70 and ubiquitin. Physiol. Plant. 82, 449–457.
Brown, J., and Caligari, P.D.S. (2008). An introduction to plant breeding. John
Wiley & Sons.
Brown, J.C.L., De Decker, M.M., and Fieldes, M.A. (2008). A comparative
analysis of developmental profiles for DNA methylation in 5-azacytidine-induced
early-flowering flax lines and their control. Plant Sci. 175, 217–225.
Buckner, B., Miguel, P.S., Janick-Buckner, D., and Bennetzen, J.L. (1996). The yl
Gene of Maize Codes for Phytoene Synthase. Genetics 143, 479–488.
Bullard, J.H., Mostovoy, Y., Dudoit, S., and Brem, R.B. (2010). Polygenic and
directional regulatory evolution across pathways in Saccharomyces. Proc. Natl.
Acad. Sci. 107, 5058–5063.
Campo, S., Peris-Peris, C., Montesinos, L., Peñas, G., Messeguer, J., and
Segundo, B.S. (2012). Expression of the maize ZmGF14-6 gene in rice confers

116

tolerance to drought stress while enhancing susceptibility to pathogen infection.
J. Exp. Bot. 63, 983–999.
Carabelli, M., Possenti, M., Sessa, G., Ciolfi, A., Sassi, M., Morelli, G., and
Ruberti, I. (2007). Canopy shade causes a rapid and transient arrest in leaf
development through auxin-induced cytokinin oxidase activity. Genes Dev. 21,
1863–1868.
Casal, J.J. (2013). Photoreceptor signaling networks in plant responses to shade.
Annu. Rev. Plant Biol. 64, 403–427.
Casal, J.J., Sanchez, R.A., and Deregibus, V.A. (1986). effect of plant density on
tillering: the involvement of R/FR ratio and the proportion of radiation intercepted
per plant. Environ. Exp. Bot.
Cataneo, A.C., Ferreira, L.C., Carvalho, J.C., Andréo-Souza, Y., Corniani, N.,
Mischan, M.M., and Nunes, J.C. (2010). Improved germination of soybean seed
treated with thiamethoxam under drought conditions.
Cerrudo, D., Page, E.R., Tollenaar, M., Stewart, G., and Swanton, C.J. (2012a).
Mechanisms of yield loss in maize caused by weed competition. Weed Sci. 60,
225–232.
Cerrudo, I., Keller, M.M., Cargnel, M.D., Demkura, P.V., Wit, M. de, Patitucci,
M.S., Pierik, R., Pieterse, C.M.J., and Ballaré, C.L. (2012b). Low red/far-red
ratios reduce Arabidopsis resistance to Botrytis cinerea and jasmonate
responses via a COI1-JAZ10-dependent, salicylic acid-independent mechanism.
Plant Physiol. 158, 2042–2052.
Chaudhary, B., Flagel, L., Stupar, R.M., Udall, J.A., Verma, N., Springer, N.M.,
and Wendel, J.F. (2009). Reciprocal silencing, transcriptional bias and functional
divergence of homeologs in polyploid cotton (gossypium). Genetics 182, 503–
517.
Childs, K.L., Davidson, R.M., and Buell, C.R. (2011). Gene coexpression network
analysis as a source of functional annotation for rice genes. PLoS ONE 6,
e22196.
Cho, E.K., and Hong, C.B. (2006). Over-expression of tobacco NtHSP70-1
contributes to drought-stress tolerance in plants. Plant Cell Rep. 25, 349–358.
Chory, J., and Li, J. (1997). Gibberellins, brassinosteroids and light-regulated
development. Plant Cell Environ. 20, 801–806.
Clark, R.M., Linton, E., Messing, J., and Doebley, J.F. (2004). Pattern of diversity
in the genomic region near the maize domestication gene tb1. Proc. Natl. Acad.
Sci. U. S. A. 101, 700–707.

117

Clark, R.M., Wagler, T.N., Quijada, P., and Doebley, J. (2006). A distant
upstream enhancer at the maize domestication gene tb1 has pleiotropic effects
on plant and inflorescent architecture. Nat. Genet. 38, 594–597.
Clay, S.A., Clay, D.E., Horvath, D.P., Pullis, J., Carlson, C.G., Hansen, S., and
Reicks, G. (2009). Corn response to competition: Growth alteration vs. yield
limiting factors. Agron. J. 101, 1522–1529.
Cosgrove, D.J. (2005). Growth of the plant cell wall. Nat. Rev. Mol. Cell Biol. 6,
850–861.
Cubas, P., Vincent, C., and Coen, E. (1999a). An epigenetic mutation
responsible for natural variation in floral symmetry. Nature 401, 157–161.
Cubas, P., Vincent, C., and Coen, E. (1999b). An epigenetic mutation
responsible for natural variation in floral symmetry. Nature 401, 157–161.
Cubas, P., Lauter, N., Doebley, J., and Coen, E. (1999c). The TCP domain: a
motif found in proteins regulating plant growth and development. Plant J. 18,
215–222.
Cui, K., Peng, S., Xing, Y., Xu, C., Yu, S., and Zhang, Q. (2002). Molecular
dissection of seedling-vigor and associated physiological traits in rice. Theor.
Appl. Genet. 105, 745–753.
Cui, K., Huang, J., Xing, Y., Yu, S., Xu, C., and Peng, S. (2008). Mapping QTLs
for seedling characteristics under different water supply conditions in rice (Oryza
sativa). Physiol. Plant. 132, 53–68.
Darwin, C. (1859). The Origin of Species (John Murray).
Demao, J., and Xia, L. (2001). Cultivar differences in photosynthetic tolerance to
photooxidation and shading in rice (oryza sativa l.). Photosynthetica 39, 167–175.
Devlin, P.F., Yanovsky, M.J., and Kay, S.A. (2003). A genomic analysis of the
shade avoidance response in Arabidopsis. Plant Physiol. 133, 1617–1629.
Djakovic-Petrovic, T., Wit, M. de, Voesenek, L.A.C.J., and Pierik, R. (2007).
DELLA protein function in growth responses to canopy signals. Plant J. 51, 117–
126.
Doebley, J. (2004). The genetics of maize evolution. Annu. Rev. Genet. 38, 37–
59.
Doebley, J., and Lukens, L. (1998). Transcriptional regulators and the evolution
of plant form. Plant Cell Online 10, 1075–1082.

118

Doebley, J., Stec, A., Wendel, J., and Edwards, M. (1990). Genetic and
morphological analysis of a maize-teosinte F2 population: implications for the
origin of maize. Proc. Natl. Acad. Sci. 87, 9888–9892.
Doebley, J., Stec, A., and Hubbard, L. (1997). The evolution of apical dominance
in maize. Nature 386, 485–488.
Doebley, J.F., Gaut, B.S., and Smith, B.D. (2006). The molecular genetics of crop
domestication. Cell 127, 1309–1321.
Doss, S., Schadt, E.E., Drake, T.A., and Lusis, A.J. (2005). Cis-acting expression
quantitative trait loci in mice. Genome Res. 15, 681–691.
Downs, G.S., Bi, Y.-M., Colasanti, J., Wu, W., Chen, X., Zhu, T., Rothstein, S.J.,
and Lukens, L.N. (2013). A developmental transcriptional network for maize
defines coexpression modules. Plant Physiol. 161, 1830–1843.
Downs, G.S., Liseron-Monfils, C., and Lukens, L.N. (2014). Regulatory motifs
identified from a maize developmental coexpression network. Genome 57, 181184..
Du, Z., Zhou, X., Ling, Y., Zhang, Z., and Su, Z. (2010). agriGO: a GO analysis
toolkit for the agricultural community. Nucleic Acids Res. gkq310.
Duarte, J.M., Cui, L., Wall, P.K., Zhang, Q., Zhang, X., Leebens-Mack, J., Ma, H.,
Altman, N., and dePamphilis, C.W. (2006). Expression pattern shifts following
duplication indicative of subfunctionalization and neofunctionalization in
regulatory genes of Arabidopsis. Mol. Biol. Evol. 23, 469–478.
Eckey-Kaltenbach, H., Kiefer, E., Grosskopf, E., Ernst, D., and Jr, H.S. (1997).
Differential transcript induction of parsley pathogenesis-related proteins and of a
small heat shock protein by ozone and heat shock. Plant Mol. Biol. 33, 343–350.
Edmeades, G.O., and Daynard, T.B. (1979). The relationship between final yield
and photosynthesis at flowering in individual maize plants. Can. J. Plant Sci. 59,
585–601.
Ernst, D., Schraudner, M., Langebartels, C., and Jr, H.S. (1992). Ozone-induced
changes of mRNA levels of β-1,3-glucanase, chitinase and “pathogenesisrelated” protein 1b in tobacco plants. Plant Mol. Biol. 20, 673–682.
Evans, J.R. (1988). Acclimation by the thylakoid membranes to growth irradiance
and the partitioning of nitrogen between soluble and thylakoid proteins. Aust. J.
Plant Physiol. 15, 93–106.
Fellner, M., Horton, L.A., Cocke, A.E., Stephens, N.R., Ford, D.E., and
Volkenburgh, E.V. (2003). Light interacts with auxin during leaf elongation and
leaf angle development in young corn seedlings. Planta 216, 366–376.
119

Fieldes, M.A. (1994). Heritable effects of 5-azacytidine treatments on the growth
and development of flax (Linum usitatissimum) genotrophs and genotypes.
Genome 37, 1–11.
Fischer, R.A., and Edmeades, G.O. (2010). Breeding and cereal yield progress.
Crop Sci. 50, S – 85 – S – 98.
Fisher, R.A. (1999). The genetical theory of natural selection: a complete
variorum edition (Oxford University Press).
Ford, K.A., Casida, J.E., Chandran, D., Gulevich, A.G., Okrent, R.A., Durkin,
K.A., Sarpong, R., Bunnelle, E.M., and Wildermuth, M.C. (2010). Neonicotinoid
insecticides induce salicylate-associated plant defense responses. Proc. Natl.
Acad. Sci. 107, 17527–17532.
Fraser, H.B., Moses, A.M., and Schadt, E.E. (2010). Evidence for widespread
adaptive evolution of gene expression in budding yeast. Proc. Natl. Acad. Sci.
107, 2977–2982.
Fraser, H.B., Babak, T., Tsang, J., Zhou, Y., Zhang, B., Mehrabian, M., and
Schadt, E.E. (2011). Systematic detection of polygenic cis-regulatory evolution.
PLoS Genet 7, e1002023.
Gautier, L., Cope, L., Bolstad, B.M., and Irizarry, R.A. (2004). affy—analysis of
Affymetrix GeneChip data at the probe level. Bioinformatics 20, 307–315.
Ge, X.J., Xing, Y.Z., Xu, C.G., and He, Y.Q. (2005). QTL analysis of cooked rice
grain elongation, volume expansion, and water absorption using a recombinant
inbred population. Plant Breed. 124, 121–126.
Gentleman, R.C., Carey, V.J., Bates, D.M., Bolstad, B., Dettling, M., Dudoit, S.,
Ellis, B., Gautier, L., Ge, Y., Gentry, J., et al. (2004). Bioconductor: open software
development for computational biology and bioinformatics. Genome Biol. 5, R80.
Gilbert, G.S. (2002). Evolutionary Ecology of plant diseases in natural
ecosystems. Annu. Rev. Phytopathol. 40, 13–43.
Gill, S.S., and Tuteja, N. (2010). Reactive oxygen species and antioxidant
machinery in abiotic stress tolerance in crop plants. Plant Physiol. Biochem. 48,
909–930.
Goncalves, A., Leigh-Brown, S., Thybert, D., Stefflova, K., Turro, E., Flicek, P.,
Brazma, A., Odom, D.T., and Marioni, J.C. (2012). Extensive compensatory cistrans regulation in the evolution of mouse gene expression. Genome Res. 22,
2376–2384.

120

Gong, W.Z., Jiang, C.D., Wu, Y.S., Chen, H.H., Liu, W.Y., and Yang, W.Y.
(2015). Tolerance vs. avoidance: two strategies of soybean (Glycine max)
seedlings in response to shade in intercropping. Photosynthetica 53, 259–268.
Green, B.R., and Durnford, D.G. (1996). The chlorophyll-carotenoid proteins of
oxygenic photosynthesis. Annu. Rev. Plant Physiol. Plant Mol. Biol. 47, 685–714.
Gross, B.L., and Olsen, K.M. (2010). Genetic perspectives on crop
domestication. Trends Plant Sci. 15, 529–537.
Gu, Z., Nicolae, D., Lu, H.H.-S., and Li, W.-H. (2002). Rapid divergence in
expression between duplicate genes inferred from microarray data. Trends
Genet. 18, 609–613.
Hammer, K. (1984). Das Domestikationssyndrom. Kult. 32, 11–34.
Hattrup, E., Neilson, K.A., Breci, L., and Haynes, P.A. (2007). Proteomic analysis
of shade-avoidance response in tomato leaves. J. Agric. Food Chem. 55, 8310–
8318.
He, Z., Zhai, W., Wen, H., Tang, T., Wang, Y., Lu, X., Greenberg, A.J., Hudson,
R.R., Wu, C.-I., and Shi, S. (2011). Two evolutionary histories in the genome of
rice: the roles of domestication genes. PLoS Genet 7, e1002100.
Hisamatsu, T., King, R.W., Helliwell, C.A., and Koshioka, M. (2005). The
involvement of gibberellin 20-oxidase genes in phytochrome-regulated petiole
elongation of Arabidopsis. Plant Physiol. 138, 1106–1116.
Hoddinott, J., and Hall, L.M. (1982). The responses of photosynthesis and
translocation rates to changes in the ζ ratio of light. Can. J. Bot. 60, 1285–1291.
Horii, A., McCue, P., and Shetty, K. (2007). Enhancement of seed vigour
following insecticide and phenolic elicitor treatment. Bioresour. Technol. 98, 623–
632.
Horvath, D.P., Hansen, S.A., Moriles-Miller, J.P., Pierik, R., Yan, C., Clay, D.E.,
Scheffler, B., and Clay, S.A. (2015). RNAseq reveals weed-induced PIF3-like as
a candidate target to manipulate weed stress response in soybean. New Phytol.
207, 196–210.
House, M. (2010). Molecular studies of 5-azacytidine-induced early-flowering
lines of flax. Theses Diss. Compr. Waterloo (ON): Wilfrid Laurier University.
172p.
House, M., and Lukens, L. (2014). The role of germinally inherited epialleles in
plant breeding. In epigenetics in plants of agronomic importance: Fundamentals
and applications, (Springer), pp. 1–11.

121

Hu, Y., Wu, G., Cao, Y., Wu, Y., Xiao, L., Li, X., and Lu, C. (2009). Breeding
response of transcript profiling in developing seeds of Brassica napus. BMC Mol.
Biol. 10, 49.
Hua, J.P., Xing, Y.Z., Xu, C.G., Sun, X.L., Yu, S.B., and Zhang, Q. (2002).
Genetic dissection of an elite rice hybrid revealed that heterozygotes are not
always advantageous for performance. Genetics 162, 1885–1895.
Izaguirre, M.M., Mazza, C.A., Biondini, M., Baldwin, I.T., and Ballaré, C.L. (2006).
Remote sensing of future competitors: Impacts on plant defenses. Proc. Natl.
Acad. Sci. 103, 7170–7174.
Jin, J., Zhang, H., Kong, L., Gao, G., and Luo, J. (2013). PlantTFDB 3.0: a portal
for the functional and evolutionary study of plant transcription factors. Nucleic
Acids Res. gkt1016.
Johannes, F., Porcher, E., Teixeira, F.K., Saliba-Colombani, V., Simon, M., Agier,
N., Bulski, A., Albuisson, J., Heredia, F., Audigier, P., et al. (2009). Assessing the
impact of transgenerational epigenetic variation on complex traits. PLoS Genet 5,
e1000530.
Kaplan, N.L., Hudson, R.R., and Langley, C.H. (1989). The “hitchhiking effect”
revisited. Genetics 123, 887–899.
Karrer, E.E., Chandler, J.M., Foolad, M.R., and Rodriguez, R.L. (1992).
Correlation between α-amylase gene expression and seedling vigor in rice.
Euphytica 66, 163–169.
Kawahara, Y., Bastide, M. de la, Hamilton, J.P., Kanamori, H., McCombie, W.R.,
Ouyang, S., Schwartz, D.C., Tanaka, T., Wu, J., Zhou, S., et al. (2013).
Improvement of the oryza sativa nipponbare reference genome using next
generation sequence and optical map data. Rice 6, 1–10.
Kawaoka, A., Matsunaga, E., Endo, S., Kondo, S., Yoshida, K., Shinmyo, A., and
Ebinuma, H. (2003). Ectopic expression of a horseradish peroxidase enhances
growth rate and increases oxidative stress resistance in hybrid aspen. Plant
Physiol. 132, 1177–1185.
Keurentjes, J.J.B., Fu, J., Terpstra, I.R., Garcia, J.M., Ackerveken, G. van den,
Snoek, L.B., Peeters, A.J.M., Vreugdenhil, D., Koornneef, M., and Jansen, R.C.
(2007). Regulatory network construction in Arabidopsis by using genome-wide
gene expression quantitative trait loci. Proc. Natl. Acad. Sci. 104, 1708–1713.
Kim, D., Pertea, G., Trapnell, C., Pimentel, H., Kelley, R., and Salzberg, S.L.
(2013). TopHat2: accurate alignment of transcriptomes in the presence of
insertions, deletions and gene fusions. Genome Biol. 14, R36.

122

Kim, J.H., Glick, R.E., and Melis, A. (1993). Dynamics of Photosystem
Stoichiometry adjustment by light quality in chloroplasts. Plant Physiol. 102, 181–
190.
Kir, G., Ye, H., Nelissen, H., Neelakandan, A.K., Kusnandar, A.S., Luo, A., Inzé,
D., Sylvester, A.W., Yin, Y., and Becraft, P.W. (2015). RNA interference
knockdown of BRASSINOSTEROID INSENSITIVE1 in maize reveals novel
functions for brassinosteroid signaling in controlling plant architecture. Plant
Physiol. 169, 826–839.
Koornneef, M., and Veen, J.H. van der (1980). Induction and analysis of
gibberellin sensitive mutants in Arabidopsis thaliana (L.) heynh. Theor. Appl.
Genet. 58, 257–263.
Kuo, D., Licon, K., Bandyopadhyay, S., Chuang, R., Luo, C., Catalana, J.,
Ravasi, T., Tan, K., and Ideker, T. (2010). Coevolution within a transcriptional
network by compensatory trans and cis mutations. Genome Res. 20, 1672–1678.
Langmead, B., and Salzberg, S.L. (2012). Fast gapped-read alignment with
Bowtie 2. Nat. Methods 9, 357–359.
Larsen, R.J., and Falk, D.E. (2013). Effects of a seed treatment with a
neonicotinoid insecticide on germination and freezing tolerance of spring wheat
seedlings. Can. J. Plant Sci. 93, 535–540.
Lee, J.H., and Schöffl, F. (1996). Anhsp70 antisense gene affects the expression
of hsp70/hsc70, the regulation of hsf, and the acquisition of thermotolerance in
transgenicarabidopsis thaliana. Mol. Gen. Genet. 252, 11–19.
Lemmon, Z.H., Bukowski, R., Sun, Q., and Doebley, J.F. (2014). The role of cis
regulatory evolution in maize domestication. PLoS Genet 10, e1004745.
Li, Y., Zhao, S., Ma, J., Li, D., Yan, L., Li, J., Qi, X., Guo, X., Zhang, L., He, W., et
al. (2013). Molecular footprints of domestication and improvement in soybean
revealed by whole genome re-sequencing. BMC Genomics 14, 579.
Lian, X., Xing, Y., Yan, H., Xu, C., Li, X., and Zhang, Q. (2005). QTLs for low
nitrogen tolerance at seedling stage identified using a recombinant inbred line
population derived from an elite rice hybrid. Theor. Appl. Genet. 112, 85–96.
Liao, B.-Y., and Zhang, J. (2006). Low rates of expression profile divergence in
highly expressed genes and tissue-specific genes during mammalian evolution.
Mol. Biol. Evol. 23, 1119–1128.
Lin, H., Ouyang, S., Egan, A., Nobuta, K., Haas, B.J., Zhu, W., Gu, X., Silva,
J.C., Meyers, B.C., and Buell, C.R. (2008). Characterization of paralogous
protein families in rice. BMC Plant Biol. 8, 18.

123

Liu, W.–., Mei, R., Di, X., Ryder, T.B., Hubbell, E., Dee, S., Webster, T.A.,
Harrington, C.A., Ho, M.–., Baid, J., et al. (2002). Analysis of high density
expression microarrays with signed-rank call algorithms. Bioinformatics 18,
1593–1599.
Lukens, L.N., and Doebley, J. (1999). Epistatic and environmental interactions for
quantitative trait loci involved in maize evolution. Genet. Res. 74, 291–302.
Macedo, W.R., Araújo, D.K., and Castro, P.R. de C. e (2013). Unravelling the
physiologic and metabolic action of thiamethoxam on rice plants. Pestic.
Biochem. Physiol. 107, 244–249.
Maienfisch, P., Angst, M., Brandl, F., Fischer, W., Hofer, D., Kayser, H., Kobel,
W., Rindlisbacher, A., Senn, R., Steinemann, A., et al. (2001). Chemistry and
biology of thiamethoxam: a second generation neonicotinoid. Pest Manag. Sci.
57, 906–913.
Mangelsdorf, P.C., and Fraps, G.S. (1931). A direct quantitative relationship
between vitamin a in corn and the number of genes for yellow pigmentation.
Science 73, 241–242.
McCormac, A.C., Cherry, J.R., Hershey, H.P., Vierstra, R.D., and Smith, H.
(1991). Photoresponses of transgenic tobacco plants expressing an oat
phytochrome gene. Planta 185, 162–170.
McNally, K.L., Childs, K.L., Bohnert, R., Davidson, R.M., Zhao, K., Ulat, V.J.,
Zeller, G., Clark, R.M., Hoen, D.R., Bureau, T.E., et al. (2009). Genomewide SNP
variation reveals relationships among landraces and modern varieties of rice.
Proc. Natl. Acad. Sci. 106, 12273–12278.
Medford, J.I., Elmer, J.S., and Klee, H.J. (1991). Molecular cloning and
characterization of genes expressed in shoot apical meristems. Plant Cell 3,
359–370.
Mejia-Guerra, M.K., Pomeranz, M., Morohashi, K., and Grotewold, E. (2012).
From plant gene regulatory grids to network dynamics. Biochim. Biophys. Acta
BBA - Gene Regul. Mech. 1819, 454–465.
Melis, A., and Harvey, G.W. (1981). Regulation of photosystem stoichiometry,
chlorophyll a and chlorophyll b content and relation to chloroplast ultrastructure.
Biochim. Biophys. Acta BBA - Bioenerg. 637, 138–145.
Melis, A., Spangfort, M., and Andersson, B. (1987). Light-absorption and
electron-transport balance between photosystem II and photosystem I in spinach
chloroplasts. Photochem. Photobiol. 45, 129–136.

124

Montgomery, M.K., Xu, S., and Fire, A. (1998). RNA as a target of doublestranded RNA-mediated genetic interference in Caenorhabditis elegans. Proc.
Natl. Acad. Sci. 95, 15502–15507.
Moore, S., and Lukens, L. (2011). An evaluation of Arabidopsis thaliana hybrid
traits and their genetic control. G3 Genes Genomes Genet. 1, 571–579.
Morelli, G., and Ruberti, I. (2000). Shade avoidance responses driving auxin
along lateral routes. Plant Physiol. 122, 621–626.
Moreno, J.E., and Ballaré, C.L. (2014). Phytochrome fegulation of plant immunity
in vegetation canopies. J. Chem. Ecol. 40, 848–857.
Moreno, J.E., Tao, Y., Chory, J., and Ballaré, C.L. (2009). Ecological modulation
of plant defense via phytochrome control of jasmonate sensitivity. Proc. Natl.
Acad. Sci. 106, 4935–4940.
Moriles, J., Hansen, S., Horvath, D.P., Reicks, G., Clay, D.E., and Clay, S.A.
(2012). Microarray and growth analyses identify differences and similarities of
early corn response to weeds, shade, and nitrogen stress. Weed Sci. 60, 158–
166.
Munkvold, J.D., Laudencia-Chingcuanco, D., and Sorrells, M.E. (2013). Systems
genetics of environmental response in the mature wheat embryo. Genetics 194,
265–277.
Murchie, E.H., and Horton, P. (1997). Acclimation of photosynthesis to irradiance
and spectral quality in British plant species : chlorophyll content, photosynthetic
capacity and habitat preference. Plant Cell Environ. 20, 438–448.
Nagano, H., Onishi, K., Ogasawara, M., Horiuchi, Y., and Sano, Y. (2005).
Genealogy of the “green revolution” gene in rice. Genes Genet. Syst. 80, 351–
356.
Nauen, R., Ebbinghaus-Kintscher, U., Salgado, V.L., and Kaussmann, M. (2003).
Thiamethoxam is a neonicotinoid precursor converted to clothianidin in insects
and plants. Pestic. Biochem. Physiol. 76, 55–69.
Olsen, K.M., Caicedo, A.L., Polato, N., McClung, A., McCouch, S., and
Purugganan, M.D. (2006). Selection under domestication: Evidence for a sweep
in the rice waxy genomic region. Genetics 173, 975–983.
Orr, H.A. (1998a). Testing natural selection vs. genetic drift in phenotypic
evolution using quantitative trait locus data. Genetics 149, 2099–2104.
Orr, H.A. (1998b). The population genetics of adaptation: The distribution of
factors fixed during adaptive evolution. Evolution 52, 935.

125

Ouyang, S., Zhu, W., Hamilton, J., Lin, H., Campbell, M., Childs, K., ThibaudNissen, F., Malek, R.L., Lee, Y., Zheng, L., et al. (2007). The TIGR rice genome
annotation resource: improvements and new features. Nucleic Acids Res. 35,
D883–D887.
Palaisa, K.A., Morgante, M., Williams, M., and Rafalski, A. (2003). Contrasting
effects of selection on sequence diversity and linkage disequilibrium at two
phytoene synthase loci. Plant Cell 15, 1795–1806.
Petersen, M., Brodersen, P., Naested, H., Andreasson, E., Lindhart, U.,
Johansen, B., Nielsen, H.B., Lacy, M., Austin, M.J., Parker, J.E., et al. (2000).
Arabidopsis MAP Kinase 4 negatively regulates systemic acquired resistance.
Cell 103, 1111–1120.
Pierik, R., Visser, E.J.W., De Kroon, H., and Voesenek, L. a. C.J. (2003).
Ethylene is required in tobacco to successfully compete with proximate
neighbours. Plant Cell Environ. 26, 1229–1234.
Pierik, R., Cuppens, M.L.C., Voesenek, L.A.C.J., and Visser, E.J.W. (2004).
Interactions between ethylene and gibberellins in phytochrome-mediated shade
avoidance responses in tobacco. Plant Physiol. 136, 2928–2936.
Pierik, R., Djakovic-Petrovic, T., Keuskamp, D.H., Wit, M. de, and Voesenek,
L.A.C.J. (2009). Auxin and ethylene regulate elongation responses to neighbor
proximity signals independent of gibberellin and DELLA proteins in Arabidopsis.
Plant Physiol. 149, 1701–1712.
Pieterse, C.M.J., Does, D.V. der, Zamioudis, C., Leon-Reyes, A., and Wees,
S.C.M.V. (2012). Hormonal modulation of plant immunity. Annu. Rev. Cell Dev.
Biol. 28, 489–521.
Pritchard, J.K., Pickrell, J.K., and Coop, G. (2010). The genetics of human
adaptation: Hard sweeps, soft sweeps, and polygenic adaptation. Curr. Biol. 20,
R208–R215.
Rajcan, I., and Swanton, C.J. (2001). Understanding maize–weed competition:
resource competition, light quality and the whole plant. Field Crops Res. 71, 139–
150.
R Development Core Team (2010). R: a language and environment for statistical
computing. (Vienna, Austria: R Foundation for Statistical Computing).
Remigereau, M.-S., Lakis, G., Rekima, S., Leveugle, M., Fontaine, M.C., Langin,
T., Sarr, A., and Robert, T. (2011). Cereal domestication and evolution of
branching: Evidence for soft selection in the Tb1 orthologue of pearl millet
(Pennisetum glaucum [L.] R. Br.). PLoS ONE 6, e22404.

126

Robert-Seilaniantz, A., Grant, M., and Jones, J.D.G. (2011). Hormone crosstalk
in plant disease and defense: More than just jasmonate-salicylate antagonism.
Annu. Rev. Phytopathol. 49, 317–343.
Robinson, M.D., McCarthy, D.J., and Smyth, G.K. (2010). edgeR: a Bioconductor
package for differential expression analysis of digital gene expression data.
Bioinformatics 26, 139–140.
Robson, F., Okamoto, H., Patrick, E., Harris, S.-R., Wasternack, C., Brearley, C.,
and Turner, J.G. (2010). Jasmonate and phytochrome A signaling in Arabidopsis
wound and shade responses are integrated through JAZ1 stability. Plant Cell 22,
1143–1160.
Sakai, H., Lee, S.S., Tanaka, T., Numa, H., Kim, J., Kawahara, Y., Wakimoto, H.,
Yang, C., Iwamoto, M., Abe, T., et al. (2013). Rice annotation project database
(RAP-DB): An integrative and interactive database for rice genomics. Plant Cell
Physiol. 54, e6–e6.
Salter, M.G., Franklin, K.A., and Whitelam, G.C. (2003). Gating of the rapid
shade-avoidance response by the circadian clock in plants. Nature 426, 680–
683.
Schadt, E.E., Monks, S.A., Drake, T.A., Lusis, A.J., Che, N., Colinayo, V., Ruff,
T.G., Milligan, S.B., Lamb, J.R., Cavet, G., et al. (2003). Genetics of gene
expression surveyed in maize, mouse and man. Nature 422, 297–302.
Schmutz, J., Cannon, S.B., Schlueter, J., Ma, J., Mitros, T., Nelson, W., Hyten,
D.L., Song, Q., Thelen, J.J., Cheng, J., et al. (2010). Genome sequence of the
palaeopolyploid soybean. Nature 463, 178–183.
Schnable, P.S., Ware, D., Fulton, R.S., Stein, J.C., Wei, F., Pasternak, S., Liang,
C., Zhang, J., Fulton, L., Graves, T.A., et al. (2009). The b73 maize genome:
Complexity, diversity, and dynamics. Science 326, 1112–1115.
Sekhon, R.S., Lin, H., Childs, K.L., Hansey, C.N., Buell, C.R., de Leon, N., and
Kaeppler, S.M. (2011). Genome-wide atlas of transcription during maize
development. Plant J. 66, 553–563.
Seo, M., Hanada, A., Kuwahara, A., Endo, A., Okamoto, M., Yamauchi, Y., North,
H., Marion-Poll, A., Sun, T., Koshiba, T., et al. (2006). Regulation of hormone
metabolism in Arabidopsis seeds: phytochrome regulation of abscisic acid
metabolism and abscisic acid regulation of gibberellin metabolism. Plant J. 48,
354–366.
Sharma, R., Sopory, S.K., and Guha-Mukherjee, S. (1976). Phytochrome
regulation of peroxidase activity in maize. Plant Sci. Lett. 6, 69–75.

127

Shu, X., Livingston, D.P., Franks, R.G., Boston, R.S., Woloshuk, C.P., and
Payne, G.A. (2015). Tissue-specific gene expression in maize seeds during
colonization by Aspergillus flavus and Fusarium verticillioides. Mol. Plant Pathol.
16, 662–674.
Simons, K.J., Fellers, J.P., Trick, H.N., Zhang, Z., Tai, Y.-S., Gill, B.S., and Faris,
J.D. (2006). Molecular characterization of the major wheat domestication gene Q.
Genetics 172, 547–555.
Smadja, C., Shi Peng, Butlin, R.K., and Robertson, H.M. (2009). Large gene
family expansions and adaptive evolution for odorant and gustatory receptors in
the pea aphid, Acyrthosiphon pisum. Mol. Biol. Evol. 26, 2073–2086.
Smith, B.D. (1998). The emergence of agriculture. New York: Sci. Am Libr.
Smith, H. (1982). Light quality, photoperception, and plant strategy. Annu. Rev.
Plant Physiol. 33, 481–518.
Smith, H., and Whitelam, G.C. (1997). The shade avoidance syndrome: multiple
responses mediated by multiple phytochromes. Plant Cell Environ. 20, 840–844.
Smith, J.M., and Haigh, J. (1974). The hitch-hiking effect of a favourable gene.
Genet. Res. 23, 23–35.
Smith, H., Samson, G., and Fork, D.C. (1993). Photosynthetic acclimation to
shade: probing the role of phytochromes using photomorphogenic mutants of
tomato. Plant Cell Environ. 16, 929–937.
Spoel, S.H., Koornneef, A., Claessens, S.M.C., Korzelius, J.P., Pelt, J.A.V.,
Mueller, M.J., Buchala, A.J., Métraux, J.-P., Brown, R., Kazan, K., et al. (2003).
NPR1 modulates cross-talk between salicylate- and jasmonate-dependent
defense pathways through a novel function in the cytosol. Plant Cell 15, 760–
770.
Stamm, M.D., Enders, L.S., Donze-Reiner, T.J., Baxendale, F.P., Siegfried, B.D.,
and Heng-Moss, T.M. (2014). Transcriptional response of soybean to
thiamethoxam seed treatment in the presence and absence of drought stress.
BMC Genomics 15, 1055.
Steenbock, H., Boutwell, P.W., and Sell, W. the cooperation of E.G.G. and M.T.
(1920). Fat-soluble vitamine III. The comparative nutritive value of white and
yellow maizes. J. Biol. Chem. 41, 81–96.
Stephan, W., Wiehe, T.H.E., and Lenz, M.W. (1992). The effect of strongly
selected substitutions on neutral polymorphism: Analytical results based on
diffusion theory. Theor. Popul. Biol. 41, 237–254.

128

Studer, A., Zhao, Q., Ross-Ibarra, J., and Doebley, J. (2011). Identification of a
functional transposon insertion in the maize domestication gene tb1. Nat. Genet.
43, 1160–1163.
Sudisha, J., Sharathchandra, R.G., Amruthesh, K.N., Kumar, A., and Shetty, H.S.
(2012). Pathogenesis related proteins in plant defense response. In plant
defence: Biological control, J.M. Mérillon, and K.G. Ramawat, eds. (Springer
Netherlands), pp. 379–403.
Sun, T., and Kamiya, Y. (1997). Regulation and cellular localization of entkaurene synthesis. Physiol. Plant. 101, 701–708.
Sung, D.Y., and Guy, C.L. (2003). Physiological and molecular assessment of
altered expression of Hsc70-1 in Arabidopsis. Evidence for pleiotropic
consequences. Plant Physiol. 132, 979–987.
Tajima, F. (1989). Statistical method for testing the neutral mutation hypothesis
by DNA polymorphism. Genetics 123, 585–595.
Tan, Y.F., Li, J.X., Yu, S.B., Xing, Y.Z., Xu, C.G., and Zhang, Q. (1999). The
three important traits for cooking and eating quality of rice grains are controlled
by a single locus in an elite rice hybrid, Shanyou 63. Theor. Appl. Genet. 99,
642–648.
Tanksley, S.D., and McCouch, S.R. (1997). Seed banks and molecular maps:
Unlocking genetic potential from the wild. Science 277, 1063–1066.
Tezara, W., Mitchell, V.J., Driscoll, S.D., and Lawlor, D.W. (1999). Water stress
inhibits plant photosynthesis by decreasing coupling factor and ATP. Nature 401,
914–917.
Thimm, O., Bläsing, O., Gibon, Y., Nagel, A., Meyer, S., Krüger, P., Selbig, J.,
Müller, L.A., Rhee, S.Y., and Stitt, M. (2004). mapman: a user-driven tool to
display genomics data sets onto diagrams of metabolic pathways and other
biological processes. Plant J. 37, 914–939.
Usadel, B., Nagel, A., Thimm, O., Redestig, H., Blaesing, O.E., Palacios-Rojas,
N., Selbig, J., Hannemann, J., Piques, M.C., Steinhauser, D., et al. (2005).
Extension of the visualization tool MapMan to allow statistical analysis of arrays,
display of coresponding genes, and comparison with known responses. Plant
Physiol. 138, 1195–1204.
Usadel, B., Nagel, A., Steinhauser, D., Gibon, Y., Bläsing, O.E., Redestig, H.,
Sreenivasulu, N., Krall, L., Hannah, M.A., Poree, F., et al. (2006). PageMan: An
interactive ontology tool to generate, display, and annotate overview graphs for
profiling experiments. BMC Bioinformatics 7, 535.

129

Valladares, F., and Niinemets, Ü. (2008). Shade tolerance, a key plant feature of
complex nature and consequences. Annu. Rev. Ecol. Evol. Syst. 39, 237–257.
Vandepoele, K., Casneuf, T., and Peer, Y.V. de (2006). Identification of novel
regulatory modules in dicotyledonous plants using expression data and
comparative genomics. Genome Biol. 7, R103.
Vazquez, F., Vaucheret, H., Rajagopalan, R., Lepers, C., Gasciolli, V., Mallory,
A.C., Hilbert, J.-L., Bartel, D.P., and Crété, P. (2004). Endogenous trans-acting
siRNAs regulate the accumulation of Arabidopsis mRNAs. Mol. Cell 16, 69–79.
Wang,J, Yu, H., Xie, W., Xing, Y., Yu, S., Xu, C., Li, X., Xiao, J., and Zhang, Q.
(2010a). A global analysis of QTLs for expression variations in rice shoots at the
early seedling stage. Plant J. 63, 1063–1074.
Wang, H., Nussbaum-Wagler, T., Li, B., Zhao, Q., Vigouroux, Y., Faller, M.,
Bomblies, K., Lukens, L., and Doebley, J.F. (2005). The origin of the naked
grains of maize. Nature 436, 714–719.
Wang, L., Xie, W., Chen, Y., Tang, W., Yang, J., Ye, R., Liu, L., Lin, Y., Xu, C.,
Xiao, J., et al. (2010b). A dynamic gene expression atlas covering the entire life
cycle of rice. Plant J. 61, 752–766.
Wang, R.-L., Stec, A., Hey, J., Lukens, L., and Doebley, J. (1999). The limits of
selection during maize domestication. Nature 398, 236–239.
Wang, Z., Fq, Z., Gz, S., Jp, G., Dp, S., Mg, L., Jl, Z., and Mm, H. (1995). The
amylose content in rice endosperm is related to the post-transcriptional regulation
of the waxy gene. Plant J. Cell Mol. Biol. 7, 613–622.
West, M.A.L., Kim, K., Kliebenstein, D.J., Leeuwen, H. van, Michelmore, R.W.,
Doerge, R.W., and Clair, D.A.S. (2007). Global eQTL mapping reveals the
complex genetic architecture of transcript-level variation in Arabidopsis. Genetics
175, 1441–1450.
Whipple, C.J., Kebrom, T.H., Weber, A.L., Yang, F., Hall, D., Meeley, R.,
Schmidt, R., Doebley, J., Brutnell, T.P., and Jackson, D.P. (2011). grassy tillers1
promotes apical dominance in maize and responds to shade signals in the
grasses. Proc. Natl. Acad. Sci. 108, E506–E512.
de Wit, M., Spoel, S.H., Sanchez-Perez, G.F., Gommers, C.M.M., Pieterse,
C.M.J., Voesenek, L.A.C.J., and Pierik, R. (2013). Perception of low red:far-red
ratio compromises both salicylic acid- and jasmonic acid-dependent pathogen
defences in Arabidopsis. Plant J. 75, 90–103.
Wittkopp, P.J., and Kalay, G. (2012). Cis-regulatory elements: molecular
mechanisms and evolutionary processes underlying divergence. Nat. Rev.
Genet. 13, 59–69.
130

Wright, S.I., Bi, I.V., Schroeder, S.G., Yamasaki, M., Doebley, J.F., McMullen,
M.D., and Gaut, B.S. (2005). The effects of artificial selection on the maize
genome. Science 308, 1310–1314.
Xiang, Y., Huang, Y., and Xiong, L. (2007). Characterization of stress-responsive
CIPK genes in rice for stress tolerance improvement. Plant Physiol. 144, 1416–
1428.
Xie, F., and Hardy, B. (2009). Accelerating hybrid rice development (Int. Rice
Res. Inst.).
Xing, Y., Tan, Y., Hua, J., Sun, X., Xu, C., and Zhang, Q. (2002).
Characterization of the main effects, epistatic effects and their environmental
interactions of QTLs on the genetic basis of yield traits in rice. Theor. Appl.
Genet. 105, 248–257.
Xu, C.G., Li, X.Q., Xue, Y., Huang, Y.W., Gao, J., and Xing, Y.Z. (2004).
Comparison of quantitative trait loci controlling seedling characteristics at two
seedling stages using rice recombinant inbred lines. Theor. Appl. Genet. 109,
640–647.
Xu, K., Xu, X., Fukao, T., Canlas, P., Maghirang-Rodriguez, R., Heuer, S., Ismail,
A.M., Bailey-Serres, J., Ronald, P.C., and Mackill, D.J. (2006). Sub1A is an
ethylene-response-factor-like gene that confers submergence tolerance to rice.
Nature 442, 705–708.
Xu, X., Liu, X., Ge, S., Jensen, J.D., Hu, F., Li, X., Dong, Y., Gutenkunst, R.N.,
Fang, L., Huang, L., et al. (2012). Resequencing 50 accessions of cultivated and
wild rice yields markers for identifying agronomically important genes. Nat.
Biotechnol. 30, 105–111.
Yamaguchi, S., Sun, T., Kawaide, H., and Kamiya, Y. (1998). The GA2 locus of
Arabidopsis thaliana encodes ent-kaurene synthase of gibberellin biosynthesis.
Plant Physiol. 116, 1271–1278.
Yamasaki, M., Tenaillon, M.I., Bi, I.V., Schroeder, S.G., Sanchez-Villeda, H.,
Doebley, J.F., Gaut, B.S., and McMullen, M.D. (2005). A large-scale screen for
artificial selection in maize identifies candidate agronomic loci for domestication
and crop improvement. Plant Cell 17, 2859–2872.
Yamazaki, J., and Kamimura, Y. (2002). Relationship between photosystem
stoichiometries and changes in active oxygen scavenging enzymes in natural
grown rice seedlings. Plant Growth Regul. 36, 113–120.
Yang, J., Su, A.I., and Li, W.-H. (2005). Gene expression evolves faster in
narrowly than in broadly expressed mammalian genes. Mol. Biol. Evol. 22, 2113–
2118.

131

Yu, J., Wang, J., Lin, W., Li, S., Li, H., Zhou, J., Ni, P., Dong, W., Hu, S., Zeng,
C., et al. (2005). The genomes of Oryza sativa: A history of duplications. PLoS
Biol 3, e38.
Yu, S.B., Li, J.X., Xu, C.G., Tan, Y.F., Gao, Y.J., Li, X.H., Zhang, Q., and Maroof,
M.A.S. (1997). Importance of epistasis as the genetic basis of heterosis in an
elite rice hybrid. Proc. Natl. Acad. Sci. 94, 9226–9231.
Yuan, G., Zhang, Z., Xiang, K., Shen, Y., Du, J., Lin, H., Liu, L., Zhao, M., and
Pan, G. (2013). Different gene expressions of resistant and susceptible maize
inbreds in response to Fusarium verticillioides infection. Plant Mol. Biol. Report.
31, 925–935.
Zheng, X., Wu, J.G., Lou, X.Y., Xu, H.M., and Shi, C.H. (2008). The QTL analysis
on maternal and endosperm genome and their environmental interactions for
characters of cooking quality in rice (Oryza sativa L.). Theor. Appl. Genet. 116,
335–342.
Zhou, L., Zhang, J., Yan, J., and Song, R. (2011). Two transposable element
insertions are causative mutations for the major domestication gene teosinte
branched 1 in modern maize. Cell Res. 21, 1267–1270.
Zhu, Z., Tan, L., Fu, Y., Liu, F., Cai, H., Xie, D., Wu, F., Wu, J., Matsumoto, T.,
and Sun, C. (2013). Genetic control of inflorescence architecture during rice
domestication. Nat. Commun. 4.

132

CHAPTER 7

Appendices

Appendix 7.1 Number of SNPs in the 1000 bp region upstream of expressed genes
with cis eQTL and at least one SNP..................................................................... 134
Appendix 7.2 Candidate Genes with MSU and RAP Naming Systems. .................... 155
Appendix 7.3 Tests for an over-abundance of consistently acting parental regulatory
alleles among GO modules. ................................................................................. 156
Appendix 7.4 Molecular function and biological process GO terms describing cis gene
modules with an overrepresentation of one parental allele .................................. 163
Appendix 7.5 The probability of fixation of cis and trans eQTL combinations. ........... 164
Appendix 7.6 RNA Extraction and Isolation Protocol ................................................. 167
Appendix 7.7 Pipeline used for RNA Seq analysis. ................................................... 168
Appendix 7.8 Additions to maize mapman mapping file............................................. 169
Appendix 7.9 Genes differentially expressed in the weed treatment in maize coleoptiles
............................................................................................................................. 171
Appendix 7.10 Fold change versus abundance for genes whose transcript abundance
was compared between weedy and weed-free treatments. ................................. 176
Appendix 7.11 Genes that are differentially expressed in the weed treatment in
soybean ............................................................................................................... 177
Appendix 7.12 Genes differentially expressed in the thiamethoxam treatment in maize
coleoptiles ............................................................................................................ 200
Appendix 7.13 Fold change versus abundance for genes whose transcript abundance
was compared between thiamethoxam and control treatments ........................... 204
Appendix 7.14 Genes that have an interaction between the weed and thiamethoxam
treatments ............................................................................................................ 205

133

Appendix 7.1 Number of SNPs in the 1000 bp region upstream of expressed
genes with cis eQTL and at least one SNP
Gene Name
LOC_Os01g01302
LOC_Os01g01390
LOC_Os01g01650
LOC_Os01g01660
LOC_Os01g01670
LOC_Os01g01710
LOC_Os01g01720
LOC_Os01g01780
LOC_Os01g01840
LOC_Os01g01940
LOC_Os01g01970
LOC_Os01g02080
LOC_Os01g02150
LOC_Os01g02170
LOC_Os01g02290
LOC_Os01g02350
LOC_Os01g02610
LOC_Os01g02700
LOC_Os01g02900
LOC_Os01g03050
LOC_Os01g03650
LOC_Os01g03680
LOC_Os01g03870
LOC_Os01g04720
LOC_Os01g05080
LOC_Os01g05490
LOC_Os01g07310
LOC_Os01g07500
LOC_Os01g08440
LOC_Os01g09000
LOC_Os01g09030
LOC_Os01g10340
LOC_Os01g10400
LOC_Os01g10450
LOC_Os01g10530
LOC_Os01g10780

# of SNPs
3
3
2
9
2
5
6
3
4
6
4
13
6
3
6
13
1
5
3
12
2
1
4
1
5
5
1
1
1
3
5
2
1
3
9
4
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LOC_Os01g10790
LOC_Os01g10800
LOC_Os01g10860
LOC_Os01g10890
LOC_Os01g10950
LOC_Os01g10960
LOC_Os01g11160
LOC_Os01g11210
LOC_Os01g11720
LOC_Os01g15790
LOC_Os01g16210
LOC_Os01g16354
LOC_Os01g16400
LOC_Os01g16414
LOC_Os01g19020
LOC_Os01g22510
LOC_Os01g22520
LOC_Os01g24440
LOC_Os01g24480
LOC_Os01g25440
LOC_Os01g25530
LOC_Os01g25880
LOC_Os01g26020
LOC_Os01g27230
LOC_Os01g27340
LOC_Os01g31980
LOC_Os01g36550
LOC_Os01g36640
LOC_Os01g36660
LOC_Os01g37110
LOC_Os01g37120
LOC_Os01g37470
LOC_Os01g37480
LOC_Os01g40250
LOC_Os01g40580
LOC_Os01g40670
LOC_Os01g41120
LOC_Os01g41630
LOC_Os01g42200

1
2
18
3
12
14
1
3
2
12
6
12
4
3
4
7
7
9
2
6
5
1
2
3
12
2
4
4
4
2
2
3
2
2
5
9
3
3
19
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LOC_Os01g42234
LOC_Os01g42250
LOC_Os01g42280
LOC_Os01g43070
LOC_Os01g47680
LOC_Os01g48930
LOC_Os01g49000
LOC_Os01g50060
LOC_Os01g52214
LOC_Os01g52514
LOC_Os01g52680
LOC_Os01g52690
LOC_Os01g52864
LOC_Os01g53160
LOC_Os01g53240
LOC_Os01g53250
LOC_Os01g53610
LOC_Os01g53640
LOC_Os01g53670
LOC_Os01g53680
LOC_Os01g53710
LOC_Os01g53920
LOC_Os01g53930
LOC_Os01g54010
LOC_Os01g54100
LOC_Os01g54340
LOC_Os01g54350
LOC_Os01g54370
LOC_Os01g54380
LOC_Os01g54424
LOC_Os01g54470
LOC_Os01g54510
LOC_Os01g54550
LOC_Os01g54580
LOC_Os01g54670
LOC_Os01g54700
LOC_Os01g55040
LOC_Os01g55310
LOC_Os01g55360

7
3
1
2
3
8
5
2
3
2
4
1
3
5
5
5
12
2
26
4
6
1
6
7
8
7
1
6
15
3
4
2
7
1
3
5
4
12
1

136

LOC_Os01g55450
LOC_Os01g55540
LOC_Os01g55610
LOC_Os01g55820
LOC_Os01g56000
LOC_Os01g56010
LOC_Os01g56810
LOC_Os01g57450
LOC_Os01g57550
LOC_Os01g57560
LOC_Os01g57710
LOC_Os01g57900
LOC_Os01g58400
LOC_Os01g58444
LOC_Os01g58630
LOC_Os01g58690
LOC_Os01g58700
LOC_Os01g58750
LOC_Os01g58800
LOC_Os01g59100
LOC_Os01g59150
LOC_Os01g59190
LOC_Os01g59340
LOC_Os01g59500
LOC_Os01g59510
LOC_Os01g59660
LOC_Os01g59870
LOC_Os01g60040
LOC_Os01g60420
LOC_Os01g60530
LOC_Os01g60860
LOC_Os01g60900
LOC_Os01g61070
LOC_Os01g61150
LOC_Os01g61180
LOC_Os01g61230
LOC_Os01g61250
LOC_Os01g61560
LOC_Os01g65094

7
4
6
5
10
5
3
2
9
4
3
11
1
3
2
3
8
5
3
4
2
3
3
7
2
9
3
11
2
8
6
3
10
2
5
1
8
9
3
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LOC_Os01g65986
LOC_Os01g66030
LOC_Os01g66510
LOC_Os01g66720
LOC_Os01g66840
LOC_Os01g67310
LOC_Os01g71090
LOC_Os01g72090
LOC_Os01g72250
LOC_Os01g72290
LOC_Os01g72360
LOC_Os01g72410
LOC_Os01g72420
LOC_Os01g72834
LOC_Os01g72870
LOC_Os01g72970
LOC_Os01g72990
LOC_Os01g73080
LOC_Os01g73470
LOC_Os01g73530
LOC_Os01g73560
LOC_Os01g73570
LOC_Os01g73680
LOC_Os01g74180
LOC_Os01g74200
LOC_Os01g74340
LOC_Os01g74350
LOC_Os01g74480
LOC_Os01g74520
LOC_Os02g01890
LOC_Os02g02980
LOC_Os02g03030
LOC_Os02g03070
LOC_Os02g03230
LOC_Os02g04680
LOC_Os02g05000
LOC_Os02g05770
LOC_Os02g05890
LOC_Os02g05950

7
3
1
1
3
5
2
3
1
13
10
5
18
3
6
4
4
2
9
5
5
8
33
4
3
4
4
1
13
1
3
1
6
2
2
2
3
9
7

138

LOC_Os02g05960
LOC_Os02g06360
LOC_Os02g06390
LOC_Os02g06580
LOC_Os02g08410
LOC_Os02g08490
LOC_Os02g09060
LOC_Os02g11760
LOC_Os02g14530
LOC_Os02g14780
LOC_Os02g14890
LOC_Os02g14910
LOC_Os02g14929
LOC_Os02g15270
LOC_Os02g15900
LOC_Os02g15930
LOC_Os02g17190
LOC_Os02g17320
LOC_Os02g17500
LOC_Os02g17520
LOC_Os02g17700
LOC_Os02g27480
LOC_Os02g28040
LOC_Os02g28820
LOC_Os02g28900
LOC_Os02g29340
LOC_Os02g29960
LOC_Os02g32490
LOC_Os02g32504
LOC_Os02g32520
LOC_Os02g32540
LOC_Os02g32660
LOC_Os02g32970
LOC_Os02g32980
LOC_Os02g33000
LOC_Os02g33010
LOC_Os02g33110
LOC_Os02g33320
LOC_Os02g33330

4
3
1
2
1
5
2
7
1
2
6
5
3
9
3
2
11
6
2
1
1
3
4
7
1
1
7
6
7
2
2
5
5
4
6
7
2
1
1
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LOC_Os02g33500
LOC_Os02g33580
LOC_Os02g47110
LOC_Os02g47140
LOC_Os02g48210
LOC_Os02g50130
LOC_Os02g50990
LOC_Os02g51000
LOC_Os02g51070
LOC_Os02g51590
LOC_Os02g51780
LOC_Os02g52230
LOC_Os02g52340
LOC_Os02g52470
LOC_Os02g56510
LOC_Os02g56520
LOC_Os02g56540
LOC_Os02g56560
LOC_Os02g56880
LOC_Os02g57660
LOC_Os02g58280
LOC_Os02g58320
LOC_Os02g58650
LOC_Os03g01540
LOC_Os03g01570
LOC_Os03g04600
LOC_Os03g05020
LOC_Os03g06440
LOC_Os03g06850
LOC_Os03g06860
LOC_Os03g10740
LOC_Os03g11550
LOC_Os03g12290
LOC_Os03g14690
LOC_Os03g15410
LOC_Os03g15960
LOC_Os03g16040
LOC_Os03g16060
LOC_Os03g16150

1
10
3
12
3
3
1
1
2
2
2
2
3
3
9
1
5
3
1
5
1
7
1
9
2
5
3
4
1
1
2
5
14
2
4
2
2
3
10
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LOC_Os03g16350
LOC_Os03g16369
LOC_Os03g16440
LOC_Os03g16450
LOC_Os03g16460
LOC_Os03g16570
LOC_Os03g16670
LOC_Os03g17050
LOC_Os03g17060
LOC_Os03g18220
LOC_Os03g18380
LOC_Os03g22820
LOC_Os03g24160
LOC_Os03g25440
LOC_Os03g25600
LOC_Os03g25720
LOC_Os03g25750
LOC_Os03g26630
LOC_Os03g26860
LOC_Os03g27610
LOC_Os03g27760
LOC_Os03g28389
LOC_Os03g29920
LOC_Os03g32470
LOC_Os03g32790
LOC_Os03g36560
LOC_Os03g37100
LOC_Os03g37810
LOC_Os03g38800
LOC_Os03g39010
LOC_Os03g41438
LOC_Os03g41510
LOC_Os03g42220
LOC_Os03g44200
LOC_Os03g45170
LOC_Os03g45194
LOC_Os03g46600
LOC_Os03g46610
LOC_Os03g46650

6
3
4
8
2
8
3
3
1
4
3
1
1
2
1
3
1
3
3
1
1
9
1
2
4
1
7
4
2
2
4
1
2
2
1
3
3
2
2
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LOC_Os03g46710
LOC_Os03g46770
LOC_Os03g47190
LOC_Os03g47740
LOC_Os03g47800
LOC_Os03g48260
LOC_Os03g48310
LOC_Os03g48380
LOC_Os03g48600
LOC_Os03g48750
LOC_Os03g48920
LOC_Os03g49380
LOC_Os03g49400
LOC_Os03g49430
LOC_Os03g49520
LOC_Os03g50050
LOC_Os03g50270
LOC_Os03g50340
LOC_Os03g50430
LOC_Os03g50450
LOC_Os03g50480
LOC_Os03g50520
LOC_Os03g50530
LOC_Os03g50540
LOC_Os03g50970
LOC_Os03g51030
LOC_Os03g51090
LOC_Os03g51200
LOC_Os03g51240
LOC_Os03g51330
LOC_Os03g51620
LOC_Os03g51640
LOC_Os03g51650
LOC_Os03g51930
LOC_Os03g51984
LOC_Os03g52320
LOC_Os03g52370
LOC_Os03g52380
LOC_Os03g52730

1
2
6
1
1
14
9
1
4
5
6
13
7
3
1
2
3
3
3
3
2
8
2
6
1
10
2
1
1
6
4
6
1
1
1
1
11
6
5
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LOC_Os03g53600
LOC_Os03g57300
LOC_Os03g57450
LOC_Os03g61540
LOC_Os03g61590
LOC_Os03g61600
LOC_Os03g62060
LOC_Os03g62160
LOC_Os03g62280
LOC_Os03g62430
LOC_Os03g62580
LOC_Os03g62690
LOC_Os03g62860
LOC_Os03g62870
LOC_Os03g63010
LOC_Os03g63074
LOC_Os03g63250
LOC_Os03g63260
LOC_Os03g63290
LOC_Os03g63410
LOC_Os03g63590
LOC_Os03g63710
LOC_Os03g63720
LOC_Os03g63760
LOC_Os03g63970
LOC_Os03g64100
LOC_Os03g64230
LOC_Os03g64250
LOC_Os04g01960
LOC_Os04g02510
LOC_Os04g02580
LOC_Os04g07920
LOC_Os04g08060
LOC_Os04g08190
LOC_Os04g08350
LOC_Os04g10350
LOC_Os04g11440
LOC_Os04g12010
LOC_Os04g24140

1
8
5
6
3
3
2
1
3
2
21
2
3
4
1
2
3
12
3
6
2
12
7
3
4
2
3
2
5
1
3
4
9
12
2
3
5
2
6
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LOC_Os04g28260
LOC_Os04g30420
LOC_Os04g31330
LOC_Os04g34620
LOC_Os04g35300
LOC_Os04g35540
LOC_Os04g36058
LOC_Os04g36062
LOC_Os04g37580
LOC_Os04g37619
LOC_Os04g37960
LOC_Os04g37990
LOC_Os04g38330
LOC_Os04g38410
LOC_Os04g38420
LOC_Os04g39160
LOC_Os04g40880
LOC_Os04g40940
LOC_Os04g41020
LOC_Os04g46440
LOC_Os04g47180
LOC_Os04g47190
LOC_Os04g51030
LOC_Os04g51100
LOC_Os04g51430
LOC_Os04g51780
LOC_Os04g52230
LOC_Os04g52440
LOC_Os04g52770
LOC_Os04g52840
LOC_Os04g52870
LOC_Os04g52890
LOC_Os04g53450
LOC_Os04g53510
LOC_Os04g53540
LOC_Os04g53690
LOC_Os04g53700
LOC_Os04g53720
LOC_Os04g54410

1
5
2
1
4
2
2
10
4
5
2
2
2
11
2
5
1
1
4
1
2
3
3
1
6
5
2
2
4
5
3
2
8
10
2
3
1
3
5
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LOC_Os04g54800
LOC_Os04g54820
LOC_Os04g58040
LOC_Os04g58570
LOC_Os04g59600
LOC_Os05g01110
LOC_Os05g01480
LOC_Os05g02250
LOC_Os05g02490
LOC_Os05g02810
LOC_Os05g03150
LOC_Os05g03480
LOC_Os05g04070
LOC_Os05g04160
LOC_Os05g05270
LOC_Os05g05440
LOC_Os05g06140
LOC_Os05g07940
LOC_Os05g07960
LOC_Os05g11160
LOC_Os05g11810
LOC_Os05g27920
LOC_Os05g28370
LOC_Os05g28720
LOC_Os05g28730
LOC_Os05g31740
LOC_Os05g32330
LOC_Os05g32360
LOC_Os05g33240
LOC_Os05g33510
LOC_Os05g37950
LOC_Os05g38180
LOC_Os05g38330
LOC_Os05g38520
LOC_Os05g39850
LOC_Os05g41130
LOC_Os05g41172
LOC_Os05g41200
LOC_Os05g41240

4
5
2
2
2
3
2
4
8
3
2
2
1
3
9
5
1
2
5
2
2
1
4
3
3
8
3
3
2
8
3
2
2
1
3
1
4
6
11
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LOC_Os05g45950
LOC_Os05g46210
LOC_Os05g46250
LOC_Os05g46320
LOC_Os05g46420
LOC_Os05g46510
LOC_Os05g46520
LOC_Os05g47550
LOC_Os05g47670
LOC_Os05g47830
LOC_Os05g48030
LOC_Os05g48240
LOC_Os05g48370
LOC_Os06g01440
LOC_Os06g01500
LOC_Os06g01630
LOC_Os06g01640
LOC_Os06g01650
LOC_Os06g01670
LOC_Os06g02170
LOC_Os06g02180
LOC_Os06g02200
LOC_Os06g02230
LOC_Os06g02340
LOC_Os06g02440
LOC_Os06g02530
LOC_Os06g03560
LOC_Os06g03640
LOC_Os06g03780
LOC_Os06g03810
LOC_Os06g04000
LOC_Os06g04010
LOC_Os06g04130
LOC_Os06g04330
LOC_Os06g04380
LOC_Os06g04470
LOC_Os06g04920
LOC_Os06g04970
LOC_Os06g05080

6
4
10
6
9
2
1
2
3
3
3
8
2
1
2
8
3
6
3
5
3
6
2
8
5
9
2
4
3
1
7
4
3
3
3
7
2
1
2
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LOC_Os06g05090
LOC_Os06g05110
LOC_Os06g05284
LOC_Os06g05630
LOC_Os06g05690
LOC_Os06g05700
LOC_Os06g05940
LOC_Os06g05980
LOC_Os06g06080
LOC_Os06g06090
LOC_Os06g06180
LOC_Os06g06210
LOC_Os06g06350
LOC_Os06g06380
LOC_Os06g06530
LOC_Os06g06610
LOC_Os06g10130
LOC_Os06g12120
LOC_Os06g14630
LOC_Os06g14750
LOC_Os06g14810
LOC_Os06g15370
LOC_Os06g15810
LOC_Os06g19480
LOC_Os06g27560
LOC_Os06g27890
LOC_Os06g33710
LOC_Os06g33930
LOC_Os06g33980
LOC_Os06g34040
LOC_Os06g35160
LOC_Os06g35520
LOC_Os06g37150
LOC_Os06g37160
LOC_Os06g39230
LOC_Os06g39240
LOC_Os06g39470
LOC_Os06g39750
LOC_Os06g40330

7
3
2
7
1
3
3
9
4
2
8
12
10
3
4
3
2
5
7
3
6
1
18
3
7
2
3
2
2
7
7
3
1
10
4
4
3
9
1
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LOC_Os06g40620
LOC_Os06g40704
LOC_Os06g40850
LOC_Os06g43850
LOC_Os06g43930
LOC_Os06g46000
LOC_Os06g47910
LOC_Os06g48500
LOC_Os06g48530
LOC_Os06g48570
LOC_Os06g48810
LOC_Os06g48880
LOC_Os06g48930
LOC_Os06g49320
LOC_Os07g01140
LOC_Os07g01230
LOC_Os07g01760
LOC_Os07g02910
LOC_Os07g03810
LOC_Os07g05000
LOC_Os07g07040
LOC_Os07g07194
LOC_Os07g07280
LOC_Os07g12600
LOC_Os07g12800
LOC_Os07g29640
LOC_Os07g30170
LOC_Os07g30760
LOC_Os07g30774
LOC_Os07g30810
LOC_Os07g30820
LOC_Os07g33790
LOC_Os07g35520
LOC_Os07g39690
LOC_Os07g39780
LOC_Os07g42880
LOC_Os07g42890
LOC_Os07g43530
LOC_Os07g43950

3
4
5
1
8
10
1
3
2
3
1
3
2
1
2
2
5
1
10
4
2
1
2
6
3
1
9
6
2
4
2
2
4
6
3
1
4
7
2
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LOC_Os07g44180
LOC_Os07g44320
LOC_Os07g45194
LOC_Os07g46320
LOC_Os07g46700
LOC_Os07g47110
LOC_Os07g48640
LOC_Os08g01660
LOC_Os08g01670
LOC_Os08g01770
LOC_Os08g02490
LOC_Os08g05620
LOC_Os08g05640
LOC_Os08g05830
LOC_Os08g05880
LOC_Os08g06240
LOC_Os08g08080
LOC_Os08g08190
LOC_Os08g09170
LOC_Os08g09190
LOC_Os08g09210
LOC_Os08g09260
LOC_Os08g09300
LOC_Os08g09370
LOC_Os08g09750
LOC_Os08g10010
LOC_Os08g10070
LOC_Os08g10080
LOC_Os08g13070
LOC_Os08g14620
LOC_Os08g14640
LOC_Os08g14760
LOC_Os08g15444
LOC_Os08g28970
LOC_Os08g30520
LOC_Os08g30820
LOC_Os08g31000
LOC_Os08g31660
LOC_Os08g31970

2
2
4
2
1
1
3
12
13
2
2
3
8
2
2
2
6
1
13
3
9
6
1
1
1
3
3
3
4
17
2
2
4
9
8
9
2
3
7
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LOC_Os08g32910
LOC_Os08g40530
LOC_Os08g41420
LOC_Os08g41480
LOC_Os08g41700
LOC_Os08g42550
LOC_Os08g42980
LOC_Os08g44000
LOC_Os09g01690
LOC_Os09g03620
LOC_Os09g04384
LOC_Os09g04440
LOC_Os09g04800
LOC_Os09g06719
LOC_Os09g06970
LOC_Os09g07360
LOC_Os09g07500
LOC_Os09g07510
LOC_Os09g07570
LOC_Os09g07900
LOC_Os09g08072
LOC_Os09g08420
LOC_Os09g08430
LOC_Os09g09370
LOC_Os09g11240
LOC_Os09g11250
LOC_Os09g11480
LOC_Os09g13820
LOC_Os09g13870
LOC_Os09g15750
LOC_Os09g25784
LOC_Os09g28000
LOC_Os09g28110
LOC_Os09g28600
LOC_Os09g28690
LOC_Os09g29170
LOC_Os09g29950
LOC_Os09g30120
LOC_Os09g30220

5
1
2
9
6
5
3
2
2
1
1
4
3
8
8
3
4
2
4
2
2
6
9
12
1
3
1
3
1
1
2
2
3
4
2
3
13
1
1

150

LOC_Os09g30330
LOC_Os09g30410
LOC_Os09g31130
LOC_Os09g31360
LOC_Os09g31438
LOC_Os09g31466
LOC_Os09g31470
LOC_Os09g32040
LOC_Os09g32050
LOC_Os09g32080
LOC_Os09g32240
LOC_Os09g32270
LOC_Os09g32380
LOC_Os09g33810
LOC_Os09g33870
LOC_Os09g34190
LOC_Os09g34280
LOC_Os09g36120
LOC_Os09g38570
LOC_Os09g38777
LOC_Os10g01110
LOC_Os10g02930
LOC_Os10g04110
LOC_Os10g08930
LOC_Os10g10360
LOC_Os10g10620
LOC_Os10g13670
LOC_Os10g13940
LOC_Os10g16440
LOC_Os10g18220
LOC_Os10g19860
LOC_Os10g20450
LOC_Os10g31030
LOC_Os10g32020
LOC_Os10g33450
LOC_Os10g33690
LOC_Os10g33710
LOC_Os10g33760
LOC_Os10g33770

1
7
16
8
9
1
6
11
3
8
3
9
5
4
1
2
3
1
2
2
3
2
3
7
2
2
1
11
2
1
3
2
1
5
6
2
3
1
1
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LOC_Os10g35240
LOC_Os10g36250
LOC_Os10g40614
LOC_Os10g40660
LOC_Os10g41400
LOC_Os10g41460
LOC_Os10g41480
LOC_Os10g41590
LOC_Os10g41650
LOC_Os10g42180
LOC_Os10g42320
LOC_Os10g42520
LOC_Os10g42690
LOC_Os10g42700
LOC_Os10g42720
LOC_Os10g42780
LOC_Os10g43050
LOC_Os11g01590
LOC_Os11g02730
LOC_Os11g03060
LOC_Os11g05140
LOC_Os11g05930
LOC_Os11g07124
LOC_Os11g07450
LOC_Os11g13570
LOC_Os11g28104
LOC_Os11g29230
LOC_Os11g29900
LOC_Os11g31470
LOC_Os11g31570
LOC_Os11g31980
LOC_Os11g32260
LOC_Os11g32270
LOC_Os11g32360
LOC_Os11g32500
LOC_Os11g34880
LOC_Os11g35220
LOC_Os11g35274
LOC_Os11g35400

1
5
1
4
1
2
2
4
1
2
7
8
4
5
5
1
6
3
1
5
1
7
3
1
2
1
1
6
3
7
3
3
1
1
2
3
6
2
2
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LOC_Os11g35450
LOC_Os11g37070
LOC_Os11g37560
LOC_Os11g39130
LOC_Os11g41600
LOC_Os11g42430
LOC_Os11g42550
LOC_Os11g42800
LOC_Os11g43950
LOC_Os11g45250
LOC_Os11g47840
LOC_Os11g48030
LOC_Os12g01510
LOC_Os12g03070
LOC_Os12g03080
LOC_Os12g07270
LOC_Os12g13940
LOC_Os12g14110
LOC_Os12g16720
LOC_Os12g17880
LOC_Os12g18360
LOC_Os12g19290
LOC_Os12g20310
LOC_Os12g21789
LOC_Os12g22030
LOC_Os12g24390
LOC_Os12g25640
LOC_Os12g26690
LOC_Os12g29350
LOC_Os12g29550
LOC_Os12g29560
LOC_Os12g29950
LOC_Os12g30040
LOC_Os12g30510
LOC_Os12g32180
LOC_Os12g32190
LOC_Os12g32284
LOC_Os12g32986
LOC_Os12g36950

3
2
3
3
2
7
1
8
4
3
1
2
3
5
16
2
6
4
1
1
6
2
1
3
1
2
2
18
2
4
1
1
2
2
2
2
1
2
1

153

LOC_Os12g37370
LOC_Os12g37560
LOC_Os12g38760
LOC_Os12g38940
LOC_Os12g38960
LOC_Os12g39380
LOC_Os12g41500
LOC_Os12g42730
LOC_Os12g42960

1
1
3
3
4
1
4
2
1
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Appendix 7.2 Candidate Genes with MSU and RAP Naming Systems.
Two separate projects have developed naming systems for the annotation of the rice
genome. Here I provide the names for our 31 candidate genes using TIGR names,
which are provided by TIGR Rice Genome Annotation Project, and, when available, the
RAP names, which are provided by the Rice Annotation Project.
Candidate Gene Name
(TIGR)
LOC_Os12g27090
LOC_Os11g47760
LOC_Os11g42490
LOC_Os10g42980
LOC_Os10g40960
LOC_Os10g35160
LOC_Os10g33840
LOC_Os10g01110
LOC_Os09g36020
LOC_Os09g31150
LOC_Os09g16714
LOC_Os09g15590
LOC_Os09g08910
LOC_Os08g41070
LOC_Os06g21570
LOC_Os06g07923
LOC_Os06g03486
LOC_Os05g48290
LOC_Os04g58040
LOC_Os04g54440
LOC_Os04g07280
LOC_Os03g63330
LOC_Os03g38740
LOC_Os03g22050
LOC_Os03g16334
LOC_Os02g03640
LOC_Os01g58459
LOC_Os01g43320
LOC_Os01g37280
LOC_Os01g32830
LOC_Os01g02180
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Gene Name
(RAP)
Os12g0456400
Os11g0703900
Os11g0644600
N/A
Os10g0558900
N/A
Os10g0478600
Os10g0101100
Os09g0529700
N/A
N/A
Os09g0325220
N/A
Os08g0522100
Os06g0320200
Os06g0176500
Os06g0124900
Os05g0556700
N/A
Os04g0636900
Os04g0156200
Os03g0850400
Os03g0583900
Os03g0339900
Os03g0269900
Os02g0129000
Os01g0798100
Os01g0621200
Os01g0553600
Os01g0511600
Os01g0112300

Appendix 7.3 Tests for an over-abundance of consistently acting parental regulatory alleles among GO modules.
M63 = Number of genes in the module with M63 cis eQTL alleles that contribute to a high transcript abundance.
Z97 = Number of genes in the module with Z97 cis eQTL alleles that contribute to a high transcript abundance.
Size = The total number of genes with cis eQTL in the module.
Significance prior to multiple testing correction: * (p<0.05), **(p<0.01), ***(p<0.005), ****(p<0.001)
Parent = The parent with an abundance of more highly transcribed genes within the module.
Type = The type of gene ontology term (MF = molecular function; BP = biological process).
GO Term
GO:0003676

Annotation
Nucleic Acid Binding

M63
183

Z97
244

Size
427

GO:0003723

RNA Binding

25

50

75

GO:0003677

DNA binding - microtubule/chromatin interaction (Plasmid binding)

116

161

277

GO:0044255

Cellular Lipid Metabolic Process

17

37

54

GO:0042180

Cellular Ketone Metabolic Process

38

63

101

GO:0044237

Cellular Metabolic Process

440

493

933

GO:0009058

Biosynthetic Process

222

264

486

GO:0009987

Cellular Process

568

614

1182

GO:0008150

Biological Process

944

985

1929

GO:0006082

Organic Acid Metabolic Process

40

60

100

GO:0010467

Gene Expression

140

176

316

GO:0019752

Carboxylic Acid Metabolic Process

40

60

100

GO:0016070

RNA Metabolic Process

112

138

250

GO:0043436

Oxoacid Metabolic Process

37

59

96

GO:0016053

Organic Acid Biosynthetic Process

18

31

49

GO:0016788

Hydrolase activity, acting on ester bonds

64

85

149

GO:0003674

Molecular Function

1176

1226

2402

GO:0042578

Phosphoric ester hydrolase activity

19

36

55

GO:0008152

Metabolic Process

680

712

1392

GO:0006629

Lipid Metabolic Process

54

72

126

156

Significance

****
***
***
***
**
*
*
*
*
*
*
*
*
*
*
*
*
*
ns
ns

Parent
Z97

Type
MF

Z97

MF

Z97

MF

Z97

MF

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

MF

Z97

MF

Z97

MF

Z97

BP

Z97

BP

GO:0006810

Transport

143

153

296

GO:0006355

Regulation of Transcription, DNA-Dependent

84

97

181

GO:0006412

Translation

37

46

83

GO:0007186

G-Coupled Receptor Signalling Pathway

35

38

73

GO:0006351

Transcription, DNA-Dependent

87

105

192

GO:0006811

Ion Transport

43

43

86

GO:0006139

Nucleobase-containing compound metabolic process

157

182

339

GO:0007166

Cell Surface Receptor Signaling Pathway

35

39

74

GO:0051179

Localization

144

158

302

GO:0006793

Phosphorus Metabolic Process

110

111

221

GO:0006066

Alcohol Metabolic Process

29

35

64

GO:0006519

Cellular Amino Acid Metabolic Process

35

39

74

GO:0006807

Nitrogen Compound Metabolic Process

191

219

410

GO:0042221

Response to Chemical Stimulus

25

27

52

GO:0023033

Signal Transduction

36

42

78

GO:0044238

Primary Metabolic Process

517

537

1054

GO:0051234

Establishment of Localization

142

153

295

GO:0006350

Transcription, DNA-Dependent

87

105

192

GO:0006259

DNA Metabolic Process

24

33

57

GO:0006796

Phosphate-Containing Compound Metabolic Process

110

111

221

GO:0016043

Cellular Component Organization

40

41

81

GO:0043170

Macromolecule Metabolic Process

379

384

763

GO:0050789

Regulation of Biological Process

129

135

264

GO:0009059

Macromolecule Biosynthetic Process

143

168

311

GO:0006520

Cellular Amino Acid Metabolic Process

30

33

63

GO:0065007

Biological Regulation

198

200

398

GO:0008610

Lipid Biosynthetic Process

21

33

54

GO:0050794

Regulation of Cellular Process

120

129

249

157

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

GO:0009308

Amine Metabolic Process

34

40

74

GO:0044281

Small Molecule Metabolic Process

96

114

210

GO:0044249

Cellular Biosynthetic Process

154

172

326

GO:0009889

Regulation of Biosynthetic Process

86

98

184

GO:0034645

Cellular Macromolecule Biosynthetic Process

143

168

311

GO:0044260

Cellular Macromolecule Metabolic Process

327

337

664

GO:0034641

Cellular Nitrogen Compound Metabolic Process

41

43

84

GO:0031323

Regulation of Cellular Metabolic Process

88

100

188

GO:0019222

Regulation of Metabolic Process

93

105

198

GO:0010468

Regulation of Gene Expression

89

100

189

GO:0032774

RNA Biosynthetic Process

88

105

193

GO:0044283

Small Molecule Biosynthetic Process

31

39

70

GO:0010556

Regulation of Macromolecule Biosynthetic Process

86

98

184

GO:0044106

Cellular Amine Metabolic Process

31

34

65

GO:0060255

Regulation of Macromolecule Metabolic Process

92

102

194

GO:0019219

Regulation of Nucleobase-containing Compound Metabolic Process

85

97

182

GO:0080090

Regulation of Primary Metabolic Process

88

99

187

GO:0051171

Regulation of Nitrogen Compound Metabolic Process

85

97

182

GO:0031326

Regulation of Cellular Biosynthetic Process

85

98

183

GO:0045449

Regulation of Transcription, DNA-Dependent

84

97

181

GO:0051252

Regulation of RNA metabolic process

85

97

182

GO:0005215

Transporter Activity

93

99

192

GO:0008168

Methyltransferase Activity

20

30

50

GO:0003824

Catalytic Activity

732

742

1474

GO:0005488

Binding

804

831

1635

GO:0050662

Coenzyme Binding

37

44

81

GO:0016740

Transferase Activity

256

283

539

GO:0000166

Nucleotide Binding

267

271

538

158

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

BP

Z97

MF

Z97

MF

Z97

MF

Z97

MF

Z97

MF

Z97

MF

Z97

MF

GO:0004553

Hydrolase Activity

32

37

69

GO:0003735

Structural Constituent of the Ribosome

26

33

59

GO:0016787

Hydrolase Activity

255

260

515

GO:0016757

Transferase Activity, Transferring Glycosyl Groups

36

37

73

GO:0016301

Kinase Activity

125

130

255

GO:0016798

Hydrolase Activity, Acting on Glycosyl Bonds

32

37

69

GO:0048037

Cofactor Binding

54

59

113

GO:0016741

Transferase Activity, Transferring One-Carbon Groups

20

30

50

GO:0017076

Purine Nucleotide Binding

234

236

470

GO:0016772

Transferase Activity, transferring phosphorus-containing groups

145

151

296

GO:0032553

Ribonucleotide Binding

221

223

444

GO:0032555

Purine Ribonucleotide Binding

221

223

444

GO:0009055

Electron Carrier Activity

70

47

117

GO:0055114

Oxidation-Reduction Process

93

77

170

GO:0006468

Protein Phosphorylation

99

87

186

GO:0042309

Homiothermy

69

65

134

GO:0050826

Response to Freezing

69

65

134

GO:0006950

Response to Stress

150

139

289

GO:0006915

Apoptotic Process

35

28

63

GO:0006952

Defense Response

47

44

91

GO:0005975

Carbohydrate Metabolic Process

73

72

145

GO:0006508

Proteolysis

64

56

120

GO:0006464

Cellular Protein Modification Process

126

103

229

GO:0050896

Response to Stimulus

165

156

321

GO:0001659

Temperature Homeostasis

69

65

134

GO:0008219

Cell Death

37

29

66

GO:0032501

Multicellular Organismal Process

85

69

154

159

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

Z97

MF

Z97

MF

Z97

MF

Z97

MF

Z97

MF

Z97

MF

Z97

MF

Z97

MF

Z97

MF

Z97

MF

Z97

MF

Z97

MF

*
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

M63

MF

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

GO:0009266

Response to Temperature Stimulus

69

66

135

GO:0012501

Programmed Cell Death

35

28

63

GO:0006812

Cation Transport

39

32

71

GO:0019538

Protein Metabolic Process

239

224

463

GO:0009056

Catabolic Process

48

45

93

GO:0023052

Signalling

62

61

123

GO:0009628

Response to Abiotic Stimulus

71

69

140

GO:0033036

Macromolecule Localization

35

32

67

GO:0042592

Homeostatic Process

79

77

156

GO:0009409

Response to Cold

69

66

135

GO:0030001

Metal Ion Transport

31

27

58

GO:0016265

Death

37

29

66

GO:0048871

Multicellular Organismal Homeostasis

69

65

134

GO:0043412

Macromolecule Modification

131

106

237

GO:0065008

Regulation of Biological Quality

83

77

160

GO:0016310

Phosphorylation

106

98

204

GO:0043687

Post-translational Protein Modification

118

98

216

GO:0044267

Cellular Protein Metabolic Process

190

181

371

GO:0044262

Cellular Carbohydrate Metabolic Process

37

32

69

GO:0044248

Cellular Catabolic Process

26

22

48

GO:0005506

Iron Ion Binding

59

47

106

GO:0020037

Heme Binding

38

28

66

GO:0046872

Metal Ion Binding

222

211

433

GO:0005524

ATP Binding

214

210

424

GO:0016887

ATPase Activity

39

31

70

GO:0017111

Nucleoside-triphosphatase Activity

74

67

141

GO:0016491

Oxidoreductase Activity

141

127

268

GO:0003700

Sequence-specific DNA Binding Transcription Factor Activity

34

29

63

160

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

M63

BP

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

GO:0004672

Protein Kinase Activity

98

87

185

GO:0004674

Protein Serine/Threonine Kinase Activity

94

84

178

GO:0004713

Protein Tyrosine Kinase Activity

95

80

175

GO:0050825

Ice Binding

69

65

134

GO:0043565

Sequence-specific DNA Binding

27

24

51

GO:0008270

Zinc Ion Binding

96

95

191

GO:0005515

Protein Binding

151

149

300

GO:0005509

Calcium Ion Binding

31

24

55

GO:0016773

Phosphotransferase Activity, Alcohol Group as Acceptor

119

113

232

GO:0005198

Structural Molecule Activity

56

55

111

GO:0008233

Peptidase Activity

60

52

112

GO:0016853

Isomerase Activity

31

28

59

GO:0016758

Transferase Activity, Transferring Hexosyl Groups

28

27

55

GO:0004872

Receptor Activity

67

59

126

GO:0043169

Cation Binding

236

228

464

GO:0016874

Ligase Activity

32

29

61

GO:0016746

Transferase Activity, Transferring Acyl Groups

32

24

56

GO:0004871

Signal Transducer Activity

76

70

146

GO:0001882

Nucleoside Binding

227

222

449

GO:0042623

ATPase Activity, Coupled

26

24

50

GO:0060089

Molecular Transducer Activity

76

70

146

GO:0043167

Ion Binding

237

228

465

GO:0001883

Purine Nucleoside Binding

227

224

451

GO:0016462

Pyrophosphatase Activity

76

70

146

GO:0050824

Water Binding

69

65

134

GO:0022857

Transmembrane Transporter Activity

68

62

130

GO:0004175

Endopeptidase Activity

33

26

59

GO:0030528

Transcription Regulator Activity

38

30

68

161

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

M63

MF

72

ns
ns
ns
ns
ns
ns
ns

M63

MF

71

147

ns

M63

MF

173

166

339

M63

MF

Tetrapyrrole Binding

38

29

67

M63

MF

GO:0030554

Adenyl Nucleotide Binding

227

223

450

M63

MF

GO:0032559

Adenyl Ribonucleotide Binding

214

210

424

ns
ns
ns
ns

M63

MF

GO:0015075

Ion Transmembrane Transporter Activity

48

43

91

GO:0016817

Hydrolase Activity, acting on acid anhydrides

76

71

147

GO:0070011

Peptidase Activity, Acting on L-amino Acid Peptides

51

41

92

GO:0008324

Cation Transmembrane Transporter Activity

39

34

73

GO:0022892

Substrate-specific Transporter Activity

60

59

119

GO:0022891

Substrate-specific Transmembrane Transporter Activity

54

53

107

GO:0022804

38

34

76

GO:0046914

Active Transmembrane Transporter Activity
Hydrolase activity, acting on acid anhydrides, in phosphorus-containing
anhydrides
Transition Metal Ion Binding

GO:0046906

GO:0016818
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Appendix 7.4 Molecular function and biological process GO terms describing cis
gene modules with an overrepresentation of one parental allele

After correcting for multiple testing, three gene modules showed a significant overrepresentation of the Zhenshan 97 allele. Numbers in brackets indicate the difference in
the number of genes with higher expression in Zhenshan 97 compared to Minghui 63.
Gene ontology IDs for the depicted GO terms are GO:0003676 (Nucleic acid binding),
GO:0003677 (DNA binding) and GO:0003723 (RNA binding).

163

Appendix 7.5 The probability of fixation of cis and trans eQTL combinations.
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Individuals from two lineages may have two polymorphic regulatory alleles that affect
one gene. Regulatory mutations at each of two loci that increase expression or
decrease expression may have become fixed in each lineage, resulting in sixteen
possible scenarios. Given seven evolutionary models, we calculated the probability of
each scenario using eq. 8.8.3.13 in Crow and Kimura (1970). In each scenario, eQTL
allele pairs are labelled reinforcing (R) or opposing (O). cis and trans regulatory loci are
reinforcing if both of one parent's cis and trans alleles increase or decrease transcript
abundances relative to the other parent. Cis and trans regulatory loci are opposing if
one parent's regulatory alleles have opposite effects relative to the other parent. (A, E)
Lineage one is under directional evolution for an increase in expression (A – via positive
selection, E – via relaxed purifying selection) and in lineage two, expression does not
affect fitness. (B, F) Lineage one is under directional evolution for an increase in
expression (B via positive selection, F via relaxed purifying selection) and lineage two
experiences purifying selection in which all mutations are deleterious. (C, G) The first
lineage experiences evolution for an increase in expression (C via positive selection, G
via relaxed purifying selection). The second lineage experiences selection for a
decrease in expression or relaxed purifying selection. (D) Lineage two is under purifying
selection, and lineage one expression does not affect fitness.
increases expression in lineage i.

indicates an eQTL

indicates an eQTL decreases expression in lineage

i. The superscript “b” indicates an eQTL allele is beneficial, an “n” indicates an eQTL is
neutral, a “d” indicates an eQTL is deleterious, a “w” indicates an eQTL is weakly
deleterious under relaxed purifying selection. The first superscript indicates the effect of
a trans substitution. The second superscript indicates the effect of a cis substitution.
Superscripts are assigned fitness effects by the effect of the substitution in the lineage
in which it occurs. For the results shown, the initial frequency of the fixed allele is
1/(2Ne), the effective population size is 100, and the magnitude of the selection
coefficient for alleles with strong effects is 1% and 0.1% with weak effects. We also did
similar analyses for A-D, assuming loci were polymorphic in the ancestral population.
The fixation probabilities change, but the probability ranks stay the same. For E-G,
alleles under purifying selection within the ancestral population would have low
diversity, so novel alleles are assumed to be largely the result of mutation.
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Reference:
Crow JF, Kimura M. 1970. An introduction to population genetics theory. New York:
Burgess Publishing Company. 591 p.
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Appendix 7.6 RNA Extraction and Isolation Protocol
1. Freeze and grind 100 mg of tissue in liquid nitrogen.
2. Pipette 1 ml Trizol into 1.5 ml tubes. Vortex to mix.
3. Repeat for all samples.
4. Incubate samples at room temperature for 5 minutes.
5. Gather the rest of the materials (chloroform bottle, column tubes on ice).
6. Spin tubes at 12,000 rpm x 10 min at 4 ºC (this brings the debris down to the bottom of the
tube).
7. Pipette trizol off into new tubes and record the volume if it is not 1ml.
8. Add 200 ul of chloroform for every 1 ml of Trizol (so if during step 9 the volume was 1 ml,
then you simply add 200 ul of chloroform).
9. Vortex for 30 seconds and let the samples sit for 2-3 minutes. Do NOT vortex again.
10. Centrifuge at 12,000 rpm for 15 minutes (4 ºC).
11. Set up clean 1.5 ml tubes and label. Add 700 ul Qiagen RLT buffer to this new tube.
12. Pipette 200 ul from the top (chloroform) layer into the new tube. Pipette the rest of the top
layer into a new, separate 1.5 ml tube and store at -80 ºC as a backup.
13. Add 500 ul of 96-100% ethanol. Vortex well to mix.
14. Label new spin columns. Pipette half of each sample (~ 700 ul) into a spin column. Spin
10,000 rpm x 15 seconds. Discard flow through in fumehood and repeat with the rest of the
sample.
15. Transfer the column to a new spin column collection tube. Add 500 ul buffer RPE and spin
10,000 rpm x 15 seconds. Discard flow through.
16. Add 750 ul of 80% EtOH to the spin column and spin at 10,000 rpm x 15 seconds. Discard
flow-through.
17. Repeat step above.
18. Transfer columns to new column collection tubes. Spin for 5 minutes at max speed with the
top off to elute any remaining ethanol.
19. Label new 1.5 ml tubes and transfer the columns into them. Add 10 ul RNAse-free water
and spin at max speed for 1 minute. Repeat with another 10 ul (20 ul total).
20. Put tubes on ice, and store at -80 C.
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Appendix 7.7 Pipeline used for RNA Seq analysis.
Our analysis of differential expression in maize began with a growth chamber
experiment, following by RNA extraction and isolation. 100 bp paired-end reads
were generated using an Illumina platform (and soybean 100 bp paired-end
reads were obtained from a published study that also used an Illumina platform
(Horvath et al., 2015)). Reads were quality checked with FastQC, aligned to the
corresponding reference genome with Bowtie2 and Tophat2, and raw reads were
obtained with HTSeq. Using EdgeR, differential expression of genes was
determined. Using our lists of DE genes, I performed enrichment test using both
mapman terms and gene ontology terms to identify any biological processes
and/or functions that are over-represented within the groups of genes
upregulated or downregulated in response to the weed treatment (maize and
soybean), thiamethoxam treatment (maize only), and within genes that respond
differently to the weed treatment if also treated with thiamethoxam (maize only).
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Appendix 7.8 Additions to maize mapman mapping file.
The following information was added to the Mapman mapping file provided for
the filtered gene set 5b genome release for maize
(Zm_B73_5b_FGS_cds_2012,
http://mapman.gabipd.org/web/guest/mapmanstore).
BINCODE
'17.1.2'
'17.5.3'
'17.6.1.2'
'17.6.1.2'
'17.6.1.2'
'17.7.1.2'
'17.7.3'
'17.7.3'
'20.1'
'20.1'
'20.1'
'20.1'
'20.1'
'20.1'
'20.1.7'
'20.1.7'
'20.1.7'
'20.1.7'
'20.1.7'

NAME
'hormone metabolism.abscisic acid.signal transduction'
'hormone metabolism.ethylene.induced-regulated-responsive-activated'
'hormone metabolism.gibberelin.synthesis-degradation.ent-kaurene synthase'
'hormone metabolism.gibberelin.synthesis-degradation.ent-kaurene synthase'
'hormone metabolism.gibberelin.synthesis-degradation.ent-kaurene synthase'
'hormone metabolism.jasmonate.synthesis-degradation.lipoxygenase'
'hormone metabolism.jasmonate.induced-regulated-responsive-activated'
'hormone metabolism.jasmonate.induced-regulated-responsive-activated'
'stress.biotic'
'stress.biotic'
'stress.biotic'
'stress.biotic'
'stress.biotic'
'stress.biotic'
'stress.biotic.PR-proteins'
'stress.biotic.PR-proteins'
'stress.biotic.PR-proteins'
'stress.biotic.PR-proteins'
'stress.biotic.PR-proteins'
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IDENTIFIER
'grmzm2g037189'
'grmzm2g018984'
'grmzm2g427618'
'grmzm2g093526'
'ac214360.3_fg001'
'grmzm2g312997'
'grmzm2g116614'
'grmzm2g020423'
'grmzm2g075283'
'grmzm5g815098'
'grmzm2g119705'
'grmzm2g116520'
'grmzm2g156632'
'grmzm2g075315'
'grmzm2g092474'
'grmzm2g402631'
'grmzm2g374971'
'grmzm2g039639'
'grmzm2g117942'

DESCRIPTION
''
''
''
''
''
''
''
''
''
''
''
''
''
''
''
''
''
''
''

TYPE
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T

'20.1.7'
'20.1.7'
'20.1.7'
'20.2'
'20.2'
'20.2'
'20.2.1001'

'stress.biotic.PR-proteins'
'stress.biotic.PR-proteins'
'stress.biotic.PR-proteins'
'stress.abiotic'
'stress.abiotic'
'stress.abiotic'
'stress.abiotic'

'grmzm2g075283'
'grmzm2g117971'
'ac205274.3_fgt001'
'grmzm2g116520'
'grmzm2g156632'
'grmzm2g075315'
"
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''
''
''
''
''
''
''

T
T
T
T
T
T
T

Appendix 7.9 Genes differentially expressed in the weed treatment in maize coleoptiles
a

a negative value indicates that transcript abundance decreased in the weed treatment relative to the weed-free
control.
b
Benjamini-Hochberg FDR correction (Benjamini and Hochberg, 1995) for multiple testing.
Gene ID
GRMZM2G322819
GRMZM2G064382
GRMZM2G117971
GRMZM2G156632
GRMZM2G453805
GRMZM2G448344
GRMZM2G178645
GRMZM2G039639
GRMZM2G080839
GRMZM2G166141
GRMZM2G117942
GRMZM2G402631
GRMZM2G075283
GRMZM2G471357
GRMZM2G157517
GRMZM2G051943
GRMZM2G436448

Annotation
serine-type endopeptidase/ serine-type peptidase
ZIP4 (ZINC TRANSPORTER 4 PRECURSOR)
PR4 (PATHOGENESIS-RELATED 4)
Bowman-Birk type wound-induced proteinase inhibitor WIP1
precursor
acidic endochitinase (CHIB1)
RBCL | large subunit of RUBISCO
AATP1 (AAA-ATPase 1)
osmotin 34 (PR)
FAD-binding domain-containing protein
germin-like protein, putative
PR4 (PATHOGENESIS-RELATED 4)
osmotin 34 (PR)
PR10 (PATHOGENESIS-RELATED GENE 10)
peroxidase, putative
NA
chitinase, putative
PR5K; kinase/ transmembrane receptor protein serine/threonine
kinase
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logFCa
-5.01
-1.97
1.49

FDRb
4.98E-51
6.53E-20
2.64E-15

1.27
1.12
-1.28
1.54
1.36
1.76
1.71
1.43
1.08
1.92
1.12
-1.27
1.30

4.34E-11
2.55E-10
7.24E-10
9.04E-10
1.32E-09
2.45E-09
1.39E-08
1.42E-08
1.98E-08
2.03E-08
4.41E-08
6.85E-08
7.03E-08

1.87

2.74E-07

GRMZM2G358153

RuBisCO-associated protein
RAP2.12, Similar to Ethylene-responsive transcription factor 1
GRMZM2G018984
(Ethylene-responsive element-binding factor 1) (EREBP-1)
33 kDa secretory protein-related, serine/threonine kinase-like protein,
GRMZM2G043878
putative
GRMZM2G423202
Unknown
GRMZM2G425728
ELIP2 (EARLY LIGHT-INDUCIBLE PROTEIN 2)
GRMZM2G337594
NA
GRMZM2G374971
osmotin 34 (PR)
GRMZM2G108480
Unknown
ATAPY1 (APYRASE 1); ATPase/ calmodulin binding / nucleotide
GRMZM2G006762
diphosphatase
AC198353.5_FG001 scpl28 (serine carboxypeptidase-like 28)
GRMZM2G029518
NA
GRMZM2G349749
PLA2A (PHOSPHOLIPASE A 2A)
GRMZM2G075315
Bowman-Birk type trypsin inhibitor
GRMZM2G124759
lipase class 3 family protein
GRMZM2G074611
dirigent
GRMZM2G116520
Bowman-Birk type trypsin inhibitor
GRMZM5G807276
2-oxoacid-dependent oxidase, putative
GRMZM2G444541
Ribosomal Protein S15
GRMZM5G846916
glycosyl hydrolase family 17 protein
GRMZM2G428216
NA
GRMZM2G155253
fructose-bisphosphate aldolase, putative
GRMZM2G126261
peroxidase, putative
GRMZM2G160515
NA
GRMZM2G093526
GA2 (GA REQUIRING 2); ent-kaurene synthase
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1.14

6.89E-07

1.37

3.52E-06

1.39
1.33
-1.25
1.66
1.07
0.94

4.24E-06
9.59E-06
2.07E-05
4.81E-05
4.82E-05
1.11E-04

1.07
1.53
1.27
2.44
0.82
1.63
1.10
1.06
0.92
-1.23
1.16
0.86
0.68
0.72
2.17
-0.76

1.54E-04
2.30E-04
2.30E-04
3.11E-04
3.15E-04
4.61E-04
4.77E-04
4.77E-04
4.77E-04
6.53E-04
1.11E-03
1.11E-03
1.17E-03
1.32E-03
1.83E-03
1.98E-03

GRMZM2G108219
GRMZM2G069298

peroxidase 12 (PER12) (P12) (PRXR6)
FLS (FLAVONOL SYNTHASE)
ATCLH1 (ARABIDOPSIS THALIANA CORONATINE-INDUCED
GRMZM2G103197
PROTEIN 1); chlorophyllase
GRMZM2G156861
LOX1
GRMZM2G039993
S-adenosyl-L-methionine:carboxyl methyltransferase family protein
GRMZM2G108847
serine-type endopeptidase inhibitor
GRMZM2G085974
meprin and TRAF homology domain-containing protein
GRMZM2G160710
protein metal ion binding protein
GRMZM2G073884
leucine-rich repeat transmembrane protein kinase, putative
GRMZM2G457287
Unknown
GRMZM2G037485
Unknown
PETB | Encodes the cytochrome b(6) subunit of the cytochrome b6f
GRMZM2G463640
complex.
GRMZM2G092474
osmotin 34 (PR)
AC205274.3_FG001 NA
GRMZM2G125001
SIP1 (SOS3-INTERACTING PROTEIN 1)
AC214360.3_FG001 GA2 (GA REQUIRING 2); ent-kaurene synthase
GRMZM2G090043
NA
GRMZM2G447795
acidic endochitinase (CHIB1)
GRMZM2G127328
LHT2 (LYSINE HISTIDINE TRANSPORTER 2)
GRMZM2G026980
XTR6 (XYLOGLUCAN ENDOTRANSGLYCOSYLASE 6)
GRMZM2G056329
NA
GRMZM2G306105
NA
GRMZM2G459828
40S ribosomal protein S10 (RPS10C)
GRMZM2G172214
protein CBS domain containing protein
GRMZM2G133475
peroxidase, putative
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1.38
1.15

2.12E-03
2.39E-03

-0.69
-0.64
-1.12
1.36
1.48
0.93
1.95
0.99
0.88

2.39E-03
2.48E-03
2.59E-03
2.70E-03
3.46E-03
3.58E-03
4.20E-03
4.25E-03
5.76E-03

-1.30
0.99
1.54
-0.90
1.00
1.18
0.85
1.18
0.80
1.48
0.75
0.66
0.64
0.81

5.93E-03
6.42E-03
6.79E-03
7.50E-03
7.90E-03
8.11E-03
9.11E-03
9.84E-03
1.03E-02
1.05E-02
1.45E-02
1.48E-02
1.57E-02
1.80E-02

GRMZM2G339091
GRMZM2G089982
GRMZM2G176472
GRMZM2G140231
GRMZM2G011160
GRMZM2G119975

SCPL27 (serine carboxypeptidase-like 27)
NA
calmodulin-binding protein
receptor-like protein kinase, putative
ATATH6, ATH6 | ATATH6 (ATPase)
NA
RPL2.2 | encodes a chloroplast ribosomal protein L2, a constituent of
GRMZM2G474459
the large subunit of the ribosomal complex
GRMZM2G359581
NA
GRMZM2G132591
WAK1 (CELL WALL-ASSOCIATED KINASE)
GRMZM2G032198
NA
GRMZM2G450825
COX1 | cytochrome c oxidase subunit 1
GRMZM2G465226
allergen V5/Tpx-1-related family protein
GRMZM2G455909
NB-ARC domain containing protein
GRMZM2G074307
NA
GRMZM2G032028
NA
GRMZM2G095126
AGAL1 (ALPHA-GALACTOSIDASE 1)
GRMZM2G117497
SANT/MYB protein, putative
GRMZM2G475059
Glutathione-S-transferase 30
GRMZM2G100412
Cytochrome P450 87A3
GRMZM2G161521
NA
GRMZM2G104269
OASC (O-ACETYLSERINE (THIOL) LYASE ISOFORM C)
GRMZM2G051720
NA
AC213612.3_FG001 NA
GRMZM2G108637
flavin-containing monooxygenase family protein
GRMZM2G119755
NA
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0.87
0.68
1.31
1.16
1.36
1.05

2.04E-02
2.04E-02
2.07E-02
2.11E-02
2.32E-02
2.32E-02

-0.82
-0.87
0.81
0.74
-0.89
1.29
1.49
1.11
0.79
0.69
1.00
-1.44
1.24
1.56
-0.66
0.86
0.65
1.32
0.93

2.32E-02
2.32E-02
2.52E-02
2.52E-02
2.72E-02
2.74E-02
2.88E-02
2.88E-02
2.88E-02
2.88E-02
2.88E-02
2.92E-02
3.04E-02
3.15E-02
3.15E-02
3.22E-02
3.22E-02
3.50E-02
3.58E-02

GRMZM2G120619
GRMZM2G091233
GRMZM2G144346
GRMZM2G370425
GRMZM2G019363
GRMZM2G001696
GRMZM2G328785
GRMZM2G121878
GRMZM2G135165
GRMZM2G054900
GRMZM2G523064

LHB1B1; chlorophyll binding
DC1 domain-containing protein, protein binding protein, putative
zinc finger (B-box type) family protein
ATS (ABERRANT TESTA SHAPE)
Unknown
PEPCK (PHOSPHOENOLPYRUVATE CARBOXYKINASE 1)
S-locus lectin protein kinase family protein
CA2 (CARBONIC ANHYDRASE 2)
Unknown
calmodulin-binding family protein
NA
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0.56
1.03
0.87
1.09
0.57
0.54
0.76
0.52
0.82
1.43
0.64

3.58E-02
3.60E-02
3.80E-02
4.12E-02
4.26E-02
4.36E-02
4.39E-02
4.63E-02
4.72E-02
4.97E-02
4.99E-02

Appendix 7.10 Fold change versus abundance for genes whose transcript
abundance was compared between weedy and weed-free treatments.

Count distribution (as average log2 counts per million (CPM)) versus log2FC of
genes whose expression levels were compared between weedy and weed-free
treatments. Genes with a minimum of 2 CPM in a minimum of three samples
were used for determination of differential expression. Black dots indicate genes
with transcript abundance levels that are not significantly different between
weedy and weed-free treatments, and the red dots are those genes that are
significantly differentially expressed between treatments (p<0.05 after FDR
correction for multiple testing).
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Appendix 7.11 Genes that are differentially expressed in the weed treatment in soybean
a

a negative value indicates that transcript abundance decreased in the weed treatment relative to the weed-free
control.
b
Benjamini-Hochberg FDR correction (Benjamini and Hochberg, 1995) for multiple testing.
c
NA = annotation is not available.
Annotationa

Gene ID

logFCb

FDRc

2.59

2.85E-19

GLYMA15G06270

NA

GLYMA14G11420
GLYMA17G34540

HSP17.6II (17.6 KDA CLASS II HEAT SHOCK PROTEIN)
ATHSFA2 heat shock factor protein

-2.03
-3.10

2.96E-16
4.46E-16

GLYMA14G11430
GLYMA16G29750

HSP17.6II (17.6 KDA CLASS II HEAT SHOCK PROTEIN)
HEAT SHOCK PROTEIN 90.1

-2.26
-1.81

6.14E-16
2.03E-14

GLYMA13G24461
GLYMA02G36700

17.6 kDa class I small heat shock protein (HSP17.6C-CI)
Hsp70b (heat shock protein 70B)

-2.21
-2.60

3.64E-14
1.66E-13

GLYMA17G34220
GLYMA04G04230
GLYMA19G43940
GLYMA01G41290
GLYMA13G23610
GLYMA08G13440

HSP17.6II (17.6 KDA CLASS II HEAT SHOCK PROTEIN)
transferase family protein
LTL1 (LI-TOLERANT LIPASE 1)
NA
RLK1 (RECEPTOR-LIKE PROTEIN KINASE 1)
cupin family protein

-1.73
-2.31
2.03
-1.92
1.95
3.17

1.82E-11
1.93E-11
2.25E-11
5.00E-11
5.21E-11
6.05E-11
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GLYMA14G05230
GLYMA04G40823
GLYMA11G31120
GLYMA08G07350
GLYMA08G07340

AIR3; serine-type endopeptidase
NA
Cytochrome P450 79A1
17.8 kDa class I heat shock protein (HSP17.8-CI)
17.8 kDa class I heat shock protein (HSP17.8-CI)

3.36
1.92
-2.83
-1.70
-1.90

1.20E-10
1.57E-10
2.64E-10
5.13E-10
7.16E-10

GLYMA04G05720
GLYMA20G22562
GLYMA06G45780
GLYMA06G45547
GLYMA09G24410
GLYMA03G04920
GLYMA08G20200
GLYMA09G02205
GLYMA05G28260
GLYMA07G02630
GLYMA17G20500

HSP17.6II (17.6 KDA CLASS II HEAT SHOCK PROTEIN)
NA
Terpene synthase-like sequence-1,8-cineole
MYB14 (MYB DOMAIN PROTEIN 14)
ATHSP90.1 (HEAT SHOCK PROTEIN 90.1)
LTP4 (LIPID TRANSFER PROTEIN 4)
LOX1; lipoxygenase
leucine-rich repeat transmembrane protein kinase
peptidyl-prolyl cis-trans isomerase
WRKY40; transcription factor
GA2OX8 (GIBBERELLIN 2-OXIDASE 8)

-1.52
2.63
-3.32
-2.75
-1.46
1.71
-1.64
1.62
-1.41
-2.15
3.00

7.35E-10
8.61E-10
8.84E-10
1.00E-09
1.21E-09
1.21E-09
1.83E-09
3.39E-09
5.14E-09
6.19E-09
6.29E-09

GLYMA12G01580
GLYMA19G01440
GLYMA07G31301
GLYMA09G25330
GLYMA08G23380
GLYMA14G07660

MITOCHONDRION-LOCALIZED SMALL HEAT SHOCK PROTEIN 23.6
ATHSP22.0
Polyphenol oxidase A1, chloroplast precursor
Cytochrome P450 72A1
WRKY40
unknown protein

-1.38
-1.54
-1.63
-4.30
-2.15
-1.94

6.47E-09
8.10E-09
9.57E-09
1.77E-08
1.77E-08
2.18E-08

GLYMA13G24490

17.6 kDa class I small heat shock protein (HSP17.6B-CI)

-1.34

3.15E-08
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GLYMA12G10440
GLYMA10G15480
GLYMA03G14200
GLYMA02G15390

NA
lectin protein kinase, putative
SQD2 (sulfoquinovosyldiacylglycerol 2)
oxidoreductase, 2OG-Fe(II) oxygenase family protein

2.99
2.96
1.44
1.77

3.15E-08
3.91E-08
4.00E-08
4.01E-08

GLYMA13G07990
GLYMA11G02440
GLYMA07G04310

WBC11 (WHITE-BROWN COMPLEX HOMOLOG PROTEIN 11)
fringe-related protein
GER1 (GERMIN-LIKE PROTEIN 1)

1.49
1.50
1.40

4.01E-08
6.84E-08
7.40E-08

GLYMA06G05740
GLYMA08G16080
GLYMA15G12060
GLYMA07G32030
GLYMA20G00490
GLYMA13G06880

HSP17.6II (17.6 KDA CLASS II HEAT SHOCK PROTEIN)
NA
unknown protein
17.8 kDa class I heat shock protein (HSP17.8-CI)
Cytochrome P450 97B2
Cytochrome P450 79A1

-1.37
1.76
2.47
-1.53
-2.26
-3.08

7.56E-08
7.56E-08
7.82E-08
8.71E-08
9.30E-08
1.08E-07

GLYMA13G24510

17.6 kDa class I small heat shock protein (HSP17.6C-CI)
DXR (1-DEOXY-D-XYLULOSE 5-PHOSPHATE
REDUCTOISOMERASE)
DMR6 (DOWNY MILDEW RESISTANT 6)
NA
SEP1 (SEPALLATA1)
AKIN10 (Arabidopsis SNF1 kinase homolog 10)
tryptophan synthase, beta subunit
BGLU11 (BETA GLUCOSIDASE 11)
NIR1 (NITRITE REDUCTASE 1)

-1.34

1.32E-07

1.59
1.28
2.05
-2.30
1.89
-2.02
-1.61
-1.41

1.46E-07
1.55E-07
1.65E-07
2.18E-07
2.69E-07
2.75E-07
2.78E-07
3.36E-07

GLYMA16G10880
GLYMA06G14190
GLYMA16G29262
GLYMA02G13401
GLYMA08G26191
GLYMA11G00580
GLYMA07G18400
GLYMA07G33570
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GLYMA07G32050
GLYMA11G04130
GLYMA17G08020
GLYMA06G45540
GLYMA09G32120

17.6 kDa class I small heat shock protein (HSP17.6C-CI)
NA
Hsp70b | Hsp70b (heat shock protein 70B)
MYB14 (MYB DOMAIN PROTEIN 14)
NA

-1.25
-1.50
-1.51
-2.19
1.29

4.39E-07
5.94E-07
5.94E-07
1.27E-06
1.27E-06

GLYMA03G38000

LACS1 | long-chain-fatty-acid--CoA ligase family protein

1.86

1.40E-06

GLYMA20G01930
GLYMA04G42700
GLYMA18G09516
GLYMA02G04060
GLYMA11G06770
GLYMA04G05500
GLYMA02G15380
GLYMA10G04930
GLYMA09G01240
GLYMA18G43430
GLYMA08G45281
GLYMA05G20280
GLYMA04G11310

HSP17.6II (17.6 KDA CLASS II HEAT SHOCK PROTEIN)
ATPDIL1-1 (PDI-LIKE 1-1)
SVL1 (SHV3-LIKE 1)
DRM1 (domains rearranged methylase 1)
NA
heat shock factor protein
oxidoreductase, 2OG-Fe(II) oxygenase family protein
NA
unknown protein
protein heat shock protein binding protein
NA
ATFER2 (ferritin 2)
unknown protein
ACS6 (1-AMINOCYCLOPROPANE-1-CARBOXYLIC ACID (ACC)
SYNTHASE 6)
lipase class 3 family protein
OPR3 (OPDA-REDUCTASE 3)
NA

-1.22
-1.46
1.52
-1.36
1.78
-1.19
1.77
1.82
1.79
-1.18
1.20
4.65
-1.27

1.52E-06
2.08E-06
2.70E-06
3.08E-06
3.51E-06
4.05E-06
4.76E-06
4.78E-06
5.62E-06
6.64E-06
7.46E-06
7.53E-06
7.70E-06

-3.85
-1.21
-1.60
-3.41

1.43E-05
1.63E-05
1.83E-05
2.26E-05

GLYMA11G02390
GLYMA02G16040
GLYMA13G16950
GLYMA01G31107
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GLYMA08G45291
GLYMA13G23600
GLYMA05G13910
GLYMA16G01550
GLYMA08G12340
GLYMA18G46286
GLYMA08G21410
GLYMA08G12400
GLYMA16G29274
GLYMA14G08830

NA
S-locus protein kinase
pyruvate kinase
NA
cysteine proteinase
SPX (SYG1/Pho81/XPR1) domain-containing protein
acid phosphatase
IRX1 (IRREGULAR XYLEM 1)
disease resistance family protein
scpl40 (serine carboxypeptidase-like 40)

GLYMA09G40550

SMO1-1 (STEROL-4ALPHA-METHYL OXIDASE 1-1)
gamma interferon responsive lysosomal thiol reductase family protein /
GILT family protein
lipase class 3 family protein
ATSPS3F (sucrose phosphate synthase 3F)
GDSL-motif lipase/hydrolase family protein
NA
fructose-1,6-bisphosphatase, putative
fructose-bisphosphate aldolase, putative
unknown protein
Receptor Like Protein 43
disease resistance family protein
phosphatase
GDSL-motif lipase/hydrolase family protein
NA

GLYMA06G25480
GLYMA02G16020
GLYMA14G03300
GLYMA03G41330
GLYMA17G30900
GLYMA20G30620
GLYMA14G01470
GLYMA14G14380
GLYMA13G30015
GLYMA16G30875
GLYMA08G20820
GLYMA16G07440
GLYMA01G38530
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1.27
1.54
2.62
-1.39
-1.11
1.85
-1.07
-1.12
1.70
-1.27

2.33E-05
2.43E-05
2.46E-05
2.62E-05
2.99E-05
3.35E-05
3.40E-05
3.54E-05
3.68E-05
3.68E-05

3.79

3.71E-05

1.33
-1.12
1.44
1.19
-2.43
1.25
1.11
-2.66
-3.54
2.67
1.38
-1.24
1.19

4.27E-05
4.27E-05
4.60E-05
4.60E-05
4.67E-05
5.24E-05
5.52E-05
6.31E-05
6.72E-05
6.87E-05
7.16E-05
7.49E-05
7.49E-05

GLYMA18G08120
GLYMA15G10870
GLYMA01G01500
GLYMA06G02530
GLYMA07G37142
GLYMA02G39800
GLYMA02G43560
GLYMA02G14910

NA
beta-amyrin synthase/ lupeol synthase
lipase class 3 family protein
family II extracellular lipase 3 (EXL3)
MYB12 (MYB DOMAIN PROTEIN 12
GDSL-motif lipase/hydrolase family protein
EFE (ETHYLENE-FORMING ENZYME)
NIR1 (NITRITE REDUCTASE 1)

1.77
1.26
2.84
1.60
1.65
2.72
1.03
-1.14

7.53E-05
7.67E-05
7.77E-05
8.27E-05
8.82E-05
9.31E-05
9.76E-05
1.12E-04

GLYMA09G29360

trypsin and protease inhibitor family protein / Kunitz family protein

-1.34

1.13E-04

GLYMA19G07740
GLYMA12G11340
GLYMA04G07390
GLYMA07G03427
GLYMA16G00980
GLYMA05G08590

PQ-loop repeat family protein / transmembrane family protein
MYB14 (MYB DOMAIN PROTEIN 14)
BOR4 (REQUIRES HIGH BORON 4)
NA
GER1 (GERMIN-LIKE PROTEIN 1)
CA1 (CARBONIC ANHYDRASE 1)

1.33
-2.62
-1.65
1.54
1.02
1.09

1.35E-04
1.38E-04
1.42E-04
1.59E-04
1.75E-04
1.83E-04

GLYMA12G11220
GLYMA02G03210
GLYMA13G06700
GLYMA20G33090
GLYMA14G04260
GLYMA16G11800
GLYMA02G18090
GLYMA16G06640

ATP binding / kinase/ protein kinase/ protein serine/threonine kinase/
protein tyrosine kinase/ sugar binding
matrixin family protein
BR6OX2 (BRASSINOSTEROID-6-OXIDASE 2)
Cytochrome P450 76A2
cysteine protease inhibitor, putative
Cytochrome P450 82A3
lectin protein kinase, putative
germin-like protein

1.26
0.99
1.71
1.62
-1.02
1.23
-0.98
-1.17

1.91E-04
1.98E-04
2.01E-04
2.11E-04
2.12E-04
2.18E-04
2.26E-04
2.28E-04
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GLYMA12G09240

-2.58

2.38E-04

GLYMA17G03520
GLYMA08G47100
GLYMA03G03270
GLYMA18G10260

Cytochrome P450 97B2
ATSAR2 (ARABIDOPSIS THALIANA SECRETION-ASSOCIATED RAS
SUPER FAMILY 2)
NA
arginase, putative
cinnamyl-alcohol dehydrogenase, putative (CAD)

-1.05
1.63
-0.99
-1.09

2.46E-04
2.49E-04
2.82E-04
2.84E-04

GLYMA18G53150
GLYMA18G52650
GLYMA15G20030
GLYMA13G36390
GLYMA18G46840
GLYMA06G08920
GLYMA18G09560
GLYMA12G04890
GLYMA10G10080
GLYMA09G37430
GLYMA18G28830
GLYMA07G18550

nonspecific lipid-transfer protein AKCS9 precursor (LTP)
HSP70 (heat shock protein 70)
FAB1 (FATTY ACID BIOSYNTHESIS 1)
GA2OX8 (GIBBERELLIN 2-OXIDASE 8)
unknown protein
transducin family protein / WD-40 repeat family protein
glycosyltransferase family protein
ATPLT5 (POLYOL TRANSPORTER 5)
NA
condensation domain-containing protein
CLA1 (CLOROPLASTOS ALTERADOS 1)
protein heat shock protein binding protein

1.37
-1.13
1.49
1.25
1.08
1.18
1.44
1.10
-5.24
-1.11
1.57
-0.99

3.00E-04
3.12E-04
3.12E-04
3.46E-04
3.51E-04
3.65E-04
3.72E-04
3.75E-04
3.75E-04
4.00E-04
4.09E-04
4.10E-04

GLYMA13G07910
GLYMA10G06020
GLYMA05G36620
GLYMA12G30480
GLYMA06G15411
GLYMA16G17150

WBC11 (WHITE-BROWN COMPLEX HOMOLOG PROTEIN 11)
NA
BIP1
GDSL-motif lipase, putative
unknown protein
pectinacetylesterase family protein

-1.82
-2.22
-0.94
-1.69
2.39
-1.07

4.44E-04
4.50E-04
4.65E-04
5.15E-04
5.15E-04
5.26E-04
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GLYMA03G21690
GLYMA11G11560
GLYMA20G03473

ROF1 (ROTAMASE FKBP 1)
Cytochrome P450 76A2
NA

-0.94
1.23
2.03

5.36E-04
5.43E-04
5.52E-04

GLYMA08G14670
GLYMA04G31847

MIPS3 (MYO-INOSITOL-1-PHOSPHATE SYNTHASE 3)
AGL8 (agamous-like 8)
PAP17; acid phosphatase/ phosphatase/ protein serine/threonine
phosphatase
protein kinase family protein
gibberellin-responsive protein, putative
WRKY70; transcription factor/ transcription repressor
WPP2
Cytochrome P450 71A2
light repressible receptor protein kinase
unknown protein
kinase
NA

-0.97
1.37

5.78E-04
5.96E-04

1.03
1.25
1.01
1.00
-1.32
-1.38
1.08
3.14
1.51
-1.27

6.66E-04
6.66E-04
6.85E-04
6.85E-04
7.00E-04
7.17E-04
7.17E-04
7.17E-04
7.56E-04
7.56E-04

1.04
1.56
1.02
1.62

7.86E-04
8.09E-04
8.39E-04
8.40E-04

-1.15
1.23
1.41
1.51

8.80E-04
9.25E-04
9.25E-04
9.38E-04

GLYMA08G06090
GLYMA11G32600
GLYMA03G28740
GLYMA04G40130
GLYMA04G04580
GLYMA09G26430
GLYMA15G02450
GLYMA01G01530
GLYMA11G32070
GLYMA15G08510
GLYMA06G07070
GLYMA17G03480
GLYMA13G04410
GLYMA05G09070
GLYMA08G36280
GLYMA16G28480
GLYMA15G13360
GLYMA16G28520

protease inhibitor/seed storage/lipid transfer protein (LTP) family protein
MYB12 (MYB DOMAIN PROTEIN 12)
DOX1; lipoxygenase
Cytochrome P450 97B2
XH/XS domain-containing protein / XS zinc finger domain-containing
protein
AtRLP19 (Receptor Like Protein 19)
polygalacturonase, putative /
AtRLP27 (Receptor Like Protein 27)
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GLYMA04G38850
GLYMA03G28281
GLYMA07G35561
GLYMA07G21120

GA20OX2 (GIBBERELLIN 20 OXIDASE 2)
XYL1 (ALPHA-XYLOSIDASE 1)
MYB106 (myb domain protein 106)
NA

2.58
1.11
2.28
1.17

9.50E-04
9.56E-04
1.04E-03
1.09E-03

GLYMA16G08560
GLYMA07G18280
GLYMA18G10760
GLYMA17G34150
GLYMA10G00850
GLYMA04G40600
GLYMA16G30570
GLYMA04G06610
GLYMA13G39440
GLYMA20G28320
GLYMA04G37291
GLYMA13G30320
GLYMA17G36340
GLYMA14G40210

leucine-rich repeat family protein / protein kinase family protein
oxidoreductase, 2OG-Fe(II) oxygenase family protein
HSP21 (HEAT SHOCK PROTEIN 21)
lectin protein kinase, putative
NA
DMR6 (DOWNY MILDEW RESISTANT 6)
disease resistance family protein
CLPB4 (CASEIN LYTIC PROTEINASE B4)
CER4 (ECERIFERUM 4)
haloacid dehalogenase-like hydrolase family protein
NF-YC1 (NUCLEAR FACTOR Y, SUBUNIT C1)
unknown protein
scpl40 (serine carboxypeptidase-like 40)
family II extracellular lipase 1 (EXL1)

1.03
-1.02
-1.09
1.84
2.07
0.93
2.56
-0.90
1.27
-1.14
-1.45
-0.96
-1.12
1.67

1.12E-03
1.15E-03
1.16E-03
1.16E-03
1.21E-03
1.27E-03
1.33E-03
1.34E-03
1.37E-03
1.37E-03
1.41E-03
1.41E-03
1.42E-03
1.43E-03

GLYMA12G32460

ATP binding / kinase/ protein kinase/ protein serine/threonine kinase/
protein tyrosine kinase/ sugar binding

1.04

1.45E-03

GLYMA08G42210

GPAT1 (GLYCEROL-3-PHOSPHATE ACYLTRANSFERASE 1)

1.44

1.46E-03

GLYMA12G06910
GLYMA03G39190

HSC70-1 (HEAT SHOCK COGNATE PROTEIN 70-1)
calmodulin-binding protein

-0.89
1.00

1.54E-03
1.54E-03
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GLYMA04G02490

family II extracellular lipase 3 (EXL3)

1.14

1.71E-03

GLYMA19G01140

oxidoreductase, zinc-binding dehydrogenase family protein

1.00

1.82E-03

GLYMA14G04291

ATCYSA (CYSTATIN A); cysteine-type endopeptidase inhibitor

-0.92

1.99E-03

GLYMA11G27280
GLYMA10G34205
GLYMA05G09920
GLYMA06G24365
GLYMA20G25080
GLYMA10G36310
GLYMA20G27596
GLYMA05G34870
GLYMA14G05150
GLYMA09G01650
GLYMA01G44910
GLYMA18G14620
GLYMA08G10300
GLYMA01G32230
GLYMA12G35460
GLYMA03G40420
GLYMA20G35980
GLYMA14G02630

NDA1 (ALTERNATIVE NAD(P)H DEHYDROGENASE 1)
NA
GA2OX8 (GIBBERELLIN 2-OXIDASE 8)
NA
NA
TT10 (TRANSPARENT TESTA
protein kinase family protein
NA
STM (SHOOT MERISTEMLESS)
NF-YB3 (NUCLEAR FACTOR Y, SUBUNIT B3)
HSP70T-2 (HEAT-SHOCK PROTEIN 70T-2)
ATPAO2 (Polyamine oxidase 2)
AtRLP29 (Receptor Like Protein 29)
chaperonin, putative
NA
transferase family protein
YSL1 (YELLOW STRIPE LIKE 1)
GGR (geranylgeranyl reductase)
BAG6 (BCL-2-ASSOCIATED ATHANOGENE 6) (Nishizawa-Yokoi et al.
2009)
UTR3 (UDP-GALACTOSE TRANSPORTER 3)

1.04
-1.19
0.93
-2.61
-1.97
-0.96
0.91
0.90
4.05
1.29
-0.89
-0.95
1.67
-3.02
2.44
2.23
1.00
-2.08

2.07E-03
2.08E-03
2.08E-03
2.14E-03
2.17E-03
2.24E-03
2.24E-03
2.24E-03
2.29E-03
2.31E-03
2.32E-03
2.32E-03
2.32E-03
2.36E-03
2.39E-03
2.39E-03
2.39E-03
2.39E-03

-1.09
-0.90

2.48E-03
2.48E-03

GLYMA07G06750
GLYMA02G02330
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GLYMA12G11390
GLYMA15G09980
GLYMA19G26435
GLYMA20G26640
GLYMA04G28420
GLYMA14G05270

MYB4
NA
NA
unknown protein
ATP binding / protein kinase/ protein serine/threonine kinase/ protein
tyrosine kinase/ sugar binding
AIR3; serine-type endopeptidase

GLYMA0041S00360 KNAT1 (KNOTTED-LIKE FROM ARABIDOPSIS THALIANA)
GLYMA10G36490
leucine-rich repeat transmembrane protein kinase

-2.02
-1.93
-1.88
0.99

2.50E-03
2.52E-03
2.52E-03
2.60E-03

1.37
-1.04

2.63E-03
2.63E-03

5.22
3.00

2.63E-03
2.63E-03

GLYMA03G38150
GLYMA16G05640
GLYMA14G24406
GLYMA0313S50
GLYMA08G11240
GLYMA08G02940
GLYMA05G24590
GLYMA01G32450

short-chain dehydrogenase/reductase (SDR) family protein
SRG3 (senescence-related gene 3)
tRNA synthetase class II (G, H, P and S) family protein
TPS21 (TERPENE SYNTHASE 21)
peptidyl-prolyl cis-trans isomerase
BIP2 (Gao et al. 2008)
dentin sialophosphoprotein-related
WNK5 (WITH NO LYSINE (K) KINASE 5)

-0.99
0.93
1.48
-3.31
-1.07
-0.85
-0.88
1.00

2.64E-03
2.77E-03
2.94E-03
2.96E-03
2.96E-03
2.99E-03
3.00E-03
3.07E-03

GLYMA16G24800
GLYMA16G31060
GLYMA03G17870
GLYMA19G01050
GLYMA07G05820
GLYMA11G30010
GLYMA07G39490

BSMT1; S-adenosylmethionine-dependent methyltransferase
disease resistance family protein
armadillo/beta-catenin repeat family protein
CA1 (CARBONIC ANHYDRASE 1)
Cytochrome P450 78A3
peroxidase, putative
unknown protein

-1.27
5.00
-0.86
0.88
1.09
-0.92
1.13

3.08E-03
3.08E-03
3.17E-03
3.19E-03
3.36E-03
3.39E-03
3.45E-03
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GLYMA15G13430
GLYMA10G28511
GLYMA14G05260
GLYMA17G06610
GLYMA12G04680
GLYMA0892S50
GLYMA06G08360

tyrosine decarboxylase
NA
leucine-rich repeat transmembrane protein kinase
basic helix-loop-helix (bHLH) family protein
ATRL1 (ARABIDOPSIS RAD-LIKE 1)
ankyrin repeat family protein
unknown protein

1.09
1.20
-1.07
-0.97
1.13
1.02
1.33

3.49E-03
3.53E-03
3.64E-03
3.69E-03
3.69E-03
3.82E-03
3.94E-03

GLYMA17G01900
GLYMA19G44580
GLYMA17G09551
GLYMA03G28360
GLYMA11G10460
GLYMA05G32790
GLYMA07G32110
GLYMA12G06950
GLYMA11G37450
GLYMA18G52480

APL1 (ADP GLUCOSE PYROPHOSPHORYLASE LARGE SUBUNIT 1
AP2 domain-containing transcription factor
ATPase-like domain-containing protein-related
NA
PRP4 (PROLINE-RICH PROTEIN 4)
UVR8 (UVB-RESISTANCE 8)
17.8 kDa class I heat shock protein (HSP17.8-CI)
osmotin-like protein
HSP21 (HEAT SHOCK PROTEIN 21)
HSP70 (heat shock protein 70)

0.88
-1.38
-0.91
0.95
0.86
1.20
-1.33
-0.93
-0.88
0.88

3.96E-03
3.96E-03
4.12E-03
4.12E-03
4.13E-03
4.22E-03
4.22E-03
4.22E-03
4.23E-03
4.33E-03

GLYMA05G00540

ATHSP101 (ARABIDOPSIS THALIANA HEAT SHOCK PROTEIN 101)

-0.88

4.75E-03

GLYMA08G45600
GLYMA16G07041
GLYMA06G17875
GLYMA20G11740
GLYMA05G31460

trypsin and protease inhibitor family protein / Kunitz family protein
kinase
PAP24 (PURPLE ACID PHOSPHATASE 24)
unknown protein
1,3-beta-glucosidase precursor

-0.96
2.25
-1.32
0.87
-0.91

4.75E-03
4.95E-03
5.01E-03
5.09E-03
5.10E-03
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GLYMA13G31280
GLYMA17G02150
GLYMA06G17060

-1.02
1.86
-0.82

5.13E-03
5.20E-03
5.33E-03

GLYMA17G06770
GLYMA07G09700
GLYMA02G08835
GLYMA08G21140
GLYMA18G02400
GLYMA18G01720
GLYMA01G04350
GLYMA06G10190

LOX3
dienelactone hydrolase family protein
calnexin 1 (CNX1)
ORP4B (OSBP(OXYSTEROL BINDING PROTEIN)-RELATED
PROTEIN 4B)
NA
ERF110
light repressible receptor protein kinase
NA
protein binding / zinc ion binding
matrixin family protein
CER2 (ECERIFERUM 2)

0.96
0.83
-2.29
1.36
-1.26
1.39
0.89
0.91

5.33E-03
5.33E-03
5.51E-03
5.53E-03
5.53E-03
5.86E-03
5.86E-03
5.87E-03

GLYMA18G03470
GLYMA12G07411
GLYMA02G12266
GLYMA12G13020

ATCEL2; cellulase/ hydrolase, hydrolyzing O-glycosyl compounds
FLA11 fasciclin-like arabinogalactan protein 7 precursor
ATMYB16 (MYB DOMAIN PROTEIN 16)
condensation domain-containing protein

0.89
-1.10
2.08
0.88

6.05E-03
6.08E-03
6.08E-03
6.23E-03

GLYMA14G10430
GLYMA12G15940
GLYMA17G07400
GLYMA06G37260
GLYMA06G13970

KNAT1 (KNOTTED-LIKE FROM ARABIDOPSIS THALIANA)
halcohol oxidase-related
CLA1 (CLOROPLASTOS ALTERADOS 1)
NA
leucine-rich repeat transmembrane protein kinase

5.03
0.90
-0.96
0.98
1.71

6.34E-03
6.40E-03
6.84E-03
6.84E-03
6.93E-03

GLYMA08G01300

MTN3 (Arabidopsis homolog of Medicago truncatula MTN3)

-1.17

7.01E-03

GLYMA08G07550

WBC11 (WHITE-BROWN COMPLEX HOMOLOG PROTEIN 11)

0.86

7.11E-03
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GLYMA15G08420
GLYMA11G03500
GLYMA12G29810

DNAJ heat shock family protein
aspartyl protease family protein
unknown protein

-1.05
1.20
0.90

7.43E-03
7.58E-03
7.58E-03

GLYMA16G24831
GLYMA15G18070
GLYMA09G04370
GLYMA09G37490
GLYMA12G21640
GLYMA16G27995
GLYMA06G04660
GLYMA16G28690
GLYMA05G17390
GLYMA08G06660

BSMT1; S-adenosylmethionine-dependent methyltransferase
basic helix-loop-helix (bHLH) family protein
MYB12 (MYB DOMAIN PROTEIN 12)
unknown protein
ARK1 (A. THALIANA RECEPTOR KINASE 1)
LHB1B1; chlorophyll binding
WPP2
disease resistance family protein
KCS2 (3-KETOACYL-COA SYNTHASE 2)
HSA32 (HEAT-STRESS-ASSOCIATED 32)

-2.01
-1.07
0.85
1.35
1.65
0.80
-1.12
1.04
1.18
-0.90

8.22E-03
8.49E-03
8.49E-03
8.49E-03
8.52E-03
8.66E-03
8.89E-03
8.96E-03
9.31E-03
9.35E-03

GLYMA08G13230
GLYMA07G08511
GLYMA12G28530

mUDP-glucoronosyl/UDP-glucosyl transferase family protein
NA
NA

1.33
1.01
-0.86

9.35E-03
9.35E-03
9.35E-03

GLYMA19G40610

LACS1 | long-chain-fatty-acid--CoA ligase family protein
GAPC2 (GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE
C2)
protein kinase family protein
aspartate/glutamate/uridylate kinase family protein
fructose-bisphosphate aldolase
NA
AGL8 (agamous-like 8)

1.02

9.36E-03

4.88
0.95
3.65
0.87
1.45
1.30

9.40E-03
9.47E-03
9.55E-03
9.75E-03
9.79E-03
9.83E-03

GLYMA06G18120
GLYMA11G32520
GLYMA05G20400
GLYMA02G47280
GLYMA06G41220
GLYMA18G50910
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GLYMA08G27620
GLYMA10G05480
GLYMA13G29630
GLYMA01G04130
GLYMA02G03301
GLYMA07G32090
GLYMA17G36680
GLYMA10G20860
GLYMA20G32990
GLYMA20G15960
GLYMA12G31090

germination protein-related
In2-1 protein (GST homologue apparently)
dynamin family protein
unknown protein
matrixin family protei
17.8 kDa class I heat shock protein (HSP17.8-CI)
ATLP-3
NA
ATCSLA09; mannan synthase/ transferase
Chytochrome P450 79A2
NA

3.20
0.83
1.21
1.03
0.86
-1.31
-1.31
-1.65
-0.80
-2.17
0.83

1.02E-02
1.03E-02
1.03E-02
1.03E-02
1.03E-02
1.05E-02
1.07E-02
1.07E-02
1.07E-02
1.08E-02
1.16E-02

GLYMA19G36460
GLYMA20G01100
GLYMA17G34791
GLYMA15G15400
GLYMA01G29930
GLYMA20G36350
GLYMA06G15220
GLYMA20G27750
GLYMA13G36370
GLYMA13G17180

ATP58IPK (ARABIDOPSIS HOMOLOG OF MAMALLIAN P58IPK)
NA
myb family transcription factor
AtMYB111 (myb domain protein 111)
oxidoreductase, 2OG-Fe(II) oxygenase family protein
GDSL-motif lipase/hydrolase family protein
WRKY51; transcription factor
receptor-like protein kinase, putative
NA
JAZ1 (JASMONATE-ZIM-DOMAIN PROTEIN 1)
ATP binding / protein kinase/ protein serine/threonine kinase/ protein
tyrosine kinase/ sugar binding
glycerol-3-phosphate transporter
disease resistance protein (NBS-LRR class)

-0.79
1.28
0.96
1.31
-1.07
1.08
1.08
0.99
1.33
-0.85

1.18E-02
1.22E-02
1.23E-02
1.24E-02
1.24E-02
1.24E-02
1.26E-02
1.29E-02
1.29E-02
1.29E-02

1.35
0.85
1.12

1.29E-02
1.33E-02
1.37E-02

GLYMA13G32280
GLYMA12G01590
GLYMA02G03010
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GLYMA02G03280

NA

0.88

1.39E-02

GLYMA20G39150
GLYMA20G32462
GLYMA20G25315
GLYMA15G08520
GLYMA16G28910
GLYMA01G05170

proton-dependent oligopeptide transport (POT) family protein
NA
protein kinase, putative
GRX480
ATMRP14
UTR3 (UDP-GALACTOSE TRANSPORTER 3)

-1.21
1.05
1.03
-0.95
0.79
-0.78

1.39E-02
1.40E-02
1.47E-02
1.50E-02
1.51E-02
1.57E-02

GLYMA18G52610
GLYMA03G02470
GLYMA13G41540
GLYMA09G01000

HSC70-1 (HEAT SHOCK COGNATE PROTEIN 70-1)
Cytochrome P450 71D10
AAC2 (ADP/ATP carrier 2)
STM (SHOOT MERISTEMLESS)

-0.77
1.03
0.96
3.15

1.59E-02
1.62E-02
1.64E-02
1.64E-02

GLYMA01G11640
GLYMA11G30752
GLYMA08G20810
GLYMA18G03750
GLYMA11G33030
GLYMA11G10445
GLYMA12G16940
GLYMA01G43040
GLYMA14G34221

Trypsin inhibitor A precursor (Kunitz-type trypsin inhibitor A)
NA
phosphatase
subtilase family protein
integral membrane family protein
NA
TPS21 (TERPENE SYNTHASE 21)
BEL1 (BELL 1)
SULTR1;3; sulfate transmembrane transporter

0.91
-1.22
0.99
0.83
0.80
0.76
-3.82
1.05
0.85

1.65E-02
1.68E-02
1.69E-02
1.70E-02
1.70E-02
1.70E-02
1.72E-02
1.75E-02
1.76E-02

GLYMA02G06050
GLYMA16G31461
GLYMA02G12470

S-adenosyl-L-methionine:carboxyl methyltransferase family protein
disease resistance family protein
unknown protein

-1.13
2.53
-0.84

1.78E-02
1.78E-02
1.83E-02
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GLYMA01G03090
GLYMA07G16810

ripening-responsive protein
GLUTATHIONE S-TRANSFERASE TAU 8

0.80
-0.89

1.86E-02
1.89E-02

GLYMA09G37050

ANAC100 (ARABIDOPSIS NAC DOMAIN CONTAINING PROTEIN 100)

-1.44

1.89E-02

GLYMA17G10450
GLYMA10G02460
GLYMA11G09950
GLYMA14G36430
GLYMA19G27060
GLYMA17G34570
GLYMA15G42260
GLYMA12G35000
GLYMA12G07400
GLYMA19G29920

proton-dependent oligopeptide transport (POT) family protein
glutathione transferase
ABC transporter family protein
WRKY70
SRG3 (senescence-related gene 3)
ATFRUCT5 (BETA-FRUCTOFURANOSIDASE 5)
NA
RD26 (RESPONSIVE TO DESICCATION 26)
FLA12
IMS1 (2-ISOPROPYLMALATE SYNTHASE 1)

0.95
1.36
4.75
1.14
0.87
0.92
-1.77
-1.71
-0.83
-0.80

1.92E-02
1.93E-02
1.94E-02
1.98E-02
1.98E-02
2.00E-02
2.00E-02
2.01E-02
2.02E-02
2.02E-02

GLYMA14G24424
GLYMA11G06840
GLYMA02G43150
GLYMA18G42461
GLYMA13G02060
GLYMA14G06230
GLYMA09G02530
GLYMA20G27570
GLYMA17G05106
GLYMA02G00560

PIP3 (PLASMA MEMBRANE INTRINSIC PROTEIN 3)
transporter-related
protein kinase family protein
NA
SULTR1;3; sulfate transmembrane transporter
protein kinase family protein
tyrosine decarboxylase
CRK10 (CYSTEINE-RICH RLK10)
nucleolar essential protein-related
NA

1.12
1.27
0.77
-1.07
0.80
0.77
1.70
0.78
4.74
1.12

2.03E-02
2.03E-02
2.04E-02
2.05E-02
2.08E-02
2.08E-02
2.08E-02
2.09E-02
2.09E-02
2.09E-02
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GLYMA13G40610
GLYMA12G28846
GLYMA08G07330
GLYMA17G36130
GLYMA11G00570

unknown protein
ECT11 (evolutionarily conserved C-terminal region 11)
17.8 kDa class I heat shock protein (HSP17.8-CI)
lipin family protein
ATML1 (MERISTEM LAYER 1)

-1.16
1.00
-0.94
1.29
1.02

2.09E-02
2.09E-02
2.11E-02
2.13E-02
2.17E-02

GLYMA02G34640

GPT (UDP-GLCNAC%3ADOLICHOL+PHOSPHATE+GLCNAC-1P+TRANSFERASE)

-0.78

2.18E-02

GLYMA16G29370
GLYMA19G23020

UDP-glucoronosyl/UDP-glucosyl transferase family protein
unknown protein

0.79
-0.80

2.18E-02
2.18E-02

GLYMA03G28910
GLYMA19G45030
GLYMA04G42460
GLYMA09G04500
GLYMA12G11200
GLYMA08G18200
GLYMA06G03091
GLYMA15G36110
GLYMA10G33680
GLYMA03G11993
GLYMA16G03600
GLYMA04G43011
GLYMA03G39950
GLYMA19G39030
GLYMA16G25140

CKX1 (CYTOKININ OXIDASE/DEHYDROGENASE 1)
CCA1 (CIRCADIAN CLOCK ASSOCIATED 1)
1-aminocyclopropane-1-carboxylate oxidase
unknown protein
DFL1 (DWARF IN LIGHT 1)
NA
PAP12 (PURPLE ACID PHOSPHATASE 12)
CRK10 (CYSTEINE-RICH RLK10)
HSP60 (HEAT SHOCK PROTEIN 60)
unknown protein
ACS1 (ACC SYNTHASE 1)
nodulin MtN21 family protein
heavy-metal-associated domain-containing protein
GIBBERELLIN INSENSITIVE DWARF1
disease resistance protein (TIR-NBS-LRR class)

1.12
0.74
0.84
-1.05
-1.13
1.26
0.81
0.95
-0.73
2.51
-4.61
-1.26
1.54
2.24
-1.55

2.20E-02
2.26E-02
2.26E-02
2.31E-02
2.32E-02
2.32E-02
2.38E-02
2.39E-02
2.42E-02
2.42E-02
2.43E-02
2.43E-02
2.50E-02
2.50E-02
2.65E-02
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GLYMA04G12180
GLYMA13G33780
GLYMA11G27622
GLYMA09G23123
GLYMA08G26935
GLYMA02G16200
GLYMA01G35450

Cytochrome P450 71A9
NA
PHD finger transcription factor
EMS1 (EXCESS MICROSPOROCYTES1)
glycosyl hydrolase family 81 protein
ATAMT2 (AMMONIUM TRANSPORTER 2)
NA

-1.28
1.29
1.11
0.81
-0.87
1.36
0.94

2.66E-02
2.66E-02
2.68E-02
2.74E-02
2.78E-02
2.84E-02
2.85E-02

GLYMA12G32450
GLYMA09G03850
GLYMA11G14950

ATP binding / kinase/ protein kinase/ protein serine/threonine kinase/
protein tyrosine kinase/ sugar binding
invertase/pectin methylesterase inhibitor family protein
HSP70 (heat shock protein 70)

0.74
-1.00
-0.72

2.86E-02
2.89E-02
2.91E-02

GLYMA13G43000
GLYMA15G05530
GLYMA02G02710

MPPalpha (mitochondrial processing peptidase alpha subunit
nodulin MtN21 family protein
THIOREDOXIN 2

1.19
-1.10
-3.57

2.97E-02
2.98E-02
2.99E-02

GLYMA18G09140
GLYMA17G11151

RPM1 (RESISTANCE TO P. SYRINGAE PV MACULICOLA 1)
NA

4.57
1.27

3.05E-02
3.09E-02

GLYMA16G33750
GLYMA20G30580
GLYMA08G47070
GLYMA06G01421
GLYMA14G05390
GLYMA19G41760
GLYMA11G36030

UGT71D1 (UDP-GLUCOSYL TRANSFERASE 71D1)
nodulin
ATSDI1 (SULPHUR DEFICIENCY-INDUCED 1)
isoflavone reductase
EFE (ETHYLENE-FORMING ENZYME)
DNAJ heat shock N-terminal domain-containing protein
NA

1.34
3.37
0.83
1.03
0.74
-0.73
-1.24

3.13E-02
3.14E-02
3.14E-02
3.15E-02
3.22E-02
3.26E-02
3.26E-02
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GLYMA14G08340
GLYMA08G43120
GLYMA07G10881
GLYMA15G01390
GLYMA18G12110
GLYMA01G03720
GLYMA12G02290
GLYMA15G16790
GLYMA20G02210
GLYMA03G42260
GLYMA14G04530

unknown protein
HSP21 (HEAT SHOCK PROTEIN 21)
NA
BOR4 (REQUIRES HIGH BORON 4)
unknown protein
CA2 (CARBONIC ANHYDRASE 2)
ABC transporter family protein
scpl49 (serine carboxypeptidase-like 49)
major latex protein-related / MLP-related
LHY (LATE ELONGATED HYPOCOTYL)
L-ascorbate oxidase/ copper ion binding / oxidoreductase

1.56
-1.36
1.93
1.41
-1.10
0.77
1.16
3.57
-0.76
0.72
-0.71

3.26E-02
3.28E-02
3.30E-02
3.32E-02
3.32E-02
3.34E-02
3.37E-02
3.44E-02
3.47E-02
3.47E-02
3.48E-02

GLYMA07G16830
GLYMA16G22830
GLYMA08G07360

ATGSTU8 (GLUTATHIONE S-TRANSFERASE TAU 8)
cytidine/deoxycytidylate deaminase family protein
NA

-1.22
4.42
2.67

3.49E-02
3.49E-02
3.51E-02

GLYMA03G26310
GLYMA14G34231
GLYMA17G03250
GLYMA10G31610
GLYMA16G29315

ERF13 (ETHYLENE-RESPONSIVE ELEMENT BINDING FACTOR 13)
NA
protein phosphatase 2C, putative
YSL1 (YELLOW STRIPE LIKE 1)
disease resistance family protein

-3.47
0.93
0.97
1.02
1.40

3.53E-02
3.61E-02
3.72E-02
3.74E-02
3.79E-02

-0.72
1.00
0.76
1.56

3.79E-02
3.81E-02
3.81E-02
3.83E-02

GLYMA03G33710
ATP58IPK (ARABIDOPSIS HOMOLOG OF MAMALLIAN P58IPK)
GLYMA1667S00200 disease resistance protein (NBS-LRR class)
GLYMA06G18420
leucine-rich repeat transmembrane protein kinase
GLYMA09G31110
NA
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GLYMA17G12710
GLYMA18G02500
GLYMA07G10680
GLYMA15G17320
GLYMA18G04081
GLYMA11G17930

unknown protein
SIP1 (SOS3-INTERACTING PROTEIN 1)
receptor serine/threonine kinase
ankyrin repeat family protein
RCA (RUBISCO ACTIVASE)
ATJ3

-0.94
-0.75
1.33
-0.87
0.71
-0.70

3.85E-02
3.89E-02
3.90E-02
3.90E-02
3.97E-02
3.97E-02

GLYMA05G03900
GLYMA20G25406
GLYMA18G04090

ATRPS13A (ARABIDOPSIS THALIANA RIBOSOMAL PROTEIN S13A)
protein kinase family protein
lectin protein kinase

0.83
-1.79
-0.83

3.97E-02
3.97E-02
3.97E-02

GLYMA15G26790
GLYMA06G37600
GLYMA03G03460

PGIP1 (POLYGALACTURONASE INHIBITING PROTEIN 1)
KU80
pectinesterase family protein
ORP4B (OSBP(OXYSTEROL BINDING PROTEIN)-RELATED
PROTEIN 4B)
lectin protein kinase, putative
RCA (RUBISCO ACTIVASE)
SHD (SHEPHERD)
transferase, transferring glycosyl groups
hydroxyproline-rich glycoprotein family protein
acidic endochitinase (CHIB1)
fructose-bisphosphate aldolase
xyloglucan:xyloglucosyl transferase
subtilase family protein
PIF7 (PHYTOCHROME-INTERACTING FACTOR7)

-0.77
0.90
-0.89

3.97E-02
4.00E-02
4.01E-02

0.85
-1.09
0.70
-0.69
-0.89
0.85
-2.55
0.70
-0.85
0.71
1.06

4.04E-02
4.10E-02
4.12E-02
4.12E-02
4.16E-02
4.18E-02
4.19E-02
4.20E-02
4.21E-02
4.34E-02
4.39E-02

GLYMA17G06760
GLYMA11G34210
GLYMA11G34230
GLYMA14G40320
GLYMA07G07330
GLYMA01G43010
GLYMA20G30460
GLYMA11G11870
GLYMA13G20450
GLYMA16G02150
GLYMA06G21495
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GLYMA02G43020
GLYMA06G08540
GLYMA04G16221
GLYMA12G24840
GLYMA19G43110
GLYMA05G38290
GLYMA13G28440
GLYMA09G09701
GLYMA13G37061
GLYMA12G15890
GLYMA20G27580
GLYMA14G14520
GLYMA07G34870
GLYMA03G28640
GLYMA03G07680
GLYMA01G37820
GLYMA15G19921
GLYMA14G11030
GLYMA04G08410
GLYMA13G07540
GLYMA15G06260
GLYMA09G01790
GLYMA12G01160

hydrolase
RD22; nutrient reservoir
NA
NA
transferase family protein
transferase family protein
sugar transporter
NA
reticulon family protein
protein kinase family protein
protein kinase family protein
Cytochrome P450 71D11
phosphate transporter family protein
NA
oxidoreductase, 2OG-Fe(II) oxygenase family protein
isoflavone reductase
unknown protein
heat shock factor protein
RD22; nutrient reservoir
rhomboid family protein
NA
NA
SMT1 (STEROL METHYLTRANSFERASE 1)

0.90
0.82
-1.66
0.87
-1.06
1.62
1.30
1.61
-0.83
-3.67
0.75
0.97
4.33
-1.25
-0.74
3.32
-2.41
-0.76
0.75
0.77
1.55
0.81
2.14

4.39E-02
4.39E-02
4.39E-02
4.39E-02
4.40E-02
4.43E-02
4.44E-02
4.46E-02
4.47E-02
4.59E-02
4.59E-02
4.61E-02
4.64E-02
4.67E-02
4.70E-02
4.70E-02
4.71E-02
4.77E-02
4.88E-02
4.89E-02
4.89E-02
4.89E-02
4.91E-02

GLYMA04G06970
GLYMA20G26830

protease inhibitor/seed storage/lipid transfer protein (LTP) family protein
unknown protein

0.73
-0.82

4.91E-02
4.91E-02
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GLYMA01G27040
GLYMA06G11140
GLYMA14G05560
GLYMA13G41220
GLYMA18G06076
GLYMA20G00861

unknown protein
SULTR1;3; sulfate transmembrane transporter
GDSL-motif lipase/hydrolase family protein
SCL14 (SCARECROW-LIKE 14)
WNK4 (WITH NO K (=LYSINE) 4)
NA
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-0.86
0.76
0.83
-0.77
1.42
3.40

4.91E-02
4.92E-02
4.92E-02
4.93E-02
4.94E-02
4.95E-02

Appendix 7.12 Genes differentially expressed in the thiamethoxam treatment in maize coleoptiles
a

NA = annotation is not available.
a negative value indicates that transcript abundance decreased in the weed treatment relative to the weed-free control.
b
Benjamini-Hochberg FDR correction for multiple testing.
b

Annotationa
TPS21 (TERPENE SYNTHASE 21)
serine-type endopeptidase/ serine-type peptidase
S-adenosyl-L-methionine:carboxyl methyltransferase family protein
ZIP4 (ZINC TRANSPORTER 4 PRECURSOR)
NA
NA
ATCLH1 (ARABIDOPSIS THALIANA CORONATINE-INDUCED
GRMZM2G103197
PROTEIN 1); chlorophyllase
GRMZM2G338160
NA
Polyphenol oxidase II, chloroplast precursor (EC 1.10.3.1) (PPO-II)
GRMZM5G851266
(Catechol oxidase II)
GRMZM2G312997
DOX1; lipoxygenase
GRMZM2G156861
LOX1
GRMZM2G119705
Ribosome-inactivating protein 9
GRMZM5G815098
Bowman-Birk type trypsin inhibitor (WTI)
GRMZM2G312061
NA
AC212219.3_FG005 NA
Gene ID
GRMZM2G016254
GRMZM2G322819
GRMZM2G039993
GRMZM2G064382
GRMZM2G157517
GRMZM2G359581

200

logFCb
-5.22
-4.35
-3.60
-1.70
-1.72
-2.24

FDRc
7.49E-46
7.19E-44
2.99E-21
1.03E-14
3.54E-14
9.19E-14

-1.26
-1.16

1.36E-12
4.48E-12

-1.35
-2.23
-1.07
-1.32
-3.84
-1.91
-1.58

4.55E-12
6.39E-12
6.48E-11
1.84E-10
3.92E-10
7.40E-10
6.95E-09

GRMZM2G119823
GRMZM2G079616
GRMZM2G448344
GRMZM2G099678
GRMZM2G093276
GRMZM2G013798
GRMZM2G108514
GRMZM2G329040
GRMZM2G444541
GRMZM2G459828
GRMZM2G016836
GRMZM5G833406
GRMZM2G154523
GRMZM2G011523
GRMZM2G004060
GRMZM2G136453
GRMZM2G016241
GRMZM2G109252
GRMZM2G036262
GRMZM2G481231
GRMZM2G042789
GRMZM2G463640
GRMZM2G043027

basic helix-loop-helix (bHLH) family protein
transferase family protein
RBCL | large subunit of RUBISCO
protein vegetative storage protein PNI288
IRT2; iron ion transmembrane transporter/ zinc ion transmembrane
transporter
RPS2 | Chloroplast ribosomal protein S2
tyrosine decarboxylase, putative
haloacid dehalogenase-like hydrolase family protein
NADH dehydrogenase ND1
40S ribosomal protein S10 (RPS10C)
cinnamoyl-CoA reductase family
IAR3 (IAA-ALANINE RESISTANT 3)
PLP4 (PATATIN-LIKE PROTEIN 4); nutrient reservoir
NA
similar to OsWRKY45
PAP27 (PURPLE ACID PHOSPHATASE 27)
Glutathione-S-Transferase 30
HDG1 (HOMEODOMAIN GLABROUS 1)
NA
EMB1270 (embryo defective 1270)
NA
PETB | Encodes the cytochrome b(6) subunit of the cytochrome b6f
complex
NA
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-2.03
-1.05
-1.03
-1.03

3.43E-08
5.24E-07
1.75E-06
2.02E-06

-1.47
-1.15
-0.98
0.98
-1.52
0.91
-1.11
-1.24
-0.81
-0.76
-1.16
-0.78
-0.96
-1.75
-1.12
-5.72
-1.33

2.02E-06
2.67E-06
3.22E-06
3.43E-06
7.34E-06
1.70E-05
1.70E-05
2.12E-05
2.36E-05
4.80E-05
4.80E-05
5.05E-05
7.73E-05
1.34E-04
1.85E-04
1.86E-04
2.44E-04

-1.59
-1.36

2.94E-04
3.88E-04

GRMZM2G355572
GRMZM2G700208
GRMZM2G358180
GRMZM2G311036
GRMZM2G042895
GRMZM2G020423
GRMZM2G470882
GRMZM5G844143
GRMZM2G036351
GRMZM2G099467
GRMZM2G167613
GRMZM2G392125
GRMZM2G345717
GRMZM2G109130
GRMZM2G102760
GRMZM2G096792
GRMZM2G075456
GRMZM2G449681
GRMZM2G070500
GRMZM2G116614
GRMZM2G066049
GRMZM2G012160
GRMZM5G836174

unknown protein; highly similar to protein transposon protein, putative,
CACTA, E
GDSL-motif lipase/hydrolase family protein
PSBC | chloroplast gene encoding a CP43 subunit of the photosystem
II reaction center
O-methyltransferase family 2 protein
basic helix-loop-helix (bHLH) family protein
jasmonate-induced protein
NA
PSBA | Encodes chlorophyll binding protein D1, a part of the
photosystem II reaction center core
ZIM motif family protein
DMR6 (DOWNY MILDEW RESISTANT 6); oxidoreductase
CAD9 (CINNAMYL ALCOHOL DEHYDROGENASE 9)
MERI5B (meristem-5)
LDOX (LEUCOANTHOCYANIDIN DIOXYGENASE)
LOX5
LOX5
PSAC | Encodes the PsaC subunit of photosystem I. |
caleosin-related family protein
WRKY33
nodulin MtN21 family protein
JAZ2
transferase family protein
cysteine protease inhibitor, putative
phosphatase
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-0.86
-0.69

5.24E-04
6.03E-04

-0.97
-0.79
-1.11
-0.67
-0.75

6.03E-04
6.44E-04
1.05E-03
1.26E-03
1.48E-03

-1.17
-0.97
-0.86
-0.96
-0.90
-0.84
-0.66
-0.64
-0.96
-1.55
-0.78
-0.84
-0.68
-0.61
-0.59
-0.92

1.55E-03
1.55E-03
2.04E-03
2.17E-03
2.17E-03
2.25E-03
2.93E-03
3.28E-03
4.11E-03
4.11E-03
4.52E-03
8.27E-03
8.27E-03
8.60E-03
8.72E-03
9.40E-03

AC148152.3_FG005
GRMZM2G450825
GRMZM2G020054
GRMZM2G319062
GRMZM2G002178

NA
COX1 | cytochrome c oxidase subunit 1
NA
Polyphenol oxidase, chloroplast precursor
AOS (ALLENE OXIDE SYNTHASE)

-0.59
-0.97
-0.77
-0.63
-0.61

1.02E-02
1.02E-02
1.41E-02
1.43E-02
1.59E-02

protein helix-loop-helix DNA-binding domain containing protein
phytase, putative
transferase/ transferase, transferring acyl groups other than amino-acyl
GRMZM2G387394
groups
GRMZM2G349839
ATAPY1 (APYRASE 1); ATPase
GRMZM2G176998
NA
GRMZM2G012724
WRKY33
RPL2.2 | encodes a chloroplast ribosomal protein L2, a constituent of
GRMZM2G474459
the large subunit of the ribosomal complex
GRMZM2G353444
lipase class 3 family protein
GRMZM2G325693
NA
GRMZM2G094304
hydrolase
GRMZM2G110567
zinc finger (C3HC4-type RING finger) family protein
AC206425.3_FG002 NA

-0.69
-0.57

1.64E-02
1.65E-02

-0.91
-1.74
-0.56
-0.76

1.94E-02
1.96E-02
2.20E-02
2.71E-02

-0.81
-0.55
-1.32
-0.80
-0.55
-0.54

2.71E-02
2.71E-02
2.80E-02
2.84E-02
2.84E-02
3.46E-02

GRMZM2G154090
GRMZM2G037015
GRMZM2G427815
GRMZM2G093962

-1.43
-0.63
-0.55
-0.67

3.48E-02
4.39E-02
4.39E-02
4.89E-02

GRMZM2G112629
GRMZM2G043336

ATPT2 (ARABIDOPSIS THALIANA PHOSPHATE TRANSPORTER 2)
Unknown
peroxidase
ATRBL3 (ARABIDOPSIS RHOMBOID-LIKE PROTEIN 3)
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Appendix 7.13 Fold change versus abundance for genes whose transcript
abundance was compared between thiamethoxam and control treatments

Count distribution (as average log2 counts per million (CPM)) versus log2FC of
genes whose expression levels were compared between thiamethoxam and
control treatments. Genes with a minimum of 2 CPM in a minimum of three
samples were used for determination of differential expression. Black dots
indicate genes with transcript abundance levels that are not significantly different
between thiamethoxam and control treatments, and the red dots are those genes
that are significantly differentially expressed between treatments (p<0.05 after
FDR correction for multiple testing).
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Appendix 7.14 Genes that have an interaction between the weed and thiamethoxam treatments
a

NA = annotation is not available.
a negative value indicates that transcript abundance decreased in the weed treatment relative to the weed-free
control.
c
Benjamini-Hochberg FDR correction (Benjamini and Hochberg, 1995) for multiple testing.
b

Gene ID
GRMZM2G016254
GRMZM2G322819
GRMZM2G064382
GRMZM2G481231
GRMZM2G459828
GRMZM2G355572
GRMZM2G119705
GRMZM2G312997

Annotationa
TPS21 (TERPENE SYNTHASE 21)
serine-type endopeptidase/ serine-type peptidase
ZIP4 (ZINC TRANSPORTER 4 PRECURSOR)
EMB1270 (embryo defective 1270)
40S ribosomal protein S10 (RPS10C)
unknown protein
Ribosome-inactivating protein 9
DOX1; lipoxygenase

GRMZM2G039993
GRMZM2G449681
GRMZM2G029518
GRMZM2G424205
GRMZM2G098875

S-adenosyl-L-methionine:carboxyl methyltransferase family protein
WRKY33
NA
NA
GAD glutamate decarboxylase

GRMZM2G354909 short-chain dehydrogenase/reductase (SDR) family protein
GRMZM2G448344 RBCL | large subunit of RUBISCO
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logFCb
5.78
6.67
2.26
6.80
-1.33
1.30
1.38
2.12

FDRc
2.33E-41
7.54E-38
4.07E-11
6.26E-06
2.76E-05
6.70E-05
6.87E-05
6.87E-05

2.72
1.26
-1.94
-0.98
1.99

1.96E-04
2.44E-04
1.39E-03
2.49E-03
2.91E-03

1.70
1.15

2.91E-03
4.36E-03

GRMZM2G061487
GRMZM2G037015
GRMZM2G156861
GRMZM2G105587
GRMZM2G131055

AP2 domain-containing transcription factor
unknown protein
LOX1; lipoxygenase
NA
glycosyltransferase

1.01
1.01
0.89
-1.02
1.17

6.89E-03
8.34E-03
9.07E-03
1.04E-02
1.14E-02

GRMZM2G334336
GRMZM2G074454
GRMZM2G020054
GRMZM5G830269
GRMZM2G181227
GRMZM2G037189
GRMZM2G438938
GRMZM2G139712
GRMZM2G036351
GRMZM2G012724
GRMZM2G338160
GRMZM2G042639
GRMZM2G131421

UDP-glucoronosyl/UDP-glucosyl transferase family protein
ketose-bisphosphate aldolase class-II family protein
NA
NA
CHY1 (BETA-HYDROXYISOBUTYRYL-COA HYDROLASE 1)
early response to dehydration 15-like protein
PRT6 (PROTEOLYSIS 6)
XIH
ZIM motif family protein
WRKY33
NA
GSTL2 (Glutathione-S-transferase lambda 2)
early nodulin 93

1.70
1.06
1.08
-1.37
0.94
1.08
0.92
1.28
1.15
1.08
0.82
1.92
1.26

1.29E-02
1.30E-02
1.42E-02
1.68E-02
1.79E-02
2.05E-02
2.55E-02
2.85E-02
3.05E-02
3.09E-02
3.86E-02
3.86E-02
4.48E-02

GRMZM2G448913
GRMZM2G551402
GRMZM2G112488
GRMZM2G070126
GRMZM2G069146
GRMZM2G015049

coatomer protein complex, subunit beta 2 (beta prime)
UBP13 (UBIQUITIN-SPECIFIC PROTEASE 13)
Pathogenesis-related protein 1
MOR1 (MICROTUBULE ORGANIZATION 1)
DREB1A (DEHYDRATION RESPONSE ELEMENT B1A)
auxin-responsive protein

-0.99
0.88
1.90
0.91
1.46
-1.56

4.50E-02
4.53E-02
4.86E-02
4.86E-02
4.86E-02
4.86E-02
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GRMZM2G144197 AAA-type ATPase family protein

-2.16
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4.86E-02

