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 Modulation of internode elongation can impact maize (Zea mays L.) yield. In maize, 

plant height is often positively correlated with grain and biomass yields. Conversely, 

semi dwarf varieties have been used to achieve higher grain yields in wheat and sorghum 

by preventing lodging and by allocating more resources to grain filling instead of 

vegetative tissues. Tolerance to suboptimal temperatures is also a sought after trait in 

maize, as it would make possible to expand the cultivated areas to higher latitudes and 

allow for early planting, resulting in a longer growing season and higher yields. In this 

thesis I apply the tools and resources available since the publication of the first maize 

genome draft to investigate internode elongation and cold tolerance in maize. Using a 

forward genetics approach I identified GRMZM2G366698 (an inositol polyphosphate 5-

phosphatase) as the gene affected by the mutation in brevis plant1 (bv1), a semi dwarf 

mutant of maize first reported in the 1930’s. Further characterization of bv1 and a study 

of the RNA transcript abundance differences between bv1 and wild type maize plants 

suggest that auxin mediated inositol polyphosphate and/or phosphoinositide signalling 



 

are implicated in maize stem elongation. I used RNA-Seq to investigate the 

transcriptional response of seedlings of cold tolerant CG60 and cold sensitive CG102 

maize inbreds during cold stress and recovery after the cold stress. I found that the cold 

treatment caused changes in the expression of more than 40% of the genes expressed in 

leaves, with repression of genes involved in photosynthesis, and induction of genes 

involved in transcription regulation and protein phosphorylation. Transcript abundances 

observed 24 hours after returning to optimal growing temperature identified genes that 

could be involved in acclimation to cold or whose expression has been disrupted by the 

stress.   
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CHAPTER 1. Introduction 

 In November 2009, the same year I started my M.Sc. studies in plant genetics, the 

first maize genome draft was published (Schnable et al., 2009), the genome reference of 

the maize inbred B73. In the same issue of the journal Science, companion papers 

reported in more detail the insights and resources available as outcomes of the study of 

the maize genomic sequence, including the distribution of genes, transposable elements 

and methylation along the 10 maize chromosomes. For example, millions of sequence 

polymorphisms across 27 maize inbred lines were reported and made available for other 

researchers to use (Gore et al., 2009). Eventually, the majority of single nucleotide 

polymorphism (SNP) between inbred lines could be identified by comparison of their 

genomic sequences, providing molecular markers at great density on all maize 

chromosomes for any genotyping application. Databases of pathways, transposable 

elements, small RNAs and gene expression have been created or greatly enriched by the 

results of the great advances in DNA sequencing in the last years (Sekhon et al., 2011; 

Monaco et al., 2013; Kozomara and Griffiths-Jones, 2014) in what is dubbed the post-

genomic era (Medini et al., 2008; Falconer, 2013; Kulathinal, 2013). In the context of 

increasing volumes of data describing biological processes, the computer emerges as the 

“new microscope”. In this thesis, the resources made available since the publication of 

the first maize genomic sequence are applied to help answer questions raised decades ago. 

In chapter 2, I give a literature review for the topics of the following chapters, maize 

internode elongation and maize cold tolerance. This literature review is complemented in 

chapter 3 and chapter 4, both of which are presented here in manuscript format and have 

introduction sections with a review of literature. 
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 In chapter 3 I characterize and positionally clone the maize mutant brevis plant1 

(bv1). The maize semi-dwarf mutant brevis1 has short internodes and reduced plant 

height relative to wild type plants. First identified in 1920, it was reported segregating as 

a single locus Mendelian recessive mutant in 1931 (Li, 1931) and genetically linked to 

the pr red alleurone mutant trait. By the 1990s it was known that bv1 was located on the 

long arm of maize chromosome 5 and that there was QTL (quantitative trait locus) for 

plant height overlapping the same region (Beavis et al., 1991). As part of my M.Sc. thesis 

I started the characterization of bv1  (at that point in time termed brachytic3 (br3) until 

found allelic to the previously identified bv1) fine mapping it to a  ~7 Megabase region 

on bin 5.04 of maize chromosome 5 (Avila Bolivar, 2011). I continued working on bv1 as 

part of my Ph.D., harnessing the new abundance of reported SNP polymorphisms to be 

used as molecular markers, I was able to map the mutation causing the semi-dwarf 

phenotype to a ~97 Kbase region and identify the gene affected by the mutation as an 

ortholog to rice gene DWARF50 (Sato-Izawa et al., 2012) encoding a putative inositol 

polyphosphate 5-phosphatase (Avila et al., 2016). Additionally, the published maize 

genome and annotated genes, together with the availability of affordable RNA-Seq 

technology allowed me to investigate the whole genome transcriptional differences 

between bv1 mutants and wild type plants in order to further elucidate the mechanisms 

affected by the mutation in bv1. 

 In chapter 4 I use RNA-Seq to investigate the transcriptional differences between 

two maize genotypes under a low temperature stress treatment and subsequent return to 

optimal growing temperature, relative to plants of the same genotypes that were not 

exposed to suboptimal temperatures. The study of cold stress, chilling stress and other 
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abiotic stresses in general have also benefited from the post-genomic era tools. Cold 

elicits responses in plants, including the transcription of genes encoding enzymes or other 

proteins necessary to prevent cellular damage caused by excess light and water 

deprivation. Unlike previous technologies used to measure gene expression, such as real 

time PCR and cDNA microarray chips, that measured the expression levels of a limited 

number of genes (Zheng et al., 2006; Nguyen et al., 2009), RNA-Seq allows for whole 

transcriptome analyses in which the transcription levels of every gene being transcribed 

can be measured. Recent studies using RNA-Seq technology have reported that the 

transcript levels of several thousands of genes (I detected more than 10,000) change upon 

onset of abiotic stresses such as drought, salinity and cold temperatures (Shen et al., 

2014; Makarevitch et al., 2015). These results provide a more accurate picture of the 

effects low temperatures in plants but at the same time present challenges in how to 

analyze this information so that we can unravel the underlying mechanisms at work. The 

availability of the annotated B73 genome and derived databases of pathways, and the use 

of computer scripts to parse through the data generated from the sequencing of messenger 

RNA molecules allowed me perform clustering, gene ontology (GO) term and pathway 

enrichment analyses necessary to transform the data into knowledge. 
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CHAPTER 2. Literature Review 

2.1 Overview of maize stem elongation 

2.1.1 Modulation of maize stem elongation can potentially help achieve breeding 

objectives 

 Stem elongation is an important process for a plant fitness and performance as it 

greatly impacts final plant height, biomass, yield and flowering time (Mourtzinis et al., 

2013; Peiffer et al., 2014). Maize stalk elongation (by means of cell elongation) starts 

after the tassel initiation and accelerates after ear initiation (Siemer et al., 1969). 

Modulation of stem elongation could be harnessed for crop improvement as reduced 

height varieties have been shown to produce higher yields in rice and wheat (Salamini, 

2003).  

2.1.2 Plant hormones and maize stem elongation 

 Plant hormones auxin and giberellic acid (GA) promote cell division and 

elongation in maize internodes (Spray et al., 1996; Knöller et al., 2010). Auxin content 

increases in elongating cells of the lower pulvinus during the gravitropic response in 

which maize plants placed in horizontal position return to vertical orientation (Zhang et 

al., 2011). Auxin transport regulates shoot and root architecture as well as photo- and 

gravitropic growth responses (Peer et al., 2011). The higher yielding rice and wheat 

varieties of the “green revolution” were found to have impaired giberellic acid (GA) 

biosynthesis (reduced content of bioactive GA1 in semi dwarf rice, sd-1) or signal 

transduction (reduced response to GA in Reduce height-1 (Rht-1) wheat) (Peng et al., 

1999; Spielmeyer et al., 2002).  
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2.1.3 Mutations affecting GA pathways present sexual organ formation abnormalities in 

addition to reduced plant height 

 Several maize mutants impaired in GA biosynthesis have been identified. The 

dwarf maize mutant dwarf plant1 (d1) recovers normal growth after exogenous 

application of the plant hormone gibberellic acid (Phinney, 1956). Later it was found that 

the mutation in d1 affects three steps of the giberellic acid (GA) biosynthesis pathway 

(Spray et al., 1996) and that the mutated gene encodes for a gibberellin-3-oxidase (Chen 

et al., 2014). The d1 mutant and other maize mutants with altered GA biosynthesis or 

signal transduction (e.g. dwarf plant2, dwarf plant3, dwarf plant5 and others) present 

abnormalities in their reproductive structures that make them less viable for crop 

improvement (Phinney, 1956; Fujioka et al., 1988a; Spray et al., 1996). A severe dwarf 

maize mutant brd1, impaired in brassinosteroid biosynthesis (Makarevitch et al., 2012) 

also has alterations in leaf and floral morphologies. 

2.1.4 Brachytic and brevis mutants have reduced height at anthesis and normal tassel 

and ear development 

 Recessive maize mutants brachytic1 (br1), brachytic2 (br2) and brevis plant1 

(bv1) have short internodes resulting in a less severe reduced plant height at maturity 

(relative to dwarf plant and brd1 mutants) and have normal reproductive organ 

development, making them potentially better suited for crop improvement. Maize BR2 

encodes an orthologue of Arabidopsis thaliana ABCB1, a protein that functions in auxin 

efflux out of meristems in shoot and root. In maize, BR2 also functions in transporting 

auxin in intercalary meristems (Knöller et al., 2010).  Dwarfing mutations in BR2’s 

sorghum orthologue DWARF3 have been in use in sorghum breeding since the 1930’s 
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(Multani et al., 2003; Barrero Farfan et al., 2012) with mutant plants having shorter and 

stronger stalks preventing losses caused by lodging from rain and wind.  

2.1.5 Differences in light quality can affect seedling plant height 

 Changes in light quality are sensed by plants to regulate seed germination, 

seedling establishment, determination of growth habit and transition to flowering 

(Morelli et al., 2000). Specialized photoreceptor proteins called phytochromes recognize 

different wavelengths of light and can detect changes in red-far-red  (R:FR) light ratio 

caused by light being filtered through or reflected by vegetation (Morelli et al., 2000). 

Plants can react to shade by surrounding plants within five to 10 minutes of exposure, by 

accelerating extension up to 3- or 4-fold (Morelli et al., 2000). In addition, multiple 

interactions between light receptor proteins and growth hormones (e.g. auxin, GA, 

brassinosteroid) have been reported (reviewed in Halliday and Fankhauser, 2003). 

 Maize seedlings can grow at different rates depending on light quality. As part of 

a competition mechanism, maize plants grow taller when surrounded with weeds, after 

sensing differences in red-far-red light ratio due to receiving the light reflected on the 

canopy of weeds (Page et al., 2010).  Maize plants exposed to low R:FR light ratio set 

fewer kernels per plant and partition less biomass to the developing ear (Page et al., 

2010).  
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2.2 Overview of cold tolerance 

2.2.1 Early season cold tolerance to improve yields 

 Cold tolerance is a sought after trait as it could allow for expanding maize 

cultivation to colder environments as well as for earlier planting. From its original natural 

selection environment in central Mexico (Hake and Ross-Ibarra, 2015), maize cultivation 

has expanded to higher latitudes and colder temperatures in Northern United States, 

Canada and Northern Europe (Greaves, 1996) leaving room for maximizing yield 

potential under suboptimal temperatures.  

 Earlier planting can potentially result in higher yields as in a longer growing 

season plants receive more light from the sun and are able to accumulate more resources, 

but at the same time, early planting exposes maize seedlings to lower temperatures at the 

beginning of the season. Maize is a tropical plant and exposure to low temperatures 

produces several detrimental effects. 

2.2.2 Effects of low temperatures in maize development 

 Reduced growth can be observed at temperatures from 1°C to 20°C relative to 

growth at higher temperatures (e.g. 21°C-30°C) and tissue injuries (necrosis) and 

chlorosis can occur at 0°C to 10°C (Greaves, 1996). The rate of leaf appearance slows in 

cold treated seedlings relative to maize seedlings grown in optimal conditions (Lee et al., 

2002) and the rate of photosynthesis decreases when plants are grown at suboptimal 

14°C/12°C (day/night) temperatures relative to maize plants growing at 24°C/22°C 

(Haldimann, 1999). Low temperatures decrease the speed of enzymatic reactions of the 

dark reactions to the point that there is an excess of energy that is captured by the light 
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reactions, and that cannot be completely dissipated as heat, causing photoinhibition (Taiz 

and Zeiger, 2010). Excess photons that cannot be used for photosynthesis or dissipated as 

heat, lead to the creation of toxic photoproducts such as singlet oxygen, hydrogen 

peroxide and the triplet state of chlorophyll that inhibit photosystem II (Mauro et al., 

1997; Lootens et al., 2004; Murata et al., 2007).  

 Reduced root water conductance due to increased water viscosity in low 

temperatures causes water deficit stress in maize plants, leaves wilt, and lose water and 

turgor potential (Melkonian et al., 2004; Aroca et al., 2005). Low temperatures also 

affect cell membrane integrity (Willing and Leopold, 1983). Fatty acid desaturases 

(FAD) are required to maintain photosynthesis at low temperatures (Routaboul et al., 

2000). There is evidence of higher expression of ZmFAD8 (fatty acid desaturase) gene in 

plants exposed to chilling stress (temperatures below 15°C) (Berberich et al., 1998), and 

overexpressing FAD in transgenic tomato enhanced its resistance to cold stress reducing 

electrolyte leakage (Dominguez et al., 2010). Temperature is the primary determining 

factor for maize productivity (grain and silage) in Canada and in the northern regions of 

Europe and USA (Greaves, 1996). 

2.2.3 Genetic variability for cold tolerance in maize 

 There is extensive genetic variability for tolerance to early season low 

temperatures among maize inbreds, hybrids and landraces (Brandolini et al., 2000; Lee et 

al., 2002; Wijewardana et al., 2015). For example, QTLs were identified for leaf 

greenness and quantum efficiency of photosystem II (PSII) in early-planted maize lines 

(cold tolerant ETH-DH7 and sensitive ETH-DL3) subject to chilling temperatures in the 

field (Jompuk et al., 2005). Comparative studies between tolerant and susceptible maize 
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genotypes could provide insight into the mechanisms that allow maize plants to maintain 

high yields under cold stress conditions. 

2.2.4 Maize transcriptional responses to low temperatures 

 Studies of plant transcriptional responses performed mostly in the model plant 

Arabidopsis have begun elucidating the transcriptional networks causing the expression 

of several genes upon exposure to low temperatures (reviewed in Chinnusamy et al., 

2007). Perception of cold (perhaps by membrane rigidification) is followed by a Ca2+ 

signal that induces the expression of ICE1 (Inducer of CBF expression1) (Chinnusamy et 

al., 2003).  ICE1, a transcription factor, induces the expression of transcription factors 

CBF1, CBF2, CBF3 (CBF, C-repeat binding factor, also called dehydration response 

element binding factor, DREB) that induce the expression in genes containing the c-

repeat/dehydration response element (DRE) recognition sequence in their promoters 

(Chinnusamy et al., 2007).  Some of the elements of the transcriptional network 

identified in Arabidopsis could play similar roles in the pathways leading to 

transcriptional responses in maize.  Comparing cold-sensitive ETH-DL3 with cold-

tolerant ETH-DH7 seedlings grown for 14 hours at 8°C / 6°C (day/night) Sobkowiak et 

al. (2014) identified 2,449 genes responsive to cold in both lines and 66 genes with 

different response between lines. Genes responsive to cold, included orthologues of 

CBF1 (characterized in Arabidopsis response to cold), and several other transcription 

factors (TF), by far the most abundant class of genes within the genes differentially 

expressed due to the cold. The GO terms for “photosynthesis” and “photosystem II 

antenna complex” were overrepresented in the genes repressed by cold while 
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“transcription, DNA dependent” was overrepresented in the genes induced by the cold 

(Sobkowiak et al., 2014).  
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2.3 Interpreting large-scale molecular data 

 A common problem of bioinformatics is how to identify biologically relevant 

information among the thousands or millions of data points generated (e.g. 

polymorphisms, lists of differentially expressed genes). The signal to noise ratio of many 

bioinformatics analysis can be very low (Cristianini and Hahn, 2006).  In my case, I 

aimed for the identification of expressed genes or groups of genes of interest in thousands 

of genes whose transcription levels changed as a consequence of a mutation in chapter 3 

or the cold temperature treatment in chapter 4. Below I explain some of the tools used to 

analyze the data obtained from the RNA-Seq experiments in this thesis. 

2.3.1 Gene ontologies (GO) 

 As proteins across eukaryotes began to be characterized it became clear that their 

functions could be shared among different species.  This allows for inference of the role a 

protein plays in one organism based on what is known from the same or a similar protein 

in another organism. A consortium was formed to design a dynamic controlled 

vocabulary with which to annotate gene, gene products or groups of gene products, so 

that interoperability between genomic databases would be possible (The Gene Ontology 

Consortium, 2000). Three independent ontologies (controlled vocabularies, sets of 

categories in a subject) were designed: “biological process”, referring to the biological 

objective to which the gene or gene product contributes, “molecular function”, describing 

the biochemical activity of a gene product and “cellular component” referring to the place 

in the cell where the gene product is active (The Gene Ontology Consortium, 2000). The 

ontologies are designed as directed acyclic graphs, a data structure similar to a tree with 

the difference that each node (a gene ontology term) can have multiple parent nodes. The 
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gene ontology (GO) terms are organized hierarchically with more generic GO terms as 

parents of more specific annotations (Beißbarth and Speed, 2004). Over the years GO has 

become the de facto standard in gene functionality annotation (Du et al., 2010).  

2.3.2 Using GO enrichment to analyze high throughput gene expression results 

 High throughput transcriptome analyses like microarray and RNA-Seq 

experiments provide a quantitative representation of the transcriptional levels of 

thousands of genes. The results of transcriptional differences between two genotypes or 

two growing conditions (e.g. plants growing under abiotic or biotic stress versus optimal 

growing conditions) are usually large lists of hundreds or thousands differentially 

expressed (DE) genes (Shen et al., 2014; Makarevitch et al., 2015). One effective way to 

understand the biological processes or functions at work in a large dataset of genes is to 

identify GO terms overrepresented in the dataset of D.E. genes relative to another dataset 

of genes, for example all the genes in the genome or the genes expressed in the studied 

samples. The statistical significance of the over or under representation of a GO term 

within a dataset relative to a background dataset can be tested with chi-square or Fisher’s 

exact tests, among others tests. The results may be adjusted for multiple hypothesis 

testing (Benjamini and Hochberg, 1995; Benjamini and Yekutieli, 2001; Beißbarth and 

Speed, 2004; Du et al., 2010).  

2.3.3 Pathway enrichment analyses 

 Curated databases with information on genes that take part in metabolic pathways 

are developed and improved regularly (Mueller et al., 2003; Monaco et al., 2013). In 

these databases, genes encoding enzymes are organized in reactions and pathways for 

compound biosynthesis, degradation, transport, detoxification among other metabolic 
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functions. As in the case of GO term overrepresentation analysis, a list of genes, for 

example genes differentially expressed due to a mutation or a stress condition, can be 

assessed for the overrepresentation of pathways, giving us an indication of what 

pathways were significantly altered in the dataset relative to another background dataset 

(e.g. all genes expressed in the sampled tissue). 

 I have used GO and pathway enrichment analyses to better infer the 

transcriptional effects of a mutation (in chapter 3) and an abiotic stress (in chapter 4). 
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2.4 Hypotheses and Objectives 

In this thesis I tested the following hypotheses: 

i. Mutations in the bv1 locus induce significant changes in gene transcript 

abundance. 

ii. The bv1 locus can be mapped to a single candidate gene 

iii. bv1 mutants have a different response to changes in red:far red light ratio, 

relative to wild type maize plants. 

iv. Exposure of maize plants to low temperatures alters the transcript 

abundance of  several genes necessary for photosynthesis and ROS 

scavenging 

v. Some genes will have different response to low temperatures in 

susceptible and tolerant maize inbred lines. 

 

Objectives of this thesis 

i. Identify the gene altered by the mutations in bv1 

ii. Identify the transcriptomic effects of the mutations in bv1  

iii. Advance our understanding of the mechanisms of maize stalk elongation 

by investigating the pathways affected by the bv1 mutation 

iv. Characterize the maize transcriptomic response to low temperatures  
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CHAPTER 3. Brevis plant1, a putative inositol polyphosphate 5-phosphatase, is 

required for internode elongation in maize (Zea mays L.) 

 

This chapter has been published and has been formatted to maintain consistency 

throughout this thesis.  

Preliminary results for this project were included in my M.Sc. thesis “Mapping and 

characterization of early flowering and brachytic3 mutants in Maize (Zea mays L.)” 

(Avila 2012). New results obtained during my Ph.D. include the fine mapping to a ~97 

Kb region, the identification of candidate gene GRMZM2G366698, the Red/Far Red 

treatments experiment and the RNA-Seq analysis. 

  

Avila LM, Cerrudo D, Swanton C, Lukens L. 2016. Brevis plant1, a putative inositol 

polyphosphate 5-phosphatase, is required for internode elongation in maize. Journal of 

Experimental Botany 67, 1577–1588. 

https://jxb.oxfordjournals.org/content/67/5/1577 
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oversaw the analyses and assisted in writing the manuscript. DC performed 

measurements and setup for the red-far-red experiments (Appendices 7.1 and 7.2). LL 

and CS edited the manuscript. 
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 3.1 Abstract  

 In maize, Zea mays, as in other grass species, stem elongation occurs during 

growth and most noticeably upon the transition to flowering. Genes that reduce stem 

elongation have been important to reduce stem breakage, or lodging. Stem elongation has 

been mediated by dwarf and brachytic/brevis plant mutants that affect giberellic acid and 

auxin pathways, respectively. Maize brevis plant1 (bv1) mutants, first identified over 80 

years ago, strongly resemble brachytic2 mutants that have shortened internodes, short 

internode cells, and are deficient in auxin transport. Here, I characterize two novel brevis 

plant1 (bv1) maize mutants. I find an inositol polyphosphate 5-phosphatase orthologue of 

the rice gene DWARF50 is the molecular basis for the bv1 phenotype, implicating auxin 

mediated inositol polyphosphate and/or phosphoinositide signalling in stem elongation. I 

suggest that auxin mediated internode elongation involves processes that also contribute 

to stem gravitropism. Genes misregulated in bv1 mutants include genes important for cell 

wall synthesis, transmembrane transport, and cytoskeletal function. Mutant and wild type 

plants are indistinguishable early in development, respond similarly to changes in light 

quality, have unaltered flowering times, and have normal flower development. These 

attributes suggest that breeding could utilize bv1 alleles to increase crop grain yields. 
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3.2 Introduction 

 In grasses including Zea mays, plant height at maturity largely results from stem 

elongation (Moore et al., 1991). This elongation primarily occurs after the shoot apical 

meristem initiates the production of reproductive tissues in response to developmental 

and environmental signals (Siemer et al., 1969; Colasanti and Muszynski, 2009). Prior to 

the reproductive transition, the shoot apex is below or near the surface of the soil. New 

leaves emerge from the pseudostem, a whorl composed of younger leaves' leaf 

sheaths.  For example, when eight leaf tips have emerged from the maize whorl, 

the shoot meristem can be below ground. Cell division and cell expansion within the 

internodes extend the shoot apex through the whorl. At maturity, the apex terminates with 

the mature tassel. 

 Tall crop plants can have poor agronomic performance due to lodging, especially 

in soils with high nitrogen content. Several reduced height mutants have been utilized in 

cereal breeding. For example, the semidwarfing gene sd1 was used in the rice semidwarf 

cultivar IR8 that produced record yields in Asia (Monna et al., 2002; Spielmeyer et al., 

2002). Similarly reduced height1(rht1) in wheat, and dwarf-3 in sorghum have increased 

plant yields by reducing stem lodging (Peng et al., 1999; Khush, 2001; Barrero Farfan et 

al., 2012). In maize, one class of reduced height mutants including anther ear1(an1), 

dwarf plant1(d1), dwarf plant2(d2) dwarf plant3(d3), dwarf plant5(d5), dwarf 

plant8(D8) and dwarf plant11(D11) are deficient in Giberellic acid (GA) biosynthesis or 

signalling. A second class, including brachytic1(br1), brachytic2(br2) and brevis 

plant1(bv1, formerly termed brachytic3(br3)) are gibberellin-insensitive. GA mutants 

have stunted growth habits very early in development and affect organ size and sex 
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determination (Phinney, 1956; Fujioka et al., 1988a,b; Bensen et al., 1995; Spray et al., 

1996;  Wang et al., 2013). Flowers may be bisexual, thereby affecting seed production. In 

contrast, the phenotypes of the brachytic/brevis plant mutants are less pleiotropic than 

those of the anther ear/ dwarf mutants. These mutants, known for over half a century, can 

have leaves similar in size to wild-type leaves and inflorescences with normal, unisexual 

male and female flowers (Li, 1931; Kempton, 1941; Multani et al., 2003; Pilu et al., 

2007), and are thus candidates to reduce the plant height of cultivated maize.  

 Molecular characterization of reduced height maize mutants has identified genes 

involved in GA or auxin biosynthesis and signaling. For example, DWARF1 and 

DWARF3 genes encode a gibberellin 3-oxidase and a cytochrome P450, respectively, 

enzymes important for GA biosynthesis, (Winkler and Helentjaris, 1995; Chen et al., 

2014). Brachytic2 (Br2) encodes a ATP binding cassette phosphoglycoprotein (Multani 

et al., 2003). BR2 facilitates IAA transport across the nodal/ intercalary meristem region 

of the maize stem (Multani et al., 2003; Knöller et al., 2010), analogous to the function of 

ABCB1 within A. thaliana (Noh et al., 2001; Geisler et al., 2005). 

 Here, I describe two novel brevis plant1/ brachytic3 mutant alleles. At flowering, 

mutant plants are one-fourth the height of wild type plants, and internodes have shortened, 

rectangular pith cells. Nonetheless, plants are indistinguishable from wild type plants 

prior to the floral transition. bv1 mutants have the same flowering time and leaf numbers 

at maturity as wild type plants and respond in a similar way to changes in red:far-red light 

ratios. I find bv1 encodes an inositol polyphosphate 5 phosphatase with WD40 domains. 

The two mutant genotypes have nonsynonymous substitutions within conserved residues 

of the inositol phosphatase domain, indicating that inositol polyphosphate and/or 
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phosphoinositide signalling is necessary for auxin-mediated cell elongation. Auxin and 

phosphoinositide/ inositol polyphosphate signalling are known components of the stem 

gravitropic response. Auxin responsive gene upregulation within the mutant plants 

suggests the presence but misdistribution of auxin. In addition, genes involved in the 

production of cell wall and cytoskeleton proteins are misexpressed in the mutant 

suggesting perturbation of vesicular transport. Although I do not find evidence of bv1's 

past use in plant breeding, I suggest allelic variation of the gene may contribute to future 

plant improvement. 

3.3 Materials and methods 

3.3.1 Plant materials 

 Two maize plants with reduced height and short internodes, similar to br1, br2 

and bv1 maize mutants, were identified within two M2 or M3 segregating families 

originating from seed of a B73 maternal parent crossed with a B73 paternal parent whose 

pollen underwent EMS (Ethyl methanesulphonate) mutagenesis as described in Till et al. 

(2004). Seed was provided by Dr. Nathan Springer. The two mutants were termed 1301 

and 1302. Both the maize B73 inbred and a wild type sibling of 1302, whose progeny did 

not segregate for the reduced height phenotype (termed 1302-Sib) were used as wild type 

controls. 

3.3.2 Red / Far red ratio treatments 

 Maize plants were grown in the summer of 2011 at the Arkell research station in 

Guelph, Ontario, Canada to investigate the effects of neighboring plants on mutant and 

wild type plant heights. Plants were grown in a hydroponic system using 20 liter pails 
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filled with Turface and watered three times daily with a nutrient solution composed of 

800g of 28-14-14 NPK fertilizer, 800g of 15-15-30 NPK fertilizer, 400g of NH4NO3, 60g 

of Micronutrient Mix (Plant-Prod #790687B, Plant Products Co., Canada), 800g 

MgSO4.7H2O dissolved in 20 liters of water and administered in a 100:1 water to solution 

mix. B73 wild type and 1302 plants were grown in turface only (high R:FR) or in turface 

covered with grass sod (low R:FR) from germination until anthesis and silking (Rajcan et 

al., 2004). The sod changes the R/FR ratio to which growing plants are exposed. In 

experiments following the same setup the ratio has been 0.76 ± 0.02 for turface alone and 

0.30 ± 0.02 with sod (Page et al., 2010). The water, nutrient supply, and growing medium 

of the grass sod were separate from the maize plants. The experiment was a factorial 

design with two factors: genotype (levels: 1302 and B73) and treatment (levels: sod and 

no sod) with four replicates for each genotype x treatment combination. Each replicate of 

the four genotype x treatment combinations had nine pails, each pail with two plants. 

Plant height and number of leaf tips were recorded at 11 time points from 11 to 76 days 

after planting (leaf tips 3 to 21). The data was analyzed using the R aov function that fits 

linear models with categorical variables (R Core Team, 2014). 

3.3.3 Mapping and allelism tests of reduced height mutants 

 Seed of homozygous br1, br2 and bv1-br3 (referred here as bv1-1) maize mutants 

was obtained from The Maize Genetics Cooperation Stock Center located at the 

University of Illinois Urbana/Champaign (stock ids: 113C, 117A, 506L respectively). I 

crossed the 1301 and 1302 mutants to inbred lines A619 and Mo17 to generate F2 

mapping populations. Mapping populations were grown in Guelph, Ontario, Canada. In 

the summer of 2009, a small mapping population consisting of 73 F2 plants of a cross 
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between 1302 and A619 was grown. In the summers of 2010 and 2011, 2,122 and 1,325 

plants of the F2 of a cross between 1301 and the inbred Mo17 were grown in the same 

location. Finally, in 2012 tissue from 491 individuals of the F2 of 1301 x Mo17 with the 

bv1 phenotype were collected. For each population, heights of individual plants were 

scored at maturity and classified as tall or short.  

 Genomic DNA was extracted from leaf tissue samples of F2 plants, using either 

the GeneEluteTM Plant Genomic DNA Mini prep Kit (SIGMA®, Saint Louis, MO, USA) 

or a CTAB based protocol adapted in-house for 96-well plate extractions. An initial 

genotyping of 73 individuals was done at the Analytical Genetics Technology Centre of 

the Princess Margaret Hospital in Toronto, Canada, using the iPLEX Gold Assay 

(SEQUENOM Inc., San Diego, CA, USA) using 68 polymorphic SNPs between B73 and 

A619 over the 10 maize chromosomes (Gore et al., 2009). For fine mapping, the F2 

plants grown in years 2010, 2011 and 2012 were genotyped with simple sequence repeat 

(SSR) markers and SNP markers. SSR markers used included umc1060, umc1966, 

umc1747, umc1155, umc1822, and bnlg609 from MaizeGDB 

(http://www.maizegdb.org/ssr.php). Polymerase Chain Reactions (PCR) for genotyping 

with SSR markers were performed under the following conditions: 1m of initial 

denaturation at 95C, 35 cycles of: 30s denaturation at 95C, 30s annealing at 55C, 40s 

extension at 72C, followed by 10 m of final extension at 72C. Additional SNPs (Gore et 

al., 2009) were assayed using custom allele discrimination TaqMan probes designed with 

the software PrimerExpress 3.0 (Applied Biosystems, Foster City, CA, USA) following 

the manufacturer’s protocol. 

 

http://www.maizegdb.org/ssr.php
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3.3.4 RNA extraction, pooling, sequencing and analysis 

 Plants of genotypes 1301, 1302, 1302-sib and B73 were grown following a 

completely randomized design with four plants per genotype, in a greenhouse in 20L 

pails, using Sunshine Growing Mix #4 / LA4 (Sun Gro Horticulture Canada Ltd.) as 

media and the same nutrients solution as described above. At 14 leaf tips (eight mature 

leaves with blades fully emerged from whorl with a visible base of an exposed leaf blade, 

V8), 40 days after planting, approximately 5 mm3 samples of stalk tissue from the 6th 

internode of each plant (counting from the lowest visible internode) were stored in 1.5 ml 

of RNAlater (Qiagen GmbH, Hilden, Germany). At this stage of development for inbred 

B73, the shoot apical meristem has transitioned into the production of male reproductive 

structures. Elongation initates sequentially, with lower internodes initiating growth prior 

to the upper internodes (Robertson, 1994). Internode six elongation has just commenced 

at the V8 stage. At the time of sampling, the wild-type and mutant plant 6th internodes 

were each about 1mm in length. Internodes beneath internode six were visibly longer in 

the wild type plants than in the mutant plants. Samples were kept overnight at 4C and 

then stored at -20C. Total RNA of individual samples was isolated using TRIzol 

(Invitrogen, USA) and purified using the Qiagen RNeasy mini kit column according to 

the manufacturers instructions. 3 g of RNA from the four plant samples of each 

genotype were pooled. cDNA libararies were constructed and sequenced at the Clinical 

Genomics Center of the Mount Sinai Hospital in Toronto, Ontario, Canada following the 

Illumina TruSeq Sample Preparation Guide (Part # 15008136 Rev. A) and using an 

Illumina Hiseq 2500 system. 100bp paired end reads were aligned to the B73 reference 

genome (ZmB73 RefGen_v2) using TopHat v2.0.9 (Schnable et al., 2009; Trapnell et al., 
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2012). Aligned reads were assembled into putative transcripts with cufflinks (v2.1.1), and 

cuffdiff (v2.1.1) identified signficant transcript abundance differences between genotypes 

(Trapnell et al., 2012). Differences in transcript abundance were considered significant 

when the Benjamini-Hochberg corrected p-values were lower than the default 0.05 False 

Discovery Rate (FDR) (Benjamini and Hochberg, 1995; Trapnell et al., 2012). The 

number of paired end reads obtained for 1301, 1302, 1302-sib and B73 was 23,993,453, 

20,109,205, 23,993,453 and 15,566,118 respectively, with 75.6%, 77.9%, 75.8% and 

81.0% concordant pair alignment rates, respectively. Transcript abundances were 

quantified and normalized to FPKM (Fragments Per Kilobase of exon per Million 

fragments mapped).  

 Translated coding sequence similarity searches were performed against the 

UniProt database (Jain et al., 2009), and alignments were visualized in the software 

Geneious Basic v5.6.4 (Meintjes et al., 2012). SNPs relative to the B73 reference genome 

were identified from aligned RNA-Seq reads using samtools mpileup and filtered with 

bcftools (Li et al., 2009) for occurrences when the estimated allele frequency of the 

putative SNP was equal to 1 (AF1=1) and read depth > 8 (DP>8).  

 The Integrative Genomics Viewer (Robinson et al., 2011) was used to visualize 

RNA-Seq alignments and manually confirm SNPs. Gene orthologues were identified 

with information from Gramene (http://www.gramene.org/ Release #38, accessed on 

August, 2013) and UniProt (http://uniprot.org/ accessed on August, 2013).  

 

http://www.gramene.org/
http://uniprot.org/
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3.3.5 Light microscopy 

 Transverse and longitudinal sections of fresh tissue were taken from the middle of 

internodes one, two and eight of 35-, 63- and 91-day-old 1302 and B73 plants. Fresh 

tissue samples were sectioned with a razor blade and stained using 0.05% toluidine blue 

solution. Height and width of individual cells in longitudinal sections were estimated 

using ImageJ software. 
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3.4 Results 

3.4.1 Genetic and phenotypic characterization of novel bv1 alleles 

I identified two reduced height maize mutants termed 1301 and 1302 in two 

families segregating for EMS induced mutations. Self-pollination of both mutants 

generated populations composed entirely of reduced height plants. At anthesis in the field, 

1301 and 1302 mutants are 48cm and 50cm, compared to 191cm for wild type plants 

(Figure 3.1A, Figure 3.2). The size of 1301 and 1302 mutant plant leaves are similar to 

wild type, and tassels and ears develop normally, although ears are notably smaller. The 

ratio of wild type: reduced height plants (57: 16) within an F2 population (from self 

pollinated 1302 x A619 hybrids) is consistent with the 3:1 segregation ratio expected for 

a monogenic recessive allele (Chi–squared test, p-value > 0.05). Hybrids between 1301 

and 1302 mutants fail to complement suggesting the same gene in both genotypes causes 

the mutant phenotype. The progeny of crosses between both mutants (1301 and 1302) 

and br2 mutant is wild type. The progeny of 1302 and the bv1-1, formerly br3, has 

reduced height (Figure 3.1C). I concluded that the reduced height genotypes are each 

homozygous for different, novel bv1 alleles: bv1-1301 and bv1-1302. The wild type 

sibling plant of the bv1-1302 mutant is referred herein as Bv1-1302. 

 Plant heights of bv1-1301 and bv1-1302 mutants are similar to wild type heights 

early in development. In both greenhouse and outdoor pail experiments, heights of bv1-

1301, bv1-1302 and B73 plants are almost identical when few mature leaves are visible 

(Figure 3.2). In B73, the primary meristem has transitioned into an inflorescence 

meristem  
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Figure 3.1 Maize mutants bv1-1301 and bv1-1302 have reduced height and shorter 

internodes compared to wild type plants. 

(A) A bv1/bv1 plant in the field 63 days after planting from an F2 of bv1-1301 x Mo17. 

(B) Internodes of B73 (left), bv1-1302 (middle) and bv1-1301 (right), 56 days after 

planting. Leaves were removed. Scale bar represents 50 cm. (C) F1 progeny of bv1-1 x 

bv1-1302 (left), br2 x bv1-1302 (middle) and bv1-1301 x bv1-1302  (right) 55 days after 

planting. 
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when 8 mature leaves have emerged from the whorl. The difference in plant height 

between mutant and wild-type plants is significant when 10 leaves have emerged from 

the whorl, V10 (Figure 3.2). 

 Low ratios of red: far red light and auxin treatment can induce cell expansion 

(Wolbang et al., 2004) and I investigated if these factors affected plant height differently 

within the bv1 mutants compared to wild type controls. A low R:FR treatment induces 

similar increases in plant height in bv1-1302 mutants as in wild type B73 plants. 

Throughout early development, the plant heights of both mutant and wild type plants 

grown in the low R:FR environment are from 1 to 2 cm greater than plants not exposed to 

low R:FR. (Appendix 7.1, panels A, B). In addition, in both wild type and mutant 

genotypes, leaf emergence occurs more quickly amongst the plants not exposed to the 

low R:FR treatment than to those exposed. Beginning 30 days after planting, 

approximately the V4 - V5 stage, low R:FR treated plants have up to one less emerged 

leaf tip than plants not exposed to low R:FR conditions (Appendix 7.2). Thus, the low 

R:FR treatment induced increase of plant height and decrease of leaf emergence rate are 

not bv1 dependent.  

 Although both upper and lower internodes of bv1-1301 and bv1-1302 mutants are 

short relative to wild type plants, the biggest effect of bv1 is on the upper internodes 

(Figures 3.1A, 3.1B, Appendix 7.3). At V14, when the tassel has emerged from the 

whorl, the maximum internode lengths of bv1-1301 and bv1-1302 mutants are 5.08 cm 

and 4.13 cm, respectively (Appendix 7.3). In contrast, the maximum B73 internode 

length is 14.23 cm. Lengths of internodes 1 and 2 do not significantly differ (Appendix 

7.3). From internodes 3 to 8, the differences between wild type internodes and mutant 
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internodes increase. Lengths of internodes 8 through 14 differ the most between mutant 

and wild type plants. The differences vary from 9.2 cm to 11.9 cm for bv1-1301 mutants 

and from 9.9 cm to 12.0 cm for bv1-1302 mutants (Appendix 7.3). These short internodes 

result in a severely reduced plant height at maturity (Figure 3.3A). Among plants 

harvested after the tassel had fully emerged from the whorl, internode eight parenchyma 

cell architectures in transverse sections are similar between mutant and B73 plants 

(Figure 3.4A, 3.4B). I also noted no differences in cell morphology when comparing 

transversal and longitudinal sections from internodes one and two (data not shown). 

However, in longitudinal sections of internode eight, mutant plant parenchyma cells are 

short and rectangular relative wild type (Figure 3.4C, 3.4D). 

Flowering time is often highly, positively correlated with plant height and leaf 

number (e.g. Khanal et al., 2011). However, at maturity, the bv1-1301 mutant, the bv1-

1302 mutant, and B73 all have similar leaf numbers and flowering times (p-value > 0.05) 

(Figure 3.3B). [Bv1-1302 develops one more leaf (p-value < 0.05) than the other 

genotypes with no significant difference in days to anthesis (Figure 3.3C)]. The number 

of leaves between B73 and mutant plants do not significantly differ at any sampled 

developmental stage (Appendix 7.2). These results show that stem elongation can be 

independent of plant developmental timing. 
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Figure 3.2 Plant heights of greenhouse grown bv1-1301 and B73 during development 

Plant heights of greenhouse grown bv1-1301 and B73 plants measured when leaf ligules 

from five to nineteen leaves had emerged (V stage). Error bars represent the standard 

error (n=16).  
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Figure 3.3 Plant height, number of leaves and days to pollen shed for bv1 mutants 

and wild type B73 

Mean plant height (A), number of leaves (B), and days to pollen shed since planting (C) 

of field grown bv1-1301, bv1-1302, Bv1-1302 and the B73 inbred, measured at anthesis. 

Three rows of 16 plants were grown per genotype in a completely randomized design. 

Bars with different letters on top significantly differ. (alpha = 0.05; n=3). Error bars 

represent the standard error.  
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Figure 3.4 Transverse and longitudinal stalk sections of B73 and bv1-1302 

Transverse and longitudinal stalk sections of B73 (A, C) and bv1-1302 (B, D) internode 8. 

Bars represent 400 micrometers. 
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3.4.2 bv1-1301, bv1-1302, and brevis plant1 have mutations within the same locus that 

maps to a gene encoding a putative inositol polyphosphate 5-phosphatase  

I assayed 491 F2 mutants and 3,447 mutant and wild type F2 plants of a bv1-1301 

x Mo17 cross to map bv1-1301 between nucleotides 160,660,813 and 160,758,241 

(~97kb) on the ZmB73 RefGen_v2 pseudochromosome 5 long arm (Figures 3.5A, 

Appendix 7.4). This map location coincides with the interval on chromosome 5 to which 

Beavis et al. (1991) genetically mapped bv1 and is less than 2 megabases away from the 

region in the IBM2 2008 Neighbors map estimated for bv1 (5:158,262,770 - 159,134,168 

between markers IDP4992 and IDP2401 available on MaizeGDB). Eight F2 plants had 

recombinant genotypes at the SNP markers flanking the ~97kb interval (Appendix 7.4). 

There are five uncharacterized genes in this region (ZmB73_5b_FGS): 

GRMZM2G012046, AC211269.3_FGP003, GRMZM2G366698, GRMZM2G078272 

and GRMZM2G377600. bv1-1301 mutant and Mo17 SNPs within GRMZM2G012046 

and GRMZM2G377600 define the outer boundaries of the ~97kb interval, and I observed 

recombinants between a SNP position within the gene and the mutant phenotype for both 

genes (Figure 3.5). GRMZM2G366698 is a homolog of the rice dwarf50 gene, d50 (Sato-

Izawa et al., 2012). d50 (NCBI UniGene: Os.18140, Os02g0477700) is the closest rice 

homolog to GRMZM2G366698 (Protein blast against NCBI database, GenBank locus: 

BAJ61820.1, 99% query cover, e-value 0.0, 79% identity) and is located in rice 

chromosome 2: 16,360,196-16,364,326 a region syntenic to maize chromosome 5. Maize 

genes GRMZM2G012046 and GRMZM2G078272 flanking GRMZM2G366698 also 

have homologous genes in the same region of rice chromosome 2, Os02g0475300 

(2:16,259,553-16,264,489) and Os02g0478550 (2:16,426,109-16,430,574) respectively. 
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The putative gene spans ~13kb and has three annotated splice variants 

GRMZM2G366698_T01 (2648 base pairs, 766 amino acids), GRMZM2G366698_T02 

(2664 base pairs, 213 amino acids) and GRMZM2G366698_T03 (3236 base pairs, 308 

amino acids). The putative GRMZM2G366698_P01 protein encodes a putative inositol 

polyphosphate 5-phosphatase (5PTase). It contains an inositol polyphosphate 

phosphatase catalytic domain SMART: SM00128 (Letunic et al., 2012) and a Trp-Asp 

signature WD40 repeat containing domain that may create a platform for stable protein-

protein interactions (Ananieva et al., 2008; Stirnimann et al., 2010). bv1 has a similar 

phenotype as four d50 rice mutants (Sato-Izawa et al., 2012). I discovered two indel 

markers flanking GRMZM2G366698 (Appendix 7.5). Among the eight plants with 

recombinants within the ~97kb interval (Appendix 7.4), seven wild type individuals were 

heterozygous across the locus 1301/Mo17, and the one brachytic mutant was 

homozygous 1301/1301 for this region. Thus, the height phenotype and 

GRMZM2G366698 genotype are completely linked across more than 3,900 F2 plants. I 

did not determine if any of the other four genes within the interval are also completely 

linked with the bv1 phenotype. 
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Figure 3.5 bv1 maps to a ~97Kb region on chromosome 5 

(A) Bv1 locus genetically mapped between SNP markers PZA01608.1 and ss229967385 

with physical positions 158,599,491 and 165,319,744 respectively on chromosome 5. 

Fine mapping of bv1 to a ~97Kb long region using SNP markers 660A and 758A with 

physical positions 160,660,813 and 160,758,241 (based on markers ss229964467 and 

ss229964577 from the HapMap project (Gore et al., 2009)). The arrows represent the 

genes and their transcription orientation for this region, according to the B73 genome 

(AGPv2 release 5b.60). In grey is candidate gene GRMZM2G366698. (B) Exons (solid 

colored boxes) and introns (lines) of transcript GRMZM2G366698_T01. The inositol 

phosphatase domain is shown in blue spanning from exon 2 to exon 9 (IPPc pfam 

PF03372, amino acids 249-595). White boxes are untranslated regions. Mutation points 

in bv1-1301 and bv1-1302 are shown with arrows. 
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 I performed RNA-Seq analyses of RNA harvested from the 6th internodes of wild 

type and mutant plants shortly after the shoot had transitioned to generating reproductive 

tissues. Within the ~97kb interval, transcript abundances were similar between the three 

mutant and wild type genes for which I detected transcripts (GRMZM2G366698, 

GRMZM2G012046 and GRMZM2G078272; p>0.05). The mean coverage of each gene's 

transcript across genotypes was 15X, 0.51X, and 13X, respectively. Cufflinks predicted 

six different isoforms of GRMZM2G366698 within B73, Bv-1301, and the 1302 and 

1301 bv1 mutants. These are the three splice variants reported in the reference genome 

annotation and three additional potentially novel splice variants (Appendices 7.6 and 7.7). 

Although the isoform with highest abundance differs across genotypes (Appendix 7.6), 

these isoform differences are likely stochastic. Across my sample of 22,446 expressed 

genes (FPKM >1), the most highly expressed isoform differs in 4,223 (18.8%).  
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Figure 3.6 Alignment of Arabidopsis FRA3, rice D50, maize reference Bv1 and 

maize mutants bv1-1301 and bv1-1302 

A section of the protein alignments of Arabidopsis FRA3, rice D50, maize Bv1 (as in the 

B73 reference genome) and maize mutants bv1-1301 (A) and bv1-1302 (B). The amino 

acid changes caused by EMS induced base transitions are marked with a red rectangle. 

Numbers indicate the amino acid positions in GRMZM2G366698_P1. 
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 Reads derived from bv1-1301 mRNA reveal a G to A transition (on physical 

position 5:160,710,789) causing an S to L change at position 565 of 766 in 

GRMZM2G366698_P01 (Figures 3.5B, 3.6A). This nucleotide was found in 28 out of 28 

RNA-Seq reads (10 unique reads) that overlap this position. Transcript reads of bv1-1302 

RNA identify a C to T (on physical position 5:160,716,570 ZmB73 RefGen_v2) 

transition in exon four that causes a putative G to R amino acid change at position 367 of 

GRMZM2G366698_P01 supported by 34 out of 34 RNA-Seq reads for this region (24 

unique reads) (Figures 3.5B, 3.6B). Transcript reads of Bv1-1302 plants have only Cs at 

5:160,716,570. Amino acid positions 367 and 565 are both within the inositol 

phosphatase domain of GRMZM2G366698. Amino acids at position 367 are invariant 

across diverse monocots and dicots. The amino acid at position 565 only differs within a 

single, Ricinus communis homolog (Appendices 7.9, 7.10). Using Sanger sequencing of 

amplified genomic DNA, I obtained 99% of all intronic sequences of GRMZM2G366698 

from bv1-1301 and bv1-1302 plants and found no nucleotide changes relative to the B73 

reference genome. I confirmed the bv1-1301 allele through Sanger sequencing, but I was 

unable to amplify GC rich exon 10, the location of the bv1-1302 mutation, from any 

genotype. Among the three expressed genes in the ~97kb interval, I identified no other 

nucleotide differences between bv1-1301, bv1-1302, B73, and Bv1-1302 reads and the 

B73 reference genome. I conclude that point mutations in GRMZM2G366698 cause the 

reduced height phenotypes of bv1-1301 and bv1-1302 mutants. 
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 Although Sato-Izawa (2012) noted that the putative protein encoded by the d50 

gene has the highest homology with A. thaliana FRAGILE FIBER3 FRA3 (AT1G65580), 

a gene necessary for stem mechanical strength and proper cell wall development, I note 

bv1 and d50 are as similar to the putative Arabidopsis thaliana inositol polyphosphate 5 

phosphatase proteins At5PTase12 (At2g43900), At5PTase13 (At1g05630), and 

At5PTase14 (At2g31830) as they are to FRA3. In protein BLASTs, over 97% of the bv1 

and d50 protein sequences overlap these putative Arabidopsis proteins, all with over 51% 

identity. For example, 99% of GRMZM2G366698_P01 aligns to FRA3 with 53% 

identity, and 97% of GRMZM2G366698_P01 aligns to At5PTase13 with 54% identity. 

At5PTase12 (At2g43900) and At5PTase13 (At1g05630) exhibit phosphatase activity 

toward Ins(1,4,5)P3; while At5PTase14 (At2g31830) and FRA3 exhibit phosphatase 

activity toward Ins(1,4,5)P3 and PtdIns(3,4,5) but have the highest affinity for 

PtdIns(4,5)P2 (Zhong and Ye, 2004; Zhong et al., 2004). The similarity of bv1 to 

At5PTase13 is especially interesting because At5PTase13 mutants have altered auxin 

accumulation and distribution, altered expression of several genes responsible for auxin 

biosynthesis and transport, and altered vesicle trafficking that may affect auxin transport 

(Lin and Wang, 2005; Wang et al., 2009). 

 Of 256 and 108 genes differentially expressed in bv1-1301 and bv1-1302 

internode tissue relative to B73 internode tissue, respectively (FDR adjusted p-value < 

0.05; Appendix 7.8), 42 genes were differentially expressed in the two mutants relative to 

B73 and not differentially expressed between a Bv1/Bv1 bv1-1302 sister-line and B73 

(Appendix 7.8). I assigned putative functions to 16 of these genes (Table 3.1). Genes with 

higher transcript levels in mutant plants compared to wild-type plants include (1) 
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GRMZM2G180659 that encodes a putative lysine histidine transporter; (2) 

GRMZM2G099467 with similarity to a gibberellin 20 oxidase 2 / flavonol synthase / 

flavanone 3-hydroxylase encoding gene; (3) GRMZM2G063917 and (4) 

GRMZM2G118345, both putative phenylalanine ammonia-lyase (PAL) encoding genes; 

(5) GRMZM2G072529, encoding a putative aminocyclopropanecarboxylate oxidase 

(ACC oxidase), a key enzyme for the biosynthesis of ethylene (Kieber and Ecker, 1993); 

(6) GRMZM2G127789 a glutathione S-transferase GST 29; and (7) GRMZM2G04902 

an isochorismatase family protein rutB. Genes with lower transcript levels in mutant than 

in wild-type internode tissue include (1) GRMZM2G118786 that encodes a putative 

actin-related protein 2/3 complex subunit 3; and (2) GRMZM2G103273 that encodes a 

beta-galactosidase. Functional relationships among genes can be inferred from co-

expression. I tested for enrichment of the 27 differentially expressed genes (out of 68 

genes only 27 were represented in the coexpression modules study. Appendix 7.11) 

within groups of genes coexpressed across maize development (Downs et al., 2013). 

Nine (33.3%) differentially expressed genes are in one module, Zm_mod07. The nine 

genes include putative gibberellin 20 oxidase 2, LHT1, and PAL encoding genes, as well 

as a putative endochitinase, GRMZM2G129189 (Table 3.1). Of the 15,527 expressed 

genes in Downs et al. 2013, 916 (5.9%) are in the Zm_mod7 module, a significantly 

smaller proportion (Table 3.1, Appendix 7.11, chi-squared = 36.6, p-value < 0.001). 

Because genes that are differentially expressed between wild type and mutant plants are 

co-regulated across development, BV1 likely affects a discrete biological process that 

operates in diverse tissues. Genes within Zm_mod07 are more highly expressed in root 

tissues of different ages (p-value = 0.0002) and mature leaf (p-value = 0.003) relative to 
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other tissues (Downs et al., 2013). Among the genes most overrepresented in Zm_mod07 

are those involved in amine transmembrane transporter activity, glycolipid binding, 

glycolipid transporter activity, and glutathione transferase activity (Downs et al., 2013).  
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Table 3.1 Genes differentially expressed in bv1-1301 and bv1-1302 relative to B73, 

with putative function annotation (values in FPKM). 

Function Gene id 
Putative function 

annotation 
B73 

Bv1-
1302 

bv1-
1301 

bv1-
1302 

c. module ; module 
membership 

actin polymerization GRMZM2G118786 
Actin-related protein 
2/3 complex subunit 3; 
uncharacterized 

0.90 1.31 0 0 
 

cellular component GRMZM2G180659 
LHT1; lysine histidine 
transporter;  

2.28 2.83 36.45 27.36 
Zm_mod07;0.82 

hormone 
biosynthesis 

GRMZM2G099467 
Gibberellin 20 oxidase 
2; uncharacterized 

3.28 1.81 81.31 43.81 
Zm_mod07;0.70 

 GRMZM2G072529 ACC oxidase;  0 0 2.28 1.78  

Phenylpropanoid 
biosynthesis 

GRMZM2G118345 
Phenylalanine 
ammonia-lyase 

2.62 3.34 21.67 16.10 
Zm_mod07;0.71 

 GRMZM2G063917 
Phenylalanine 
ammonia-lyase 

0 0 8.52 2.83 
Zm_mod05;0.62 

metabolic process GRMZM2G103273 Beta-galactosidase 5 3.39 5.94 0 0  

 GRMZM2G049021 
Isochorismatase family 
protein rutB 

12.60 0 42.65 39.69 
 

 GRMZM2G129189 

Endochitinase PR4 
Putative 
uncharacterized 
protein 

0 0 2.82 1.92 

Zm_mod07;0.59 

signaling GRMZM2G127789 
Glutathione S-
transferase GST 29  

0 0 4.16 2.81 
 

transcription factor GRMZM2G169149 
WRKY62-superfamily 
of TFs having WRKY 

0 0 10.87 3.91 
 

transport GRMZM2G153920 
Sorbitol transporter; 
uncharacterized 

0 0 1.15 0.98 
Zm_mod04;-0.49 

transposon GRMZM2G021020 transposable element 22.24 22.90 0 0  

 GRMZM2G008283 transposable element 15.17 33.16 0 0  

 GRMZM2G020508 transposable element 4.44 4.11 12.96 13.87  

 GRMZM2G306371 transposable element 2.53 5.26 0 0  
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3.5 Discussion 

 I present four independent lines of evidence to support GRMZM2G366698 as 

Bv1/Br3. First, the bv1-1301 mutant maps to a five gene containing, ~97kb chromosomal 

region on chromosome 5 (Fig 3.5A). Fine mapping the mutants was challenging. Gore et 

al. 2009 reported this locus has low crossover frequency relative to other genomic regions, 

and I identified only eight crossovers between bv1 and flanking markers in a survey of 

over 3,900 F2 individuals. Second, among all F2 plants, the GRMZM2G366698 genotype 

perfectly associates with plant height. Third, GRMZM2G366698 encodes a putative 

5PTase and is orthologous to the rice d50 gene that is necessary for internode elongation. 

Fourth, both mutants are homozygous for missense substitutions at highly conserved or 

invariant residues within the gene's inositol phosphatase domain (Appendices 7.9, 7.10). 

One missense mutation converts serine to leucine in bv1-1301, and a second missense 

mutation converts glycine to arginine in bv1-1302. Among genes expressed within 

internodes and that are in the ~97kb interval, I detected no additional nucleotide 

differences between wild type and mutant genes. Mutant and wild-type internodes have 

similar bv1 transcript abundances. 

 Auxin is a signal for cell elongation, and the developing grass inflorescence 

exports auxin to stem nodes and internodes to promote elongation (Wolbang et al., 2004). 

Protein(s) encoded by GRMZM2G366698 likely exhibit phosphatase activity toward the 

soluble inositol polyphosphate inositol 1,4,5 triphosphate [Ins(1,4,5)P3] and possibly 

phosphoinositides, including PtdIns(4,5)P2 (Zhong and Ye, 2004; Zhong et al. 2004). I 

propose that BV1 plays a central role in phosphoinositide/ inositol phosphate auxin signal 

transduction in the maize stem. As noted above, the br2 gene encodes a P glycoprotein 
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auxin transporter, and the mutant is defective in auxin transport (Multani et al., 2003; 

Knöller et al., 2010). The bv1 mutant is visually similar to the br2 mutant, and like the 

bv1 mutant, br2 mutants are insensitive to GA (Multani et al. 2003). In other contexts of 

plant growth, 5PTases affect auxin-associated cell expansion. Stems of maize and other 

grasses that are placed parallel to the ground will grow upward in a gravitropic response. 

This bending is caused by elongation of cells at the basal side of the pulvinus, a disc 

shaped region of tissue immediately apical to the stem node. Auxin levels on the top of 

the pulvinus are lower than at the base (Wolbang et al., 2007), and auxin transport from 

the cells at the top of the pulvinus promote elongation of cells at the base of the pulvinus 

(Yun et al., 2006). PtdIns(4,5)P2 is generated by phosphatidylinositol 4-phosphate 5-

kinase (PIP5K). In the initial responses of maize pulvini to gravity, PIP5K activity and 

Ins(1,4,5)P3 levels increase in the lower pulvinus (Perera et al., 1999).  In A. thaliana, 

inositol signalling is also implicated in the auxin mediated gravitropic response (Perera et 

al., 2006; Wang et al., 2009; Mei et al., 2012; Ischebeck et al. 2013). 

 The bv1 mutant internodes may have different phosphoinositide abundances 

relative to wild type plants. Within the mutant, active auxin may be misdistributed but 

retain or exceed wild type levels. In pip5k1 pip5k2, double mutant A. thaliana root tips, 

PtdIns(1,4)P2 levels are reduced. Although the abundance of auxin is unchanged, the 

distribution and polar transport of auxin are affected (Ischebeck et al., 2013). Over-

expression of PIP5K1 and PIP5K2 increase PtdIns(4,5)P2 levels. Roots have 

nondirectional growth and have lost gravitropism, again suggesting perturbed auxin 

distribution (Ischebeck et al. 2013). I suggest active auxin levels are high within mutant 

internodes because during gravistimulation, auxin increases precede ethylene production 
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within grass nodes. The key ethylene biosynthetic enzyme, ACC oxidase (Lin et al., 

2009), is putatively encoded by GRMZM2G072529 and is upregulated in the bv1 

mutants relative to wild type plants. Possibly, apolar auxin distribution could contribute 

to the rectangular shapes of bv1 internode parenchyma cells. 

 Genes misregulated within mutant internodes are notable for encoding 

cytoskeleton, cell wall, and membrane associated proteins. GRMZM2G1187786 likely 

functions to maintain cytoskeleton function. It is expressed within wild type internodes 

and silenced within the bv1 mutants. GRMZM2G1187786 encodes a putative protein 

with 75% identity to the actin-related protein C3 (ARPC3; AT1G60430), which is one of 

seven subunits of the actin related protein complex (Hussey et al., 2006). In A. thaliana, 

the absence of functional ARP proteins causes shortened cells. Expanding cells contain 

dense actin bundles and exhibit pronounced morphological aberrations. (Li et al., 2003; 

Mathur et al., 2003a,b; El-Assal et al., 2004; Saedler et al., 2004). Shortened d50 mutant 

cells have actin thickened in longitudinally aligned bundles while wild-type rice 

internode parenchyma cells have a fine network of actin filaments (Zhong and Ye, 2004; 

Sato-Izawa et al., 2012). Cell wall related genes include GRMZM2G11834, 

GRMZM2G063917, and GRMZM2G103273. Polysaccharide-linked hydroxycinnamoyl 

esters ferulic acid and p-coumaric acid are important cell wall components and are 

produced by the phenylpropanoid pathway, of which phenylalanine lyase (PAL) is the 

first committed step. Transcripts of two, putative PAL encoding genes 

GRMZM2G118345 and GRMZM2G063917 are highly abundant in the bv1 mutant 

relative to wild-type stems. The activity of phenylalanine lyase (PAL) also greatly 

increases in d50 (Nishikubo et al., 2000; Sato-Izawa et al., 2012), and the middle 
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lamellae of d50 cells have high levels of polysaccharide-linked ferulic acid and p-

coumaric acids (Sato-Izawa et al. 2012). GRMZM2G103273, a putative beta-

galactosidase, has low transcript abundance in mutant internodes relative to wild type 

internodes. Beta-galactosidases can target xyloglucan to regulate cellulose fiber 

separation during wall extension, and a blockage of xyloglucan digestion results in 

shortened plant organs within Arabidopsis (Sampedro et al., 2012). GRMZM2G103273 

is highly similar to the A. thaliana protein ATBGAL10 (blastp e-value 2e-25) which is 

responsible for the majority of beta-galactose activity against xyloglucan. Misexpressed 

genes encoding membrane associated transporters include GRMZM2G153920 and 

GRMZM2G180659. The sorbitol transporter-like protein GRMZM2G153920 is 

upregulated in bv1 relative to wild-type internodes. Sorbitol transporter-like proteins can 

transport pentoses as well as polyols and different hexoses (Klepek et al., 2005). Cell 

wall derived xylose and arabinose are high, and glucose is low in the Fukei 71/ d50 rice 

mutant relative to wild type (Nishikubo et al., 2000). GRMZM2G180659 encodes a 

putative lysine histidine transporter, LHT1 and is similar to AUX transporters. 

 Although the substrates of BV1 are unknown, the putative functions of 

misexpressed genes suggest that BV1 contributes to plasma membrane- associated 

molecular transport. BV1 could affect transport by altering the patterns of vesicular 

cycling (Ischebeck et al., 2013) and/or by altering the interaction of a phosphoinositide 

with an actin binding protein, thereby affecting actin polymerization (Stevenson et al., 

2000). A high proportion of transcripts misexpressed within the bv1 mutant internodes 

are co-expressed across maize development with genes whose functions are enriched for 

membrane-associated transport processes including glycolipid transport and amine 
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transmembrane transport. Both bv1 transcripts and many genes misregulated in bv1 

mutants accumulate in diverse maize tissues (Sekhon et al., 2011; Downs et al., 2013), 

indicating a broad function for BV1. I expect that paralogous 5PTases such as 

GRMZM2G065225 can compensate for the loss of BV1 function in tissues other than the 

expanding internode. 

 Variation among genes identified through the study of induced, large effect 

mutations can contribute to quantitative trait variation within a population, and bv1 may 

be allelic to plant architecture QTL identified in mapping studies. In a segregating 

population derived from crosses between an Illinois High Oil population and an Illinois 

Low Oil population, Berke and Rocheford (1995) identified a QTL for plant height 

between markers npi449a and npi295a. This locus corresponds to a region between 

151Mb and 169Mb on the maize physical map.  Beavis et al., (1991) also identified a 

QTL for plant height in an F2 of inbred lines K05 x W65 that maps close to bv1. 

Nonetheless, in an association mapping panel Pfeiffer et al. (2014) found little correlation 

between bv1 alleles and plant height. Similarly, SNP variation flanking the sorghum gene 

model homologous to bv1, Sobic.004G145500, was uncorrelated with plant height 

variation in a set of 377 diverse Sorghum accessions  (Casa et al., 2008; Xin Li and 

Jianming Yu 2015, pers. communication). I note that although BV1 affects the transcript 

abundance of GRMZM2G099467, a putative gibberellin 20 oxidase, this gene is not the 

ortholog of Os3g0122300, the gene responsible for the "green revolution" dwarf rice. 

When using the rice green revolution protein in a BLASTP query GRMZM2G180659 is 

the fifth best hit in the maize genome with 37.5% ID over 315 amino acids, compared 

with 84% over 340 amino acids for the top hit. 
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 Maize bv1 alleles may have come under artificial selection, as has a sorghum 

allele of a br2 homolog (Multani et al., 2003), because stem lodging can significantly 

reduce maize yields (Elmore and Ferguson, 1999). Although my bv1 alleles are very 

short and have smaller ears than wild-type plants, weak bv1 alleles would be appealing 

targets for selection for a number of reasons. bv1 mutants are indistinguishable from 

wild-type plants until after the transition of the apical meristem from vegetative to 

reproductive state and respond similarly to neighboring plants and low R:FR light 

(Figures 3.2, Appendix 7.1, Appendix 7.2). Although maize height and flowering time 

are consistently genetically correlated (Salas Fernandez et al., 2009; Khanal et al., 2011), 

bv1 mutations do not change flowering times (Figure 3.3C), a key trait for crop 

adaptation. bv1 has normal flower development (data not shown) in contrast with other 

reduced height maize mutants such as anther ear1(an1), dwarf plant1(d1), dwarf 

plant3(d3), dwarf plant5(d5), dwarf plant8 (D8) and dwarf plant11(D11) (Fujioka et al., 

1988a,b; Bensen et al., 1995; Lawit et al., 2010; Wang et al., 2013). The bv1 genomic 

region is not within the 256 regions identified by Heerwarden et al. (2012) with evidence 

for directional selection as a product of modern, North America maize breeding. 

Nonetheless, I note that plant height in maize is a highly polygenic trait (Peiffer et al., 

2014), and selection could rapidly change height (or reduce lodging) with only moderate 

allele frequency shifts at many, existing polymorphic loci, including bv1. In this case, 

association and selective sweep analyses would not identify these loci (Pritchard et al., 

2010). Suitable bv1 alleles are candidates for future crop improvement. 
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CHAPTER 4. The effects of low temperature and genotype on the Zea mays seedling 

transcriptome 
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4.1 Abstract 

 Cold tolerant maize varieties have the potential to extend the current cultivated 

areas to higher latitudes and to increase yields by allowing for a longer growing season 

after early planting. Low temperatures reduce maize growth and cause leaf chlorosis 

hampering photosynthesis, among other negative effects. However, the degree of cold 

stress damage varies among genotypes. By analyzing the differences in transcript 

abundance of the cold tolerant maize inbred CG60 and the cold susceptible inbred 

CG102, under low temperature stress and control conditions, I identified pathways 

important for maize response to stress in general, and in particular potentially giving an 

advantage to one of these genotypes over the other. I found that maize transcriptomic 

response to low temperatures involves changes in expression of over 40% of the genes 

expressed in the leaves. I observed the repression of genes involved in photosynthesis, 

and an induction of genes involved in transcription regulation and protein 

phosphorylation under low temperature conditions. Additionally I observed novel 

responses to cold such as a repression of genes necessary for translation and an induction 

of genes necessary for lutein biosynthesis. I also characterized the transcriptomic 

response of cold stressed maize plants 24 hours after recovery, and observed that the 

majority of the genes differentially expressed under the cold stress treatment, returned to 

levels of expression similar to those of plants not exposed to the cold stress. Genes 

involved in nucleosome assembly and lipid metabolism were downregulated in plants 

exposed to low temperatures and returned to optimal growing temperatures, suggesting 

potential roles in acclimation to cold. The transcript abundance of genes involved in 

response to hydrogen peroxide increased more in CG60 than in CG102 upon exposure to 
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low temperatures, among several biological processes with different transcriptional 

response between these two genotypes, during cold stress and subsequent recovery at 

optimal growing conditions. 
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4.2 Introduction  

 In the last sixty years, the cultivation of maize (Zea mays L.) has been extended to 

higher latitudes including regions of Ontario, Quebec, and Manitoba. This has been due 

in large part to breeding for early maturing inbred genotypes that generate early maturing 

hybrids (Khanal et al., 2011). Nonetheless, if the growing season of maize can be 

extended by early planting, yields would likely be enhanced and corn-growing regions 

expanded. Early corn growth also results in early canopy closure thereby reducing weed 

growth, herbicide usage, and nutrient run-off. Early planting can, however, expose maize 

seedlings to suboptimal growing temperatures. 

 In maize plants exposed to cold temperatures (e.g. temperatures of 5°C or lower), 

plant growth ceases and leaves turn yellow (Lee et al., 2002). Photosynthesis is reduced 

or ceases at chilling or low temperatures (e.g. 5°C) (Aroca et al., 2003). Plants that 

experience cold temperatures (e.g. 5°C) and that are then moved to warm temperatures 

(e.g. 25°C) may develop a bleached appearance (Aroca et al., 2003). Maize leaves fully 

developed at low temperatures have poor photosynthetic capacity (Haldimann et al., 

1996). Necrotic leaf areas, covering almost entire leaves, may appear several days after 

the cold stress, and plants may die (Capell and Dorfhing, 1993; Aroca et al., 2003).  

 A number of processes are thought to contribute to plant growth reduction and 

damage. A main focus has been reactive oxygen species (ROS) that are generated from 

excitation or incomplete reduction of molecular oxygen. ROS are produced from 

mitochondria, chloroplasts, peroxisomes, as well as plasma membrane-bound NADPH 

oxidases (Gechev et al., 2006). Chloroplasts are the main source of ROS within 

photosynthetic cells (Asada, 2006; Chen et al., 2012). Although uncontrolled ROS 
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production at low temperatures and high light will damage cellular components (e.g. 

Wise, 1995), in most scenarios ROS are scavenged and act as signaling molecules (Foyer 

and Noctor, 2005). Activities of enzymes that are involved in ROS scavenging such as 

peroxidases, catalases, and superoxide dismutases, have been widely assayed amongst 

chill or cold grown maize plants. Similar analyses have assayed the concentrations of 

scavenging molecules including carotenoids, glutathione and ascorbate (Haldimann, 1998, 

1999; others). Other studies report that water deficit contributes to poor plant growth in 

cold-exposed plants. Leaves of cold grown plants have low leaf water content (Aroca et 

al., 2001), due to reduced hydraulic conductivity of  the roots (Melkonian et al., 2004). 

 Recent global analyses of transcript abundance differences between cold and 

control grown plants reveal large-scale transcriptome differences with enrichment for 

specific molecular functions. A whole genome expression study using a microarray with 

46,128 probes found 2,449 genes to be responsive to cold [log2 (expression level in the 

cold/expression level in control conditions) ≥ 1.5] in two maize inbred lines (Sobkowiak 

et al., 2014). A more recent study in maize reports over 25% of the expressed genes 

(~7,000 genes out of ~20,000 expressed genes) as differentially expressed in cold stress 

relative to control conditions in three maize genotypes (Makarevitch et al., 2015). In 

maize, the functional annotations “protein phosphorylation” and “transcription” have 

been observed to be overrepresented in genes induced by low temperature stress, and 

“photosynthesis” was overrrepresented in genes repressed by low temperatures 

(Sobkowiak et al., 2014). 
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 At the transcriptional level, stress induced genes have been observed to return to 

pre-stress levels in recovery conditions after drought and heat stresses (Huang et al., 

2008; Liu et al., 2012).  

 Given the negative effects of cold on maize performance, there is a desire to 

improve early season cold tolerance genetically. Early season cold tolerance (e.g. 5°C) 

and chilling tolerance (e.g. circa 10°C-15°C) genetically varies in maize (Verheul et al., 

1996; Lee et al., 2002; Fracheboud et al., 2004). Genotypes also differ for their capacity 

to grow after a period of cold exposure (Capell and Dorfhing, 1993). Several studies have 

examined genetic variation among traits that are expressed in cold-grown plants in order 

to associate molecular and physiological differences with cold tolerance differences 

(Hodges 1996; Ying et al., 2000; Lee et al., 2002; Sobkowiak et al., 2014). For example, 

under chilling temperatures, three tolerant genotypes had high photosynthesis and 

chlorophyll content relative to three chilling susceptible lines (Fracheboud et al., 1999). 

The three tolerant lines were also better than the susceptible lines at recovering 

photosynthesis capacity at 25°C after chilling. Similarly, carbon exchange rate was 

highly correlated with total dry matter accumulation (r=0.56) among genotypes grown in 

a cold (15°C day and 3°C night) temperature regime (Lee et al., 2002). Chilling tolerant 

genotypes were associated with higher concentrations of β-carotene, lower concentrations 

of xanthophyll carotenoids, and a reduced proportion of zeaxanthin in their xanthophyll 

cycle carotenoid pool than were chilling susceptible genotypes (Hodges et al., 1996; 

Haldimann, 1998), suggesting that chilling sensitive genotypes have higher requirements 

to dissipate excess energy than do chilling tolerant genotypes. Several studies have 
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correlated compounds and enzymes within the ascorbate-glutathione cycle with cold 

tolerance (Jahnke et al., 1991; Hodges et al., 1996; Aroca et al., 2003; others). 

 Finally, the transcriptional responses to low temperatures also vary between 

genotypes. In a study of maize lines ETH-DH7 (cold tolerant) and ETH-DH3 (cold 

sensitive), genes related to carbohydrate and amino acid metabolism, signal transduction 

pathways, and redox potential homeostasis were identified as being induced differently 

by the low temperatures (Sobkowiak et al., 2014), with most genes showing a stronger 

induction in the cold tolerant ETH-DH7 than in the cold sensitive ETH-DH3. 

 I report an analysis of whole transcriptome abundances 24 hours into a cold stress 

treatment at 14°C / 2°C (day/night) and 24 hours in a warm treatment at 24°C / 14°C 

(day/night) following the cold exposure. My objectives are: 1. to describe attributes of the 

global transcriptome responses of maize grown in cold temperatures and grown at 

optimal temperatures following the cold treatment, using RNA-Seq technology. 

Specifically, I investigate the numbers of transcripts that differ between cold and control 

grown plants, and investigate gene enrichment within functional groups 2. to characterize 

the transcriptional response of genes encoding proteins with putative involvement in 

plant cold responses and to identify novel responses to low temperature stress and its 

alleviation 3. To investigate the molecular changes that distinguish the two genotypes 

with different cold tolerance. 
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4.3 Materials and methods 

4.3.1 Plant Materials 

 Maize inbreds CG60 and CG102 had been identified as cold tolerant and cold 

sensitive genotypes, respectively, in a survey of 40 maize inbreds, measuring seedling 

dry biomass accumulation at low temperatures relative to the biomass accumulation at 

optimal growing conditions (Obeidat et al. manuscript in preparation). The growth 

chamber protocol used was the same as the one used for the RNA-Seq experiment 

described here and is detailed below. Exposing V2 seedlings (with two fully mature 

leaves) to a low temperature treatment (14°C/2°C for three days), reduced the biomass 

measured 17 days after planting, relative to seedlings growing at optimal temperatures 

(24°C/14°C) for all their development. Despite being harvested at the same 

developmental stage, plants exposed to the cold treatment, had approximately one-half 

the biomass of control-gown plants. The mean ratio (dry weight cold stress / dry weight 

control) of CG60 (0.54) was significantly different than the mean ratio of CG102 (0.47) 

(Tukey-Kramer's pairwise t-test, p-value < 0.02, 10 replicates). I selected these lines to 

represent a tolerant and susceptible inbred line for RNA-Seq analysis. In addition, CG60 

and CG102 are both adapted to short-season growing environments, are parents of high-

yielding inbred lines, and are parents of a RIL population with a published genetic map 

(Khanal et al., 2011, 2014). 

 

4.3.2 Cold stress treatment 

 Maize seedlings of genotypes CG60 and CG102 were grown in growth chambers 

for 13 days at 24°C/14°C day/night temperature, with a 16-h photoperiod and relative 
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humidity of approximately 60/70% (day/night). Plants were grown in a 1:1 (v/v) mixture 

of fine (“Quick Dry”) Turface (Profile Products, Buffalo Grove IL) and Promix PGX 

(Premiere Tech, Rivere-du-Loup QC) and were supplied daily with a nutrient solution 

composed of 164 g 20-20-20 N-P-K, 75 g Ca(NO3)*2H2O, 128 g MgSO4.7H2O, 64 g 

NH4NO3 and 9.6 g Micronutrient Mix (Plant Products, Brampton ON) dissolved in 20 L 

of tap water. The nutrient solution was applied with the irrigation water through a 1:20 in-

line mixer. The photosynthetic photon flux density during the photoperiod was 

maintained at 650 µmol m-2s-1 at the top of the canopy, with a mixture of “cool white” 

fluorescence tubes and “inside frost’ tungsten bulbs (Osram Sylvania, Drummondville, 

QC). For both the control and stress chambers we used a “ramp” type temperature 

protocol, such that the daily high temperature was maintained from noon until 4 pm, then 

the temperature declined in a linear fashion from 4 pm until 1 am.  The daily low 

temperature was maintained from 1 am until 5 am, and then the temperature increased in 

a linear fashion from 5 am until noon.  

 At the second leaf stage (V2, two fully mature leaves, 13 days after planting, circa 

0.1g dry weight), plants to receive the cold stress treatment were transferred to 14°C/2°C 

for three days. They then recovered for three days at 24°C/14°C. I sampled the second 

leaf from cold-treated plants 24 hours into the cold stress (14 days after planting, first day 

of sampling, D1) and 24h into the recovery period (17 days after planting, second day of 

sampling, D4). For each sampling time I had control plants grown under the 24°C/14°C 

day/night temperature regime for all their development. Knowing that low temperatures 

slow down development, in an attempt to match the development stage of control and 

stressed plants I planted the control plants one and three days after the cold stress treated 
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plants were planted, so that at time of tissue collection the control plants were 13 (D1) 

and 14 (D4) days old (Figure 4.1). Plants were sampled two hours after lights were 

switched on. 
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Figure 4.1 Experimental setup 

All plants were grown at 24°C/14°C day/night temperature for optimal growth conditions. 

The stress treated group was exposed to 14°C/2°C day/night temperatures for three days 

starting on day 13 after planting and then brought back to 24°C/14°C for recovery. Leaf 

samples for RNA extraction were taken 24 hours into the stress (treated and control, 

green circle) and 24 hours into recovery (treated and control, orange circle). Two control 

groups of plants were planted with one and three day delays in order to match the 

developmental stage of the cold treated plants at the times of sampling (S).  

  



 

 59 

4.3.3 RNA extraction, pooling and sequencing 

 The second oldest leaf from five plants per genotype x treatment x time of 

sampling were pooled together in each replicate and kept at -80°C for each sample. Total 

RNA of 100 mg of 24 leaf tissue sample pools  (2 genotypes x 2 treatments x 2 sampling 

times x 3 replicates) was isolated using TRIzol (Invitrogen, USA) and purified using the 

Qiagen RNeasy MinElute Cleanup Kit column according to the manufacturer’s 

instructions. Extracted RNA for each sample pool was sent for sequencing in 15 μL of 

RNAse-free water and final concentrations ranged from 1,720 ng/μl to 2,791 ng/ μl. 

 The RNA was sequenced using Illumina HighSeq at the Mount Sinai Hospital in 

Toronto, Canada, obtaining 8.4 to 12 million 100-nucleotide paired-end reads per sample 

(Appendix 7.12). FastQC v0.11.3 was used to assess the quality of the reads and the 

presence of adapters from the RNA-Sequencing process. No sequence adapters were 

overrepresented and needed to be removed. TopHat v2.1.0 was used to align the RNA-

Seq reads to the maize reference B73 genome version AGPv3.  

4.3.4 Selection of RNA-Seq reads alignment criteria 

 The assumption of aligning RNA-Seq reads to a reference genome is that the 

reference genome locus to which the reads align is orthologous to the locus that gives rise 

to the sequenced transcript in the studied genome. However, if the criteria to align a 

cDNA sequence to the reference genome are strict, allelic differences between 

orthologous genes may prevent reads from aligning. As read alignment criteria are 

loosened, more reads correctly align to their reference genome orthologs; however, the 

number of reads aligning to non-orthologous loci might also increase.  

 I evaluated 17 different sets of parameters to identify criteria that balanced 
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capturing reads from orthologous genes in an alignment while minimizing the number of 

reads from non-orthologous genes aligned to a given locus. I varied parameters that 

determine the total number of allowed mismatches, in/del length and gap length. Tophat 

arguments used were: --read mismatches, --read-gap-length and --read-edit-dist (ranging 

from 2 to 36 in increments of 2), --splice-mismatches (0 for test 1 and 2 for tests 2 to 17), 

--max insertion-length and --max-deletion-length (ranging from 3 to 39 in increments of 

2) and --segment length (25 for tests 1 to test 9, 32 for tests 10-13, and 35, 36, 38 and 40 

for test 14 to 17) (Appendix 7.13). All parameter tests were performed with the RNA-Seq 

reads of Sample 1 (CG60_D1_Stress_R3).  

 For each alignment criteria, I first recorded the percentage of all Sample 1 reads 

that concordantly aligned, e.g. both reads of a paired-end read map to the same DNA 

region. I also counted multiple alignment reads that mapped to multiple sites within the 

genome and discordant reads that had mate-pairs that did not align or aligned elsewhere 

in the genome. Focusing on reads that mapped to maize chromosome 1, I used Samtools 

(v1.2) and Bcftools (v1.2) (Li et al., 2009) to identify polymorphisms between aligned 

reads and the maize B73 reference. To identify SNPs of sample 1 relative to the maize 

reference B73 genome, first Samtools was used with arguments “view -h -b 1” to extract 

all the reads of chromosome 1 to another .bam file including headers. A Samtools index 

was generated with “samtools index”. Polymorphic sites were extracted with Samtools 

arguments “mpileup -u -t DP,DV,DPR -v -r 1 -f   <path to maize genome assembly 

v3.22> <path to bamfile with chr1 reads>” and the output was piped to a .vcf file 

“>test1_chr1-reads.vcf”. Then I used Bcftools to filter out sites with less that five reads of 

coverage with “bcftools filter -e 'DP<5'” and to include sites called as SNPs by Bcftools 
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with “bcftools call -m -v  |grep PASS”. I also identified nucleotide differences among 

reads that mapped to a single genomic position. Polymorphisms among aligned sites were 

obtained with Samtools mpileup in .vcf format and were filtered with Bcftools to check 

that each site reported as polymorphic had a depth of six or more reads and that at least 

two alleles were each at a frequency greater than 0.2 with parameters: “bcftools filter -i ' 

(DPR[0]/DP>0.2) && (DPR[1]/DP>0.2)   && DP>5  |grep PASS” where DPR is the 

number of high quality bases observed for each allele and DP is the total number of high 

quality bases aligned to a specific physical location or site (read depth). Reads that 

mapped to a common reference genome site but have nucleotide differences may be from 

orthologous loci that were heterozygous, paralogous sites, or due to sequencing errors. 

CG60 is an inbred line and thus highly homozygous. 

  Reducing the stringency of the alignment criteria greatly increased the number of 

concordantly aligned reads. Changing the number of allowed mismatches and max indel 

size per read from 2 and 3 (default values) to 36 and 39 increased the proportion of 

concordantly aligned reads among all reads from 71.5% to 89.1%. The proportion of 

discordantly aligned reads, reads that have a paired-end that maps to a different locus, 

increased from 2.6% to 6.2% of all reads (Appendix 7.13, Appendix 7.14), and the 

number of nucleotide sites that differed among aligned reads increased from 445 to 2,630. 

I chose alignment parameters (20 allowed mismatches per read and an indel of length 23) 

with high (87%) concordant alignments (test 9 in Appendix 7.13) for my analyses. The 

increase in the frequency of concordantly aligned reads made possible by further 

reducing the stringency of alignment criteria are similar to the increase in the frequency 

of discordantly aligned reads (Appendix 7.13). Since high homozygosis is expected from 
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inbred CG60 used in the tests, the increase in variable nucleotides as I relaxed alignment 

parameters was most likely due to incorrectly mapped reads. 

 With the Tophat parameters from the alignment test9 (--read-mismatches 20  --

read-gap-length 20 --splice-mismatches 2 --max-insertion-length 23 --max-deletion-

length 23 --read-edit-dist 20) and gene annotations in Zea_mays.AGPv3.22.gtf I aligned 

the reads for all 24 samples to the reference maize genome AGPv3. Sample18 

(CG60_D1_Control_R1) was discarded from further analyses due to unusually low 

percentage paired-end reads with concordant mapping alignment (69.2%), and very high 

percentage of reads with multiple alignments (51.1%) and mapping discordantly (27.8%, 

reads from a paired end map to different regions of the genome) (Appendices 7.12, 7.13).  

4.3.5 RNA transcript abundance analysis 

 For each of the 24 samples, the previously aligned reads were sorted with 

“samtools –n”, and converted from .bam to .sam format with “samtools view -h -o”. 

HTSeq (v0.6.1) (Anders et al., 2013) was then used to obtain the number of reads 

aligning to the physical location reported for gene models in Zea_mays.AGPv3.27.gff3 

(parameters htseq -s no -t gene -i ID). 

 I used EdgeR (Robinson et al., 2010) to identify differentially expressed genes 

between plants exposed to cold and plants grown at optimal temperatures. Genes were 

removed from the analysis when fewer than three samples (out of the total 12 samples for 

D1 and D4 each) had at least one count per million. Out of a total of 39,469 genes (all the 

genes in Zea_mays.AGPv3.27.gff3) 22,942 and 22,867 were kept for time point D1 and 

time point D4 respectively. The remaining read counts for both time points were 

normalized using the calcNormFactors function of EdgeR. EdgeR’s plotMDS function 
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(default arguments) was used to generate multi-dimensional scaling plots of the RNA 

samples, with distances corresponding to the leading log2-fold-changes between each pair 

of RNA samples (the average root-mean-square or Euclidean distance between samples, 

taking into account the top 500 absolute log2-fold-changes in read counts for genes, 

between each pair of samples).  

 To analyze the count data from time points D1 and D4 the following generalized 

linear model (GLM) was used: 

 Yijk = μ + Gi + Tj + Rk +  (G*T)ij + eijk  

 Yijk is the transcript abundance for the genotype i, that received treatment j (cold 

or control temperature growing conditions) in the k replication. Gi is the effect of the 

genotype i (CG60 or CG102), Tj is the effect of the treatment j (cold stress or control), Rk 

is the effect of the replicate k and (G*T)ij is the effect of the interaction of genotype i with 

treatment j, eijk is the random error and μ is the mean transcript abundance. 

 For both time points, D1 and D4, the EdgeR function estimateGLMCommonDisp 

was used to estimate the dispersion and a False Discovery Rate (FDR) of 0.05 was used 

to generate lists of genes with significant effect of the terms of the GLMs. 

 Gene ontology (GO) terms associated to gene models and their overrepresentation 

estimates were obtained using agriGO analysis tool (Du et al., 2010)  with options Fisher 

Test, Bejamini-Yekutieli false discovery rate controlling procedure (Benjamini and 

Yekutieli, 2001), significance 0.05. I used the 22,942 and 22,867 genes expressed in my 

samples after filtering as custom background expressed genes. To identify gene models 

that are transcription factors I used GrassTFDB (Yilmaz et al., 2009). To associate gene 
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models with metabolic pathways I used MaizeCyc2.2 (Monaco et al., 2013). Fisher’s 

exact test was used to identify pathways over or underrepresented in my subsets of genes 

relative to the expressed genes in my RNA-Seq analyses (the 22,942 and 22,867 genes 

for D1 and D4 respectively). The results were adjusted for multiple hypotheses testing 

using the Benjamini-Hochberg correction with a FDR of 0.05. 

 To compare my results with genes reported as induced by cold in previous 

experiments I used the sequences reported by those studies and performed BLAST 

searches to the maize genome AGPv3 found in Gramene. Thus, I assigned gene model 

identifiers (GRMZ numbers) to the previously reported cDNA sequences. Maize gene 

annotations (functional descriptions) were obtained from Gramene 

(http://www.gramene.org/ Release #49, accessed on November, 2015) and MaizeCyc2.2. 

4.4. Results and discussion 

4.4.1 Genotype and temperature exposure largely explain global plant transcriptome 

differences 

 I used multi-dimensional scaling (MDS) to investigate the global similarities in 

gene expression among cold treated and control, CG60 and CG102 leaves harvested 24 

hours after exposure to 14°C/2°C (D1) and 24 hours into recovery 24°C/14°C (D4) 

(Figure 4.2). The distance between each pair of samples in Figure 4.2 is a function of the 

transcript abundance differences of each pair's 500 most divergent genes (Borg and 

Groenen, 2005; Ritchie et al., 2015). 24 hours into the stress treatment, genotype and 

temperature drove transcript abundance differences between samples. Samples from 

CG60 and CG102 clustered on opposite sides along the horizontal axis (Figure 4.2A), 

and the vertical axis separated samples from cold grown plants from control plants. 

http://www.gramene.org/
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Replicates of the same genotype and temperature treatment clustered together.  

 Genotype was again a major component distinguishing samples grown at 

24°C/14°C after a three-day cold treatment, and samples grown only at 24°C/14°C. Past 

exposure to cold was unrelated to sample distance, rather ample differences were driven 

more by replicate than past exposure to cold stress. CG60 samples and to a smaller 

degree CG102 samples were separated by replicate (Figure 4.2B), indicating CG60 was 

more sensitive to differences among replicates than was CG102. 
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A 

 

B 

 

Figure 4.2 Multidimensional scaling (MDS) plots for samples taken 24 hours into the 

cold stress  (D1, panel A) and 24 hours into recovery (D4, panel B). 

Samples identified as genotype_treatment_replication, conditions are C or S for control 

or cold stress growing conditions, respectively. 
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4.4.2 Cold temperature contributes to significant transcript abundance differences of 

close to one-half of the genes expressed in the sampled leaf tissue 

 I analyzed data from growth periods one and two separately (D1 and D4). To 

identify individual genes whose transcript abundance levels are explained by genotype 

and cold treatment in period one (D1), I compared RNA-Seq data from plants subjected 

to 24h cold stress and plants grown in control conditions. I measured transcript 

abundance levels of 22,942 genes expressed in leaves during cold stress (14°C/2°C 

day/night, harvested at 14°C). I found 10,549 (46%) genes had significantly different 

transcript abundances in plants grown in the cold compared to plants grown at optimal 

conditions (24°C/14°C, day/night). 5,459 genes had high transcript abundance in cold 

relative to control and 5,090 were upregulated in control conditions, (FDR 5%, Table 

4.1). Using FDR rates of 1% and 0.1% reduced the number of genes with significant cold 

treatment effect to 8,165 and 6,037 respectively (Appendix 7.15). I chose however to use 

5% as FDR to adjust my significant difference results for multiple hypothesis testing for 

this study.  
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Table 4.1 Differentially expressed genes  

time point total genes 

genes after 

 filtering treatment genotype interaction 

D1 39,469 22,942 10,549 (695 TF *) 6,514 (309 TF) 1,541 (124 TF *) 

D4 39,469 22,867 556 (29 TF) 7,694 (379 TF) 323 (11 TF) 

      

*  Significantly enriched for transcription factors (TF) (fisher test, p value<0.05) relative 

to the background (1,233 T.F. in the 22,942 expressed genes in D1 and 1,201 TF in the 

22,867 expressed genes in of D4).  
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4.4.3 Genes involved in transcriptional control, signaling, and stress responses are 

overrepresented amongst genes upregulated in cold temperatures 

 I first investigated genes expressed at higher levels in cold-grown plants than in 

plants grown in optimal temperatures. Most strikingly, transcript abundances of 

transcription factors and kinases were much more likely to increase in cold stress than 

expected by chance (P<0.0001; Appendix 7.16). Transcript levels of 212 genes annotated 

with transcription factor activity out of 458 total genes within this category (expressed in 

these samples and annotated with GO term “transcription factor activity”) were higher in 

cold treated plants than in control plants. Similarly, 289 of 759 genes with protein 

serine/threonine kinase annotations, and 28 of 56 genes with serine/threonine 

phosphatase annotations were significantly upregulated within the cold treated plants (p-

value < 0.0001; Appendix 7.16, 4,017 total upregulated genes with GO annotation, 

16,265 total genes expressed with GO annotation). Genes annotated with GO functional 

term "zinc ion binding” were also overrepresented in the cold upregulated genes (414 

were upregulated of 1,341 genes expressed with “zinc finger domain” annotation).  Three 

genes upregulated due to the cold treatment, with annotations related to the dehydration-

responsive element (DRE) had GO terms transcription factor activity and transcription 

regulator activity, GRMZM2G061487, GRMZM2G380377 and GRMZM5G889719, 

with annotations DRE binding factor 1, DRE-binding protein 4 and DREB1, respectively. 

 Genes involved in a number of diverse stress responses were also overrepresented 

amongst the genes upregulated in cold temperatures. Genes with GO biological process 

terms “response to high light intensity” (28), “response to water deprivation” (85 genes) 

and “response to heat” (55 genes),  “response to wounding” (55 genes) and “response to 
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other organisms” (167 genes) were all upregulated at significantly higher frequencies 

than expected (Figure 4.3). Most differentially expressed stress response genes were 

classified into one category. For example; only four genes were annotated with “response 

to water deprivation”, “response to heat,” and “response to high light". This result 

suggests that cold temperatures induce separate components of abiotic and biotic stress 

response pathways. 
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Figure 4.3 Overrepresented biological process GO terms 

Biological process GO terms overrepresented (Fisher Test, Benjamini-Hochberg adjusted 

p-value < 0.05) in upregulated (UP) and downregulated (DOWN) genes in cold stress 

treated (COLD) samples relative to control and CG60 inbred relative to CG102, 24 hours 

into the stress (D1) and 24 hours into recovery (D4).  Only the most specific GO terms 

are shown (nodes with no children). 
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Table 4.2 Overrepresented pathways in upregulated (UP) and downregulated (DOWN) genes, in cold stress treated (COLD) 

samples relative to control and CG60 inbred relative to CG102, 24 hours into the stress (D1) and 24 hours into recovery (D4). 

Pathways with * at the end of the description were underrepresented. 

 

 
pahway id pathway name in group in all Genes bh_p_val 

D1_COLD_UP PWY-2902 Cytokinin-O-glucoside biosynthesis 37 72 0.000207356 

 
PWY-3781 aerobic respiration -- electron donor II* 7 106 0.0012642 

D1_CG60_DOWN PWY-695 abscisic acid biosynthesis 9 12 0.00133807 

 
PWY-6299 aldehyde oxidation I 6 8 0.03548359 

 
PWY-6446 benzoate biosynthesis III (CoA-dependent, non- β -oxidative) 8 15 0.03548359 

 
PWY-6444 benzoate biosynthesis II (CoA-independent, non- β -oxidative) 8 15 0.03548359 

 
PWYQT-4429 CO2 fixation into oxaloacetate 4 4 0.03548359 

D4_COLD_DOWN PWY-282 cuticular wax biosynthesis* 0 5 0.005798376 

D4_COLD_UP PWY-282 cuticular wax biosynthesis 3 5 0.0115837 

D4_CG60_DOWN PWY-6446 benzoate biosynthesis III (CoA-dependent, non- β -oxidative) 10 15 0.009124038 

 
PWY-6444 benzoate biosynthesis II (CoA-independent, non- β -oxidative) 10 15 0.009124038 

 
PWY-724 superpathway of lysine, threonine and methionine biosynthesis II 23 59 0.016860929 

 
PWY-6457 trans-cinnamoyl-CoA biosynthesis 6 7 0.022009467 

 
PWY-5156 superpathway of fatty acid biosynthesis II (plant) 18 44 0.033211239 

 
PWY-1081 homogalacturonan degradation 18 45 0.033211239 

 
TRPSYN-PWY tryptophan biosynthesis 11 22 0.033211239 

 
PWY1F-467 phenylpropanoid biosynthesis, initial reactions 6 8 0.033211239 

 
PWY-5172 acetyl-CoA biosynthesis (from citrate) 6 8 0.033211239 

 
PWY0-162 pyrimidine ribonucleotides de novo biosynthesis 14 33 0.039183548 

 
PWY-5670 epoxysqualene biosynthesis 4 4 0.042964726 
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4.4.4 Genes involved in cytokinin glycoside biosynthesis, carotenoid biosynthesis, and 

free radical scavenging are transcriptionally upregulated in cold-grown plants 

 Cytokinins delay leaf senescence by maintaining chloroplast integrity (Zavaleta-

Mancera et al., 2007), can have a positive effect on photosynthesis (Chernyad’ev, 2009) 

and are negative regulators of plant stress responses (Nishiyama et al., 2011). Cytokinin 

glucosides are considered to be storage forms of cytokinin that release free, active 

cytokinin molecules when required (Letham and Palni, 1983; Frébort et al., 2011). Active 

cytokinin levels decrease in response to environmental stress (Albacete et al., 2008; 

Nishiyama et al., 2011). The “Cytokinin-O-glucoside biosynthesis” pathway had a large 

number of genes upregulated in cold-grown plants (p-value < 0.001) (Table 4.2). Of 72 

genes annotated within this pathway, 37 were upregulated (p-value < 0.05), and they 

included genes such as cytokinin-O-glucosyltransferase 1, 2 and 3 (GRMZM2G007012, 

GRMZM2G041699, and GRMZM5G854655, respectively). Thus, this work provides 

evidence that glycosylation is a key mechanism of cold-grown plant cells to reduce 

cytokinin levels. Nonetheless, glycosltransferases that target diverse molecules have 

similar amino acid sequences (Lim and Bowles, 2004), and the number of genes 

annotated within this pathway suggests that several act upon other targets. For example, 

GRMZM2G036409 was upregulated and annotated as anthocyanidin 5,3-O-

glucosyltransferase.  

 Hydrogen peroxide (H2O2), a reactive oxygen species, acts as a signalling 

molecule (Prasad, 1994) but can also damage cells, leading to a reduction of growth and 

potentially cell death (Vanderauwera et al., 2005). H2O2 accumulates within dark-grown 

maize plants grown at cold (4°C) and to a lesser degree chilling (14°C) temperatures 
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relative to plants grown at 27°C. An increase in cellular H2O2 concentration is likely due 

to disruption of normal mitochondrial electron flow (Prasad, 1994). H2O2 is also greatly 

elevated within maize leaves grown at 14°C compared to 20°C (Kingston-Smith et al., 

1999). Chilling damage is greater in light grown than dark grown plants (Wise, 1995), 

indicating light-dependent plant damage.  

 I investigated expression changes in a number of genes that encode for enzymes 

that scavenge H2O2 and other reactive oxygen species. Ascorbate can react directly with 

oxygen radicals, including H2O2 (Foyer and Noctor, 2009). In addition, in the presence of 

H2O2, ascorbate peroxidase (ASPX, EC. 1.11.1.11) oxidizes ascorbate to the 

monodehydroascorbate radical (MDHA) (Asada, 2006). MDHA may be reduced back to 

ascorbate by monodehydroascorbate reductase (MDHAR, EC 1.6.5.4), or it may be 

reduced to dehydroascorbate (DHA). DHA can then be reduced to ascorbate by 

glutathione and dehydroascorbate reductase (DHAR; EC 1.8.5.1). Ascorbate levels in 

chill-grown maize may not differ from plants grown in warm temperatures or may be 

higher or lower, depending on genotype (Hodges et al., 1996; Kingston-Smith et al., 

1999). In cold (5°C) and high light (1000 μmol/m2) conditions, Leipner et al. (1997) 

report a reduction of the ascorbate concentration relative to plants grown at 25°C, and 

DHA stays relatively constant at 5°C versus 25°C  (Leipner et al., 1997). In chill grown 

plants, the ratio of DHA and ascorbate indicates that the ascorbate pool is more reduced 

at 14°C than at higher temperatures (Hodges et al., 1996; Kingston-Smith et al., 1999) 

with the increase of DHA (per unit chlorophyll) localized to the bundle sheath cells 

(Pastori et al., 2000). As with ascorbate concentrations, enzyme activities vary across 

studies, perhaps due to genotypic variation. Kingston-Smith et al. (1999) report a 
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significant reduction of ASPX activity at 14°C relative to 18°C or 20°C. Hodges and 

Andrews (1997) report three of four lines have higher ASPX in an 11°C treatment. 

Ascorbate peroxidase, APX (ascorbate peroxidase) activity is found solely within the 

bundle sheet cells (Pastori et al., 2000). I found that GRMZM2G093346 (Catalase L-

ascorbate peroxidase) was significantly upregulated 24 h into the cold stress. Other genes 

that encode for ASPX were not induced by the low temperatures (e.g. 

GRMZM2G332922 and GRMZM2G137839). Kingston-Smith et al. (1999) report that 

activities of MDHAR, DHAR are lower in chilling (14°C) grown plants relative to 20°C. 

Hodges and Andrews (1997) find that all lines have higher MDHAR activities in an 11°C 

treatment. Pastori et al. (2000) report that DHAR activity, while largely absent from 

bundle sheet cells, greatly increases (on a per chlorophyll basis) in mesophyll cells in 

cool temperatures. In my experiment, I observed genes GRMZM2G084881, 

GRMZM2G087259 and GRMZM2G134708, with MDHAR activity according to 

MaizeCyc2.2 (Monaco et al., 2013) were upregulated in the cold treated samples, 24 h 

into the stress. 

 Prasad et al. (1995) proposed that catalases and peroxidases could serve as 

antioxidant enzymes in maize grown in chilling conditions. Catalases catalyze the 

dismutation of H2O2 into O2 and H2O, preventing damage caused by H2O2 accumulation 

and perhaps mediating H2O2 signalling capacity (Scandalios et al., 1997; Veal et al., 

2007). Catalase activity greatly increases in maize seedlings exposed to 4°C or 14°C and 

returned to 27°C relative to seedlings grown in 27°C without the cold acclimation 

treatment (Prasad, 1997). Catalase 3 is in the mitochondria, and catalase 3 transcripts 

increased three fold in seedlings moved to 4°C directly from 27°C (Prasad, 1994), and 
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chemical inhibition of catalase causes plant death in cold temperatures (Prasad, 1997). 

Maize has several genes encoding for three catalase isosymes of which only 

GRMZM2G093346 (Catalase//L-ascorbate peroxidase) was induced by the low 

temperature treatment in my experiment. 

 Carotenoids are known to play a major role in protecting the photosynthetic 

apparatus from photoxidative damage (Haldimann et al., 1995). Lutein is the most 

abundant carotenoid in plant photosynthetic tissues and helps preventing the formation of 

reactive oxygen species (ROS) by quenching the harmful triplet state of chlorophyll 

(Dall’Osto et al., 2006; Kim and DellaPenna, 2006) in addition to its roles in the structure 

of the main light harvesting complex II (LHCII) (Pérez-Bueno and Horton, 2008). Maize 

mutants impaired in lutein biosynthesis acclimate to high light and high light + drought to 

the same extent as wild type plants, but not for high light + cold, suggesting that lutein 

has an specific function handling excess light under low temperature stress (Pérez-Bueno 

and Horton, 2008). Changes in lutein content have also been associated with leaf 

chlorosis. Transgenic tobacco plants with reduced chlorophyll content showed yellowing, 

higher levels of lutein (up to 3-fold) and an increased lutein/chlorophyll ratio when 

grown under high light but not when grown under low light (Hartel and Grimm, 1998). 

Lutein accumulates at 14°C relative to 24°C (Haldimann et al., 1995), and decreases in 

high light, cold (5°C) grown plants (Leipner et al., 1997). In my experiment, genes 

encoding enzymes for lutein biosynthesis were differentially expressed due to the low 

temperature treatment. Of the six genes in the lutein biosynthesis pathway (MaizeCyc2.2) 

expressed in my samples in D1, four were differentially expressed due to the cold 

treatment: GRMZM2G382534, GRMZM2G164318 and GRMZM2G152135, annotated 
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as Beta-carotene hydroxylase were upregulated after 24 hours under cold temperature 

treatment relative to plants grown under control conditions. GRMZM5G849107 

annotated as Lycopene beta-cyclase was downregulated in the cold treated samples.  

 CBF/ DREB transcription factors (TF) have been implicated in cereal responses 

to cold (Qin et al., 2004; Morran et al., 2011). ZmDREB1A a maize homologue of 

Arabidopsis DREB1A is induced by cold stress, salinity stress and mechanical attack and 

can promote the transcription of target, stress inducible genes when overexpressed in 

transgenic Arabidopsis (Qin et al., 2004). Zheng et al. (2006) identified 14 cDNAs as 

being induced by 12 hours at 4°C under dim light (expression differences >2-fold) 

(Zheng et al., 2006), among them a  DRE binding factor 1 (DBF1, GRMZM2G061487). 

Nguyen et al. identified 17 genes as cold induced out of 2,000 clones, after exposing V3 

(with three fully developed leaves) maize plants to 6°C for 48 hours (Nguyen et al., 

2009). Among the 17 cold induced genes identified by Nguyen et al., a DREB2B 

homologue (GRMZM2G006745) was found to be cold induced. I found both, 

GRMZM2G061487 (DBF1) and GRMZM2G006745 (DREB2B) expressed at higher 

levels in the cold treated samples relative to control.  

  Rice OsDREB1is induced by low temperatures (4°C) after histone acetylation 

promotes changes in chromatin structure that promote transcription (Roy et al., 2014).  

4.4.5 Transcripts of genes encoding proteins involved in photosynthesis, growth and 

methylation are downregulated in cold stress 

 Rates of CO2 assimilation decrease in maize plants exposed to low temperatures 

(Kingston-Smith et al., 1999; Foyer et al., 2002), a process that correlates with reduced 
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chlorophyll content (e.g. Haldimann et al., 1995; Leipner et al., 1997). Genes expressed 

at significantly lower levels in the cold treatment relative to control are enriched for the 

“photosynthesis” biological process GO term (64 genes; p-value <0.029; Figure 4.3, 

2,120 total downregulated genes with GO annotation, 16,265 total genes expressed with 

GO annotation) and for cellular component GO terms “chloroplast thylakoid membrane” 

(85 genes) and “photosystem II” (18 genes) (Figure 4.4). 

 Growth largely ceases at the cold temperatures used in this study. A significantly 

high number of transcripts that encode proteins that function in translation and DNA 

replication are expressed at low levels in cold-grown plants. Translation and associated 

cellular component terms including “cytosolic small ribosomal subunit”, “nucleolus”, and 

“cytosolic large ribosomal subunit” are the over-abundant among genes downregulated 

24 hours into the cold treatment (p-value < 0.001) (Figures 4.3, 4.4). The MCM complex 

is required for DNA replication. Its components are highly expressed in dividing cells 

(Tuteja et al., 2011), and eight out of the 11 expressed genes with the cellular component 

GO term “MCM complex” are down regulated in the cold treated samples (p-value < 

0.001; Figure 4.4). 
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Figure 4.4 Overrepresented cellular component GO terms 

Cellular component GO terms overrepresented (Fisher’sexact Test, Benjamini-Hochberg 

adjusted p-value < 0.05) in upregulated (UP) and downregulated (DOWN) genes in cold 

stress treated (COLD) samples relative to control and CG60 inbred relative to CG102, 24 

hours into the stress (D1) and 24 hours into recovery (D4). Only the most specific GO 

terms are shown (nodes with no children).  
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 Downregulated genes are also enriched for “methylation” (Figure 4.4). Genes 

annotated with this GO term encoded for aminoacid-, histone aminoacid- and DNA- 

methyltransferases. It has been suggested that increases in transcription observed upon 

the onset of a biotic or abiotic stresses can be promoted by changes in methylation 

(Steward et al., 2000, 2002; Wada et al., 2004). In maize, whole genome demethylation 

was observed in roots of maize seedlings subject to chilling stress, and severe 

demethylation was observed specifically in nucleosomes of cold induced demethylated 

regions (Steward et al., 2002).  

4.4.6 24h after returning to warm temperatures the majority of the genes induced or 

repressed by the cold stress return to control / pre-stress levels of transcript abundance  

 I sampled plant RNA 24 h after cold (plants were moved back to optimal growing 

temperature, 24°C/14°C day/night) (1) to determine to what degree transcript levels 

revert to control levels; (2) to investigate gene expression differences that may reflect the 

acclimation of maize to cold temperature; (3) to investigate gene transcript abundance 

that may reflect cellular damage that occurs in plants grown in warm temperatures after 

cold exposure. 

 Plants grown one day at 24°C/14°C (day/night) following the growth at 14°C/2°C 

(day/night) had 556 genes with different transcript abundance than control plants at the 

same developmental stage (310 genes upregulated in recovery after the cold treatment 

relative to control and 246 genes downregulated in recovery relative to control, D4, Table 

4.1). The relatively small number of genes with a significant difference between the cold 

treated and control plants indicates that expression levels of many of the genes 

differentially expressed in low temperature grown plants return to normal, pre-stress 
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levels. The proportion of differentially expressed (D.E.) genes in recovery relative to D.E. 

during the cold stress was ~5% (556/10,549). A similar trend was reported in grape (Vitis 

vinifera L.) with fewer genes D.E. between drought stress treated and control samples, 

(Liu et al., 2012) although Liu et al. (2012) found that the proportion of genes D.E. in 

recovery relative to during stress was ~53% (503/944). The differences between these 

proportions could be due to technical differences of the statistical methods used to 

determine significant differences in expression, differences of the stress treatment 

(drought instead of cold) eliciting different responses, and the different organisms 

studied.  

 Biological processes overrepresented in the genes D.E. due to the cold in D1 such 

as “photosynthesis”, “methylation”, “translation” and “regulation of transcription” were 

no longer overrepresented 24 hours into recovery, indicating that the transcript abundance 

of most of the genes annotated with these GO terms returned to levels that are not 

significantly different than those observed for the same genes in untreated control plants 

(Figure 4.3). Conversely, GO terms for stress responses such us “response to water”, 

“response to osmotic stress”, “response to water deprivation” and “response to high light 

intensity” were overrepresented in D1 and D4 suggesting that some stress responses have 

a more permanent effect and could potentially be part of the processes that allow maize 

plants to acclimate and better withstand future exposures to low temperatures.  

 Plants subjected to chilling have increased tolerance to subsequent cold (Capell 

and Dorfhing, 1993; Anderson et al., 1994; Prasad, 1997). Transcriptome changes 

indicate acclimation to a low- water environment. Biological process GO terms “response 

to water” and “response to osmotic stress" are overrepresented among the genes with 
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higher transcript abundances due to the previously applied cold treatment (Fig 4.4). These 

genes include GRMZM2G047368 (Aquaporin PIP2-6), GRMZM2G015605 (NaCl stress 

protein1), GRMZM2G335618 (Glutathione S-transferase) and GRMZM2G308687 

(Glutathione transferase). Genes within the “cuticular wax biosynthesis” pathway were 

significantly overrepresented amongst the 310 genes upregulated in cold treated samples 

in D4 (Table 4.2). Out of the five genes expressed in my samples 24 hours into recovery 

(D4) with functions in the pathway “cuticular wax biosynthesis” (MaizeCyc PWY-282), 

genes encoding a putative Octadecanal decarbonylase (GRMZM2G083526 and 

GRMZM2G029912) and a putative Diacylglycerol O-acyltransferase 

(GRMZM2G077375) were significantly upregulated in cold stress treated plants relative 

to controls. Cuticular wax can acts as a photoprotective layer (Sheperd and Griffiths, 

2006) and prevents non stomatal water loss (Lee and Suh, 2013). Arabidopsis plants 

subjected to drought stress accumulated cuticular wax, and cuticular wax biosynthesis is 

transcriptionally activated upon drought stress by an ABA responsive transcription factor 

(Lee et al., 2011).  

 Plants exposed to a cold acclimation period have altered fatty acid profiles, as 

membrane structure is critical for cold tolerance. Genes with a significant low 

temperature treatment effect 24 hours into recovery (D4) were enriched for the biological 

process GO term “fatty acid metabolic process” (eight downregulated in the cold treated 

plants, seven upregulated in cold treated plants relative to control) (Appendix 7.18). 

  Exposure to chilling treatments can also induce changes in ROS 

scavenging enzymes and metabolites. Transcript abundances of other genes involved in 

ROS scavenging showed variable patterns. GRMZM2G093346 (L-ascorbate peroxidase) 
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was upregulated in control plants relative to cold treated plants, while 

GRMZM2G134708 (Dihydrolipoyl dehydrogenase) was upregulated in plants that had 

been exposed to cold. No genes of pathways: lutein biosynthesis (out of six genes 

expressed in D4), xanthophyll (out of three genes expressed in D4) or carotenoid 

biosynthesis (out of 10 genes expressed in D4) had a significant cold treatment effect in 

D4. Nonetheless, the GO term “oxidation reduction” (also termed “oxidation-reduction”, 

GO:005514) referring to processes that result in the removal or addition of one ore more 

electrons to or from a substance, was overrepresented in genes upregulated and 

downregulated due to the cold treatment 24 hours into recovery (Figure 4.3). Genes 

annotated with this GO term include peroxidases, dehydrogenases, oxygenases and 

reductases. 

 A high proportion of the genes whose transcript abundance decreased due to the 

cold treatment (D4) contribute to nucleosome assembly (GO GO:0006334), suggesting 

that DNA replication is downregulated. Histone H2A (GRMZM2G305046, 

GRMZM2G056231), histone H2B (GRMZM2G472696), histone H2B.2 

(GRMZM2G119071), histone H2B.5 (GRMZM2G342515), histone H3.2 

(GRMZM2G130079, GRMZM2G179005) and histone H4 (GRMZM2G084195, 

GRMZM2G063896 and GRMZM2G479684) were all expressed at lower levels in stress 

treated samples (Table 4.2, Figure 4.4). Histone 3 (H3) transcripts decreased in the 

presence of mechanical wounding (mesocotyl tissue), drought, salinity and cold 

(mesocotyl and roots) in 15 day old maize seedlings, suggesting that a disruption of cell 

division or DNA replication could be the cause for the decrease transcription of H3 

(Steward et al., 2000).  



 

 84 

4.4.7 Gene expression differences between CG60 and CG102 across D1 and D4 may be 

associated with cold tolerance differences 

 Transcript abundance differences between tolerant and susceptible genotypes in 

both warm and cold temperatures could encode for constitutive biochemical differences 

that affect genotypic cold responses. In addition, transcripts that are induced by cold 

temperatures in a genotype-specific fashion may reflect negative, lasting effects of the 

cold treatment on the genotype or alternatively an adaptation to suboptimal temperatures. 

I identified 6,514 and 7,694 genes with significant transcript abundance differences 

between cold treated and control CG60 and CG102 inbred lines 24 hours into the stress 

(D1) and 24 hours into recovery (D4), respectively (Table 4.1). Of those genes, 4,647 

were differentially expressed after cold treatment in both stress and recovery conditions 

(p-value < 0.05), and for 4,599 (99%) of these genes, the same genotype has higher 

transcript abundances in both D1 and D4. 

 While I examined putative constitutively differentially expressed genes, genes 

that are differentially expressed between genotypes in either D1 or D4 are likely due to a 

number of factors. First, D1 and D4 are different developmental stages sampled at 

different points in time. Second, random factors may contribute to or mask significance, 

and the power to detect differences may have varied across the two time points. Third, 

the main effect term can capture variance due to interactions (e.g. Moore and Lukens, 

2011). Consistent transcript differences of related genes between cold and control grown 

plants may predict trait differences (e.g. House et al., 2014).  

 Stable genotypic traits may correlate with cold tolerance differences. The chilling 

tolerant Zea diploperennis has approximately twice the activity of superoxide and 
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hydrogen peroxide scavenging enzymes as the susceptible maize genotype (LG11) at 

both room temperature and 5°C (Jahnke et al., 1991). The level of lipid peroxidation, a 

metric of oxidative damage, is significantly higher in the sensitive Penjalinan genotype 

relative to tolerant Z7 genotype in both control plants and plants 24h after a chilling 

stress (Aroca et al., 2003). 

 Transcript abundances of a number of ROS scavenging genes were constitutively 

higher in CG60 than CG102. Most genes (five out of seven) in the ascorbate glutathione 

pathway were expressed at higher levels in CG60 compared to CG102. Transcripts of 

three putative ascorbate peroxidase encoding genes (GRMZM2G093346, 

GRMZM2G332922, GRMZM2G137839) were more abundant in the tolerant CG60 

relative to the susceptible CG102 in D1 and D4.  

 Genes encoding proteins with putative functions in “oxidation reduction” 

processes were significantly overrepresented amongst genes upregulated in CG60 in both 

D1 and D4 (146 genes) relative to CG102 (D1 and D4, Figure 4.4). Conversely, 145 

genes with GO annotation “oxidation reduction” are consistently, significantly 

downregulated in CG60 in D1 and D4 relative to CG102. Notable among the genes 

upregulated in CG60 in D1 and D4, I observed GRMZM2G098520 and 

GRMZM2G113033, both encoding for RuBisCO “Ribulose bisphosphate carboxylase 

small chain” and GRMZM2G122327 and GRMZM2G106190 encoding for “Terredoxin-

5, chloroplastic” and “Ferredoxin-6, chloroplastic” respectively. Among the genes 

downregulated in CG60 relative to CG102 in D1 and D4 I observed GRMZM2G124455 

(Superoxide dismutase [Mn] 3.4, mitochondrial) and GRMZM2G013357 (Wax synthase 

isoform 1). 



 

 86 

  Two genes encoding proteins in the lutein biosynthesis pathway, 

GRMZM2G143202 (Carotene epsilon-ring hydroxylase) and GRMZM2G164318 (Beta-

carotene hydroxylase) were constitutively more highly expressed in CG60 relative to 

CG102. No gene of the xanthophyll cycle pathway was differentially expressed in D1 or 

D4 between genotypes (out of three genes in this pathway expressed in D1 and D4).  
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Figure 4.5 Examples of genotype x treatment interactions 24 hours into the stress 

(D1) for genes associated to the biological process GO term “response to hydrogen 

peroxide”. 

Transcript abundance incremented more in genotype CG60 relative to CG102 in cold 

stress relative to control conditions. GRMZM2G400470 (Putative MAP kinase family 

protein), GRMZM2G428391 (Heat shock cognate 70 kDa protein 2), GRMZM2G024718 

(Heat shock protein 1) and GRMZM2G155242 (Inositol-3-phosphate synthase) are 

shown. 
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Figure 4.6 Examples of genotype x treatment interactions 24 hours into recovery 

(D4) for genes encoding for histone proteins. 
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4.4.8 Genotype-specific induction at low temperatures 

 The transcript abundances of many genes in cold grown plants are significantly 

genotype-dependent. Among control and cold grown plants, 1,541 genes had significant 

genotype x treatment interaction terms (Table 4.1).  

 The activities of a number of enzymes and the concentrations of a number of 

compounds differ in a genotype specific fashion among maize exposed to cold 

temperatures, and I evaluated if related transcripts had a genotypic-specific response in 

this study.  

 Haldimann (1998) reported that the magnitude of the decline of photosynthetic 

rates, total carotenoid, and chlorophyll levels differed among six maize inbred lines 

grown at 14°C compared to 25°C. In my observations, the genes with significant 

genotype specific upregulation and with significant genotype specific downregulation 

were not more often classified in the GO terms/ pathways related to chlorophyll 

biosynthesis, carotenoid biosynthesis, and photosynthesis than expected by chance. My 

observations for transcript abundance of genes in the biosynthetic pathways for those 

compounds did not match my expectation based on Haldimann’s results. No genes of the 

xanthophyll cycle or lutein biosynthesis pathways had significant genotype x treatment 

interaction in D1.  

 Transcript abundances of genes encoding proteins annotated with "response to 

hydrogen peroxide" were overrepresented among genes with significant genotype x 

treatment interactions (Appendix 7.18). Nine of the 15 genes annotated with this term had 

significantly higher transcript abundances in CG60 grown in cold temperatures than 

expected by the additive model. CG60 transcripts increase to a much higher level in the 
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cold treatment than do CG102 transcripts, which remain stable (Figure 4.5, all nine genes 

show this pattern).  

 In a study of chilling-tolerant and chilling susceptible rice genotypes LTH 

(tolerant) and IR29 (susceptible), genes encoding for histone proteins H2A, H2B, H3 and 

H4 were found downregulated under stress, only in the tolerant cultivar (LTH), 

suggesting a role of these histone proteins in cold tolerance (Zhang et al., 2012). My 

results differ. During the stress (D1), I observed no genotype x treatment interaction for 

any expressed gene annotated with GO term “nucleosome assembly”, suggesting that 

there were no significant differences in the transcriptional response to the cold stress in 

cold tolerant CG60 and cold sensitive CG102 for genes encoding histones and annotated 

with GO term “nucleosome assembly”. 

4.4.9 Genotype-specific response: warm after cold response 

  As noted above, many fewer genes (556) were differentially expressed between 

control grown plants and plants 24 hours following a cold treatment than between cold 

grown plants and control plants. Nonetheless, transcript levels of many genes (323) were 

genotype dependent (Table 4.1).  

  Attributes of leaves exposed to cold are known to genetically vary. Aroca 

et al. (2003) sampled plants 24 hours after chill stress, focusing on two genotypes, 

Penjalinan (cold sensitive) and Z7 (cold tolerant). Many traits revealed a greater response 

to cold of Penjalinan relative to Z7. Glutathione concentration increased more in 

Penjalinan than in Z7 following growth in cold, and ascorbate decreased more (Aroca et 

al., 2003). Oxidative damage, as measured by lipid peroxidation, increased greatly in 

Penjalinan exposed to cold. ABA levels increase more in the tolerant Z7 genotype, and 
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ascorbate peroxidase, glutathione reductase and superoxide dismutase activity levels fall 

more in the tolerant genotype exposed to cold than in the susceptible genotype (Aroca et 

al., 2003). My GO / pathway enrichment analyses indicates that genes encoding for these 

enzymes were not enriched among the 323 genes with genotype-specific response to the 

cold stress in the two genotypes used in this study.  

 One possible reason why there is little overlap between my observations and the 

reports from Aroca et al. could be that Penjalinan is far more susceptible to chilling/cold 

stress than CG60 and CG102. For example, over 40% of its leaf area is necrotic after the 

chilling stress (Aroca 2003; Capell and Dorfhing, 1993). The symptoms of CG102 - mild 

yellowing and chlorotic banding are much milder. 

 I found five genes annotated with GO term “nucleosome assembly”, encoding for 

histones H2A, H2B, H2B.5 and H4 had significant genotype x treatment interactions in 

D4, with transcript abundances increasing under cold stress for the cold tolerant CG60 

and decreasing for cold sensitive CG102 (Figure 4.7). Since the overall trend for histone 

encoding genes was to be repressed by the cold stress during and after the stress (Table 

4.2) the fact that these five genes are expressed at higher levels in the cold tolerant line 

(CG60) but at lower levels in the sensitive line (CG102) could suggest a specific role of 

these genes conferring cold tolerance. 

 

4.5 Conclusion 

 There is substantial genetic variation for cold tolerance (Lee et al., 2002). Verheul 

et al. (1996) found that three genotypes bred for temperate environments grew more 
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quickly under cold field conditions and had higher rates of net photosynthesis than three 

genotypes bred for tropical environments. Selection has likely already acted on these 

traits, but an understanding of the molecular components will help elucidate how 

selection acted in the past and the processes that it will likely act upon in the future. This 

work improves our understanding of maize’s mechanisms to withstand low temperatures, 

possible mechanisms of acclimation for future exposures to cold, and the differences in 

cold tolerance between two maize inbreds. 

 

 

  



 

 93 

CHAPTER 5. Conclusions and future directions 

 In this thesis I have shown ways in which newly available data resources and data 

driven approaches can be harnessed to test my hypotheses in regards to plant 

development and stress tolerance.  

  In chapter 3 I used a forward genetics approach to investigate the molecular basis 

of maize stalk elongation. Starting with a mutagenized maize plant exhibiting a reduced 

height phenotype, I crossed a mutant plant with a wild type plant and self pollinated the 

F1 progeny to produce an F2 population, allowing me to observe the mutant to wild type 

(wt) phenotype segregation ratios in the progeny corresponding to a single locus 

recessive trait (a 3:1 wt : mutant ratio). A review of reduced height recessive mutants of 

maize in the literature pointed to a family of mutants with a similar phenotype as the one 

I observed in the field: a semi dwarf mutant with regularly shortened internodes and 

viable tassel and ears. I crossed my mutant plants with previously identified semi dwarfs 

brachytic1, brachytic2 and brevis plant 1 and by observation of the progeny of those 

crosses I determined that the mutant I identified in the field was allelic to brevis plant 1 

(all the progeny had the semi dwarf phenotype). A brevis plant1 mutant had been 

identified and partially characterized (Li, 1931). Current molecular biology and genetics 

techniques allowed me to unravel the molecular basis of the mutation causing the reduced 

height phenotype and further explore the mechanisms of internode elongation. Mapping 

the mutation to a ~97 Kbase required significant effort. Because bv1 is in a region of the 

maize genome with relatively low recombination rate I had to phenotype and genotype 

large F2 populations (> 4000 plants). In addition to the logistics of genotyping a large 

mapping population, a significant amount of time was dedicated to marker design to 
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achieve the marker density necessary to fine map the mutation to a relatively small region 

of the genome with few candidate genes. Marker design was facilitated by the availability 

of hundreds of thousands of SNP polymorphisms for maize but obtaining working PCR 

primer sets for genotyping is still a “trial and error” process. Interestingly, at the time of 

this writing, despite the incredible advances in genome sequencing technologies, large 

Genome Wide Association Studies (GWAS), genotyping by sequencing and other high 

throughput methods available to study genomes, the long and painful forward genetics 

approach described in chapter 3 is still a reasonable way to positionally clone a mutation 

and associate a function to a gene not previously characterized. Techniques based in 

using existent genetic diversity to find associations between traits and genotypes (e.g. 

GWAS) have helped confirm some already known loci associated to traits but have not 

been able, at least so far, to assign function to the vast majority of genes that are known 

to exist in the maize genome. That has been the case for example, for GWAS studies 

focusing on plant height (Weng et al., 2011; Peiffer et al., 2014). Forward genetics 

approaches like the one I describe on chapter 3, starting with a mutant phenotype and 

generating a large F2 progeny for phenotyping and genotyping can be accelerated by 

“mapping by sequencing” approaches (Schneeberger, 2014). In the case of trait 

controlled by a single recessive locus, like the one I worked with on Chapter 3, pooling 

DNA from thousands of mutants and performing whole genome sequence on the pooled 

DNA could be sufficient to identify a region cosegregating with the mutant phenotype 

containing one or few candidate genes. Similar to previous bulked segregant analysis 

approaches (Michelmore et al., 1991; Quarrie et al., 1999), within the pool of mutant 

plants, the region containing the mutation will be homozygous for the mutant parent 
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alleles. For any other region in the genome one expects heterocygosity of mutant and 

wild type alleles. The size of the region identified, depends on the size of the mapping 

population and the recombination rate around the mutated locus. A combination of 

“mapping by sequencing” and CRISPR/Cas9-mediated targeted mutagenesis has the 

potential to associate functional descriptions to several genes with unknown functions in 

the maize genome (Fan et al., 2015; Zhu et al., 2016).  

 In relation to my study of the brevis p1ant1 mutant, CRISPR/Cas9 gene editing 

could be used to further confirm that mutations in GRMZM2G366698 cause the semi 

dwarf phenotype in brevis plant1 and to attempt modulating plant height perhaps by 

altering the expression profile of wild type GRMZM2G366698 by editing its promoter 

sequence. As mentioned in other parts of this thesis, the ability to control plant height can 

be harnessed to achieve higher yield or other breeding objectives. Further 

characterization of bv1 is also necessary to find more evidence for the functions of BV1 

in auxin transport and gravitropism that I suggest in chapter 3. 

 In chapter 4 I explored the transcriptional response of two maize inbreds to low 

temperature. The tool I used was RNA-Seq, which I also used to investigate the 

transcriptional differences between bv1 mutant and wild type plants in chapter 3. In the 

case of low temperature stress, the transcriptional response I observe revealed significant 

transcript abundance differences of 46% of the expressed genes, between cold stressed 

and control plants, a much larger number compared to the few hundreds of genes 

differentially expressed between bv1 and wild type plants (e.g. 10,549 genes 

differentially expressed (DE) between cold treated and control samples versus 256 and 

108 DE genes in bv1 mutants relative to wild type). These differences, of more than one 
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order of magnitude in the number of DE genes between these genotypes and treatments 

are consistent with previous reports of massive transcriptional responses to abiotic 

stresses (Sobkowiak et al., 2014; Makarevitch et al., 2015), compared to the 

transcriptional changes elicited by the non synonymous mutation in bv1. Part of these 

differences can be also attributable to the software tools used to quantify the significant 

differences in transcript abundance, cuffdif in chapter 3 and EdgeR in chapter 4. Zhang et 

al. (2014) reported that different RNA-Seq analysis tools could get different results from 

the same data. I expect however that the trends observed in this thesis would hold true 

even if I reanalyze the data using different RNA-Seq analysis tools. In my study of the 

maize transcriptional response to cold, with more than 46% of the genes expressed in my 

samples showing significant transcriptional differences between cold stress and control, it 

is challenging to elucidate the mechanisms of cold tolerance by looking at the differential 

expression of individual genes. I performed Gene Ontology and pathway enrichment 

analyses to better understand maize’s response to low temperatures and the genotypic 

differences in the response to low temperatures of a cold sensitive and a tolerant maize 

inbreds, CG102 and CG60. My results add to the current body of knowledge regarding 

plant responses to abiotic stresses, and in particular, the response to cold stress in maize, 

improving our understanding of maize’s mechanisms to withstand low temperatures and 

acclimate for future exposures to cold. It is clear however that the findings presented in 

chapter 4, including an specific role of lutein biosynthesis in cold tolerance and the effect 

of low temperatures in translation, need to be complemented by molecular (e.g. 

quantitative PCR) and breeding approaches.  
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Appendix 7.1 Effect R:FR light ratio on plant height 

Plant height of bv1-1302 (bv1) and B73 (wt) plants grown with low R:FR reflected light 

(weeds) and high R:FR reflected light (no weeds). Error bars depict the standard error. 
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Appendix 7.2 Number of visible leaf tips of bv1-1302 (bv1) and B73 (wt) plants grown with low R:FR reflected light (weeds) 

and high R:FR reflected light (no weeds)
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Appendix 7.3 Internode lengths of field grown bv1-1301, bv1-1302 and B73 

Internode lengths of field grown bv1-1301, bv1-1302 and B73 plants measured nine 

weeks after planting (between V13 AND V16.) Error bars depict the standard error. 
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Appendix 7.4 Genotypes with crossovers that mapped bv1 to a 97 kb region on chromosome 5 

Genotypes of plants with crossovers that mapped the bv1 mutation to a ~97 kb region on chromosome 5 (5:160 660 813–160 758 241). 

sample phenotype

1175 bv1

755 wt

1323 bv1

1798 wt

1852 wt

1866 bv1

1922 bv1

2104 bv1

2475 wt

2598 wt

2605 wt

402 wt

411 bv1

467 wt

578 bv1

580 wt

2207 bv1

2232 wt

2498 bv1

2526 wt

homozygous B73

heterozygous B73/Mo17



 

 130 

Appendix 7.5 Markers designed 

 

ID 

 

Type 

 

position 

 

Forward primer 

 

Reverse primer 

Annealing 

temp C 

Product 

length 

660A SNP 5:160,660,813 CTCTACACCCACATCCCCAACT ATCCTAATCATGTGCTTCTTCCA 61.2 468 

758A SNP 5:160,758,241 CACTCCCAGACTGTTGTTGTGTG TAACTACAAGTGACCTGCCCTCT 61.2 382 

721A indel 5:160,721,861 GATGGAAGTGGAGAGGAAGAAGT CCACTATCTAGCACGACCGAAG 64.4 200 

Indel10 
indel 5:160,710,364 

GGCTTGTTTTGAGATCATTGG 
AAGACTTGAAGATTCACATTCAGTAA

A 
60.0 230 
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Appendix 7.6 Transcript abundance of GRMZM2G366698 across sample pools 

Transcript 
Nearest reference 

transcript 

Length 

bp 

B73 

FPKM  (c. i.) 

Bv1-1301 

FPKM  (c. i.) 

bv1-1301 

FPKM  (c. i.) 

bv1-1302 

FPKM  (c. i.) 

GRMZM2G366698_T01 - 2648 4.06 (1.9; 6.2) 6.62 (3.9; 9.3) 1.59 (0.3; 2.9) 5.28 (2.9; 7.7) 

potentially novel GRMZM2G366698_T03 3646 1.46 (0.3; 2.6) 0.84 (0; 1.7) 1.15 (0.2; 2.1) 0.92 (0.0; 1.8) 

potentially novel GRMZM2G366698_T03 3396 2.01 (0.6; 3.4) 1.00 (0.1; 2.0) 0.00 (0; 0) 0.47 (0; 1.2) 

potentially novel GRMZM2G366698_T03 3651 0.93 (0; 1.9) 0.01 (0; 0) 2.89 (1.2; 4.5) 1.71 (0.4; 3.0) 

GRMZM2G366698_T02 - 2664 1.00 (0; 2.2) 1.19 (0.1; 2.4) 3.34 (1.4; 5.3) 0.23 (0; 0.8) 

GRMZM2G366698_T03 - 3236 0.00 (0; 0) 0.00 (0; 0) 0.00 (0; 0) 0.78 (0; 1.7) 

 

*c. i. is the 95% confidence interval for FPKM values, as estimated by cufflinks’ cuffdiff
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Appendix 7.7 Exon coding regions for the three potentially novel splice variants identified in the RNA-Seq reads. 

Chr Start end gene transcript_id exon novel 

5 160,709,566 160,710,041 GRMZM2G366698 GRMZM2G366698_T03_novel1 1 yes 

5 160,710,373 160,710,703 GRMZM2G366698 GRMZM2G366698_T03_novel1 2 no 

5 160,710,780 160,710,903 GRMZM2G366698 GRMZM2G366698_T03_novel1 3 no 

5 160,711,057 160,711,306 GRMZM2G366698 GRMZM2G366698_T03_novel1 4 no 

5 160,711,404 160,711,441 GRMZM2G366698 GRMZM2G366698_T03_novel1 5 no 

5 160,711,730 160,711,895 GRMZM2G366698 GRMZM2G366698_T03_novel1 6 no 

5 160,716,544 160,716,628 GRMZM2G366698 GRMZM2G366698_T03_novel1 7 no 

5 160,716,707 160,716,828 GRMZM2G366698 GRMZM2G366698_T03_novel1 8 no 

5 160,717,309 160,718,113 GRMZM2G366698 GRMZM2G366698_T03_novel1 9 no 

5 160,718,209 160,718,458 GRMZM2G366698 GRMZM2G366698_T03_novel1 10 yes 

5 160,721,062 160,722,065 GRMZM2G366698 GRMZM2G366698_T03_novel1 11 yes 

5 160,709,566 160,710,041 GRMZM2G366698 GRMZM2G366698_T03_novel2 1 yes 

5 160,710,373 160,710,703 GRMZM2G366698 GRMZM2G366698_T03_novel2 2 no 

5 160,710,780 160,710,903 GRMZM2G366698 GRMZM2G366698_T03_novel2 3 no 

5 160,711,057 160,711,306 GRMZM2G366698 GRMZM2G366698_T03_novel2 4 no 

5 160,711,404 160,711,441 GRMZM2G366698 GRMZM2G366698_T03_novel2 5 no 

5 160,711,730 160,711,895 GRMZM2G366698 GRMZM2G366698_T03_novel2 6 no 

5 160,716,544 160,716,628 GRMZM2G366698 GRMZM2G366698_T03_novel2 7 no 

5 160,716,712 160,716,828 GRMZM2G366698 GRMZM2G366698_T03_novel2 8 yes 

5 160,717,309 160,718,113 GRMZM2G366698 GRMZM2G366698_T03_novel2 9 no 

5 160,721,062 160,722,065 GRMZM2G366698 GRMZM2G366698_T03_novel2 10 yes 

5 160,709,566 160,710,041 GRMZM2G366698 GRMZM2G366698_T03_novel3 1 yes 

5 160,710,373 160,710,703 GRMZM2G366698 GRMZM2G366698_T03_novel3 2 no 

5 160,710,780 160,710,903 GRMZM2G366698 GRMZM2G366698_T03_novel3 3 no 

5 160,711,057 160,711,306 GRMZM2G366698 GRMZM2G366698_T03_novel3 4 no 

5 160,711,404 160,711,441 GRMZM2G366698 GRMZM2G366698_T03_novel3 5 no 

5 160,711,730 160,711,895 GRMZM2G366698 GRMZM2G366698_T03_novel3 6 no 

5 160,716,544 160,716,628 GRMZM2G366698 GRMZM2G366698_T03_novel3 7 no 

5 160,716,712 160,716,828 GRMZM2G366698 GRMZM2G366698_T03_novel3 8 yes 

5 160,717,309 160,718,113 GRMZM2G366698 GRMZM2G366698_T03_novel3 9 no 

5 160,718,209 160,718,458 GRMZM2G366698 GRMZM2G366698_T03_novel3 10 yes 

5 160,721,062 160,722,065 GRMZM2G366698 GRMZM2G366698_T03_novel3 11 yes 
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5 160,709,628 160,710,041 GRMZM2G366698 Ref_GRMZM2G36669_T03 1 - 

5 160,710,373 160,710,703 GRMZM2G366698 Ref_GRMZM2G36669_T03 2 - 

5 160,710,780 160,710,903 GRMZM2G366698 Ref_GRMZM2G36669_T03 3 - 

5 160,711,057 160,711,306 GRMZM2G366698 Ref_GRMZM2G36669_T03 4 - 

5 160,711,404 160,711,441 GRMZM2G366698 Ref_GRMZM2G36669_T03 5 - 

5 160,711,730 160,711,895 GRMZM2G366698 Ref_GRMZM2G36669_T03 6 - 

5 160,716,544 160,716,628 GRMZM2G366698 Ref_GRMZM2G36669_T03 7 - 

5 160,716,707 160,716,828 GRMZM2G366698 Ref_GRMZM2G36669_T03 8 - 

5 160,717,309 160,718,113 GRMZM2G366698 Ref_GRMZM2G36669_T03 9 - 

5 160,721,062 160,721,962 GRMZM2G366698 Ref_GRMZM2G36669_T03 10 - 
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Appendix 7.8 Number of differentially expressed genes between mutants bv1-1301 and bv1-1302 and wild type genotypes Bv1-

1302 and B73. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 bv1-1301 bv1-1302 Bv1-1302 B73 

bv1-1301 0    

bv1-1302 98 0   

Bv1-1302 469 239 0  

B73 256 108 58 0 
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Appendix 7.9 Multiple alignment of maize GRMZM2G366698_P01 and 20 orthologue proteins across diverse plant species 

showing amino acid changes (in red rectangle) caused by the mutations in bv1-1301 

Sequences are in descending order by percent of identity. E-value = 0 for all alignments. Amino acids are shaded according to 

similarity using the Blosum62 score matrix and 1 score point as threshold (black 100% similarity, dark grey 80%-100%, light grey 60-

80%, white <60%) 
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Appendix 7.10 Multiple alignment of maize GRMZM2G366698_P01 and 20 orthologue proteins across diverse plant species 

showing amino acid changes (in red rectangle) caused by the mutations in bv1-1302 

Sequences are in descending order by percent of identity. E-value = 0 for all alignments. Amino acids are shaded according to 

similarity using the Blosum62 score matrix and 1 score point as threshold (black 100% similarity, dark grey 80%-100%, light grey 60-

80%, white <60%) 
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Appendix 7.11 All 68 genes differentially expressed in bv1-1301 and bv1-1302 

relative to B73 (values in FPKM) 

 

Gene id B73 Bv1-1302 bv1-1301 bv1-1302 
c. module ; module 

membership 

GRMZM2G066805 1.17 2.089 0.00 0.00  

GRMZM2G099467 3.27 1.81 81.31 43.81 Zm_mod07; 0.70 

GRMZM2G090043* 0.00 0.35 37.85 37.84 Zm_mod14; -0.76 

GRMZM5G809218 11.22 8.25 67.39 41.59  

GRMZM2G153920 0.00 0.00 1.15 0.98 Zm_mod04; -0.49 

GRMZM2G050514* 22.93 8.74 4.13 6.61  

GRMZM2G072529 0.00 0.00 2.29 1.78  

GRMZM2G050234* 2.00 0.53 33.63 14.23 Zm_mod02; -0.66 

AC218093.3_FG005 10.43 20.56 0.00 0.00  

GRMZM2G118345 2.62 3.34 21.66 16.10 Zm_mod07; 0.71 

GRMZM5G847274* 25.62 3.67 2.71 2.21  

GRMZM2G048033 1.44 1.62 0.00 0.00  

GRMZM2G088819* 0.00 0.11 6.95 3.29 Zm_mod07; 0.79 

GRMZM5G868679* 2.98 3.96 12.60 11.43  

GRMZM2G021020 22.24 22.90 0.00 0.00  

GRMZM2G141693 3.68 9.26 0.00 0.00  

GRMZM2G072493 7.11021 18.1459 0.00 0.00 Zm_mod03; 0.29 

GRMZM5G885061 1.36534 3.93228 0.00 0.00  

GRMZM2G089574* 3.83733 0.00 0.00 0.00  

GRMZM2G135013 1.87 2.12 12.22 11.66 Zm_mod11; 0.92 

GRMZM2G015921 4.40 7.22 0.00 0.00  

GRMZM2G177991 0.00 0.00 2.40 4.72 Zm_mod16; 0.99 

GRMZM2G066870* 0.00 0.10 22.82 5.59 Zm_mod07; 0.64 

GRMZM2G127789 0.00 0.00 4.15755 2.81  

GRMZM5G871347* 0.00 0.17 1.26 1.01  

GRMZM5G869453 9.17 24.01 0.00 0.00  
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GRMZM2G314954 2.14 3.41 0.00 0.00  

GRMZM2G008283 15.17 33.16 0.00 0.00  

AC209784.3_FG007 4.55 4.57 18.79 17.44  

GRMZM2G092474* 0.00 0.60 9.86 6.49  

GRMZM2G159908* 1.12 1.44 18.17 13.44 Zm_mod07; 0.9 

GRMZM2G103273 3.39 5.94 0.00 0.00  

GRMZM2G003970 4.31 5.28 77.30 40.49 Zm_mod13; -0.94 

GRMZM2G063917 0.00 0.00 8.52 2.83 Zm_mod05; 0.62 

GRMZM2G020508 4.44 4.11 12.96 13.87  

GRMZM2G017557* 1.08 0.09 0.00 0.00 Zm_mod11; 0.84 

GRMZM2G134708 4.89 3.57 34.15 24.52 Zm_mod07; 0.62 

GRMZM2G180775* 0.00 0.20 1.29 1.64 Zm_mod27; -0.50 

GRMZM2G007729* 20.11 31.54 102.32 59.32 Zm_mod04; -0.47 

GRMZM2G130389 2.09 1.85 26.58 18.79  

GRMZM2G104783* 90.47 79.41 41.05 43.27 Zm_mod09; -0.54 

GRMZM2G049021 12.61 0.00 42.65 39.69  

GRMZM2G129189 0.00 0.00 2.82 1.93 Zm_mod07; 0.59 

GRMZM2G170588 4.60 8.35 0.00 0.00  

GRMZM2G347174 0.00 0.00 9.01 6.77  

GRMZM2G118786 0.89 1.31 0.00 0.00  

GRMZM2G176206 1.11 0.64 10.54 8.72 Zm_mod04; -0.80 

GRMZM2G334660* 0.00 0.22 3.33 2.21  

GRMZM2G151204* 0.00 0.30 1.35 1.00 Zm_mod00; 0 

GRMZM2G007195* 9.62 11.47 39.84 28.26  

AC209636.2_FG003* 0.00 0.00 2.28 1.69  

GRMZM5G892685* 7.17 5.57 65.45 36.99  

GRMZM2G180659 2.27 2.83 36.45 27.36 Zm_mod07; 0.82 

GRMZM2G126302 2.57 3.20 0.00 0.00  

GRMZM2G410815 19.04 0.00 76.01 68.29  

GRMZM2G117281 36.66 28.65 369.56 303.77  
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GRMZM2G306371 2.53 5.26 0.00 0.00  

GRMZM2G039757* 1.88 2.56 19.23 13.49 Zm_mod03; -0.52 

GRMZM2G044194* 0.00 0.70 9.75 7.50 Zm_mod09; 0.63 

GRMZM2G172204 59.79 58.61 503.74 489.16 Zm_mod03; 0.55 

GRMZM2G322836* 1.14 0.71 0.00 0.00  

GRMZM2G169149 0.00 0.00 10.87 3.91  

GRMZM2G089493* 1.61 0.21 0.00 0.00  

GRMZM2G331393 0.00 0.00 1.69 1.92  

GRMZM5G802801 12.65 13.53 49.64 32.22  

GRMZM2G094510 14.43 8.21 79.62 58.74 Zm_mod08; -0.28 

GRMZM2G037485* 0 0.42 3.59 4.97 Zm_mod07; 0.61 

Novel assembly ID 1.22 0.97 0 0  

 

* Not differentially expressed between bv1_1302 and Bv1_1302. 
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Appendix 7.12 Sequence alignment of the 24 samples 

Sample Description # Input Reads 

Reads with 

concordant 

alignment 

Reads with 

multiple 

Alignments 

Reads with 

discordant 

alignment 

1 CG60_D1_Stress_R3 8,791,849 87.30% 5.30% 5.00% 

2 CG60_D1_Control_R3 9,574,357 87.40% 7.40% 5.50% 

3 CG102_D1_Stress_R3 10,828,940 88.60% 6.20% 4.40% 

4 CG102_D1_Control_R3 9,453,205 89.10% 6.60% 4.40% 

5 CG60_D4_Stress_R3 9606676 87.40% 6% 5.20% 

6 CG60_D4_Control_R3 11,989,454 89.00% 6.60% 4.20% 

7 CG102_D4_Stress_R3 10,677,966 88.50% 6.80% 4.60% 

8 CG102_D4_Control_R3 10,969,420 89.60% 7.20% 4.20% 

9 CG60_D1_Stress_R2 9,752,295 88.40% 5.10% 4.50% 

10 CG60_D1_Control_R2 10,017,674 87.70% 6.80% 5.30% 

11 CG102_D1_Stress_R2 10,150,972 88.90% 5.70% 4.30% 

12 CG102_D1_Control_R2 9,079,336 88.90% 6.40% 4.40% 

13 CG60_D4_Stress_R2 11,170,921 84.40% 17.80% 9.60% 

14 CG60_D4_Control_R2 11,143,742 86.50% 13.80% 7.50% 

15 CG102_D4_Stress_R2 11,111,842 89.80% 6.50% 3.80% 

16 CG102_D4_Control_R2 10,710,871 90.40% 6.90% 3.50% 

17  CG60_D1_Stress_R1 11,118,435 89.00% 5.40% 4.40% 

18 CG60_D1_Control_R1 10,786,956 69.20% 51.10% 27.80% 

19 CG102_D1_Stress_R1 11,794,617 90.20% 5.70% 3.80% 

20 CG102_D1_Control_R1 9,730,063 89.70% 6.30% 4.10% 

21 CG60_D4_Stress_R1 10,677,030 87.90% 7.10% 5.00% 

22 CG60_D4_Control_R1 9,491,372 88.80% 6.80% 4.20% 

23 CG102_D4_Stress_R1 10,045,386 89.70% 6.30% 4.00% 

24 CG102_D4_Control_R1 8,389,239 89.40% 6.30% 4.30% 
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Appendix 7.13 Tophat alignment results for sample1. 

 Allowed in/del were specified in the command line with insertion-length and –max-deletion-length, allowed mismatches specified 

with --read-mismatches. Variable nucleotides in chr1 indicate the number of nucleotides of aligned reads for which read had more than 

one allele.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Test 

Allowed 

mismatches 

allowed 

in/del 

Reads with 

unique 

concordant 

alignment 

Reads with 

multiple 

alignment 

Reads with 

discordant 

alignment 

Sites different 

than reference 

in Chr1 

Variable 

nucleotides in 

Chr1 

1 2 3 71.50% 5.10% 2.60% 10,263 445 

2 6 9 81.30% 5.30% 3.50% 19,211 1,329 

3 8 11 83.00% 5.30% 3.90% 21,465 1,603 

4 10 13 84.20% 5.40% 4.10% 23,086 1,780 

5 12 15 85.10% 5.40% 4.30% 24,270 1,922 

6 14 17 85.80% 5.30% 4.50% 25,516 2,118 

7 16 19 86.40% 5.30% 4.70% 26,343 2,145 

8 18 21 86.90% 5.30% 4.90% 27,307 2,290 

9 20 23 87.30% 5.30% 5.00% 27,955 2,229 

10 22 25 87.90% 5.40% 5.30% 29,116 2,477 

11 24 27 88.20% 5.40% 5.40% 29,604 2,489 

12 26 29 88.40% 5.40% 5.60% 30,128 2,585 

13 28 31 88.70% 5.40% 5.80% 30,698 2,556 

14 30 33 89.10% 5.40% 5.90% 31,323 2,556 

15 32 35 89.30% 5.40% 6.00% 31,711 2,658 

16 34 37 89.20% 5.40% 6.10% 31,965 2,635 

17 36 39 89.10% 5.50% 6.20% 32,100 2,630 
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Appendix 7.14 Concordant alignment rate, discordant alignment rate and number 

of variable nucleotides for Sample1 using parameters of tests 1-9 

The concordant alignment rate, discordant alignment rate and number of variable 

nucleotides per physical position increment as the alignment parameters are loosened to 

allow for more mismatches, insertions/deletions, etc. 
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Appendix 7.15 Number of differentially expressed genes at different false discovery 

rates (FDR) 

Total number of genes whose transcription abundance was estimated: 39,469, of which 

22,942 and 22,867 genes were kept for D1 and D4 respectively, after filtering out lowly 

expressed genes. 

 

 

 

 

  

FDR time point treatment genotype interaction 

5.0% D1 10,549  6,514  1,541  

 D4 556  7,694  323  

1.0% D1 8,165 4842 837 

 D4 336 5794 155 

0.1% D1 6,037 3630 415 

 D4 199 4371 66 
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Appendix 7.16 Overrepresented molecular function GO terms 

Molecular function GO terms overrepresented (Fisher Test, Benjamini-Hochberg adjusted 

p-value < 0.05) in  upregulated (UP) and downregulated (DOWN) genes in cold stress 

treated (COLD) samples relative to control and CG60 inbred relative to CG102, 24 hours 

into the stress (D1) and 24 hours into recovery (D4). 
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Appendix 7.17 Significantly enriched functional GO terms 

GO_acc term_type Term 
D1 
treatment 

D1 
genotype 

D1 
interaction 

D4 
treatment 

D4 
genotype 

D4 
interaction 

GO:0030528 F transcription regulator activity 9.40E-07   0.029       
GO:0003700 F transcription factor activity 1.20E-06   0.025       
GO:0004497 F monooxygenase activity 4.30E-05 1.40E-08 0.004 0.034 2.90E-08   

GO:0004674 F 
protein serine/threonine kinase 
activity 

0.0025           
GO:0004672 F protein kinase activity 0.0025           
GO:0043565 F sequence-specific DNA binding 0.0025           

GO:0016773 F 
phosphotransferase activity, 
alcohol group as acceptor 

0.0077           
GO:0003735 F structural constituent of ribosome 0.0077           
GO:0016301 F kinase activity 0.018           

GO:0016705 F 
oxidoreductase activity, acting on 
paired donors, with incorporation or 
reduction of molecular oxygen 

0.023 8.70E-08 9.70E-05 0.0033 1.80E-08 
  

GO:0005506 F iron ion binding 0.023 1.40E-07 1.90E-05 5.80E-05 6.20E-12   
GO:0020037 F heme binding 0.033 4.40E-06 9.70E-05 0.00015 1.20E-10   

                  
GO:0016491 F oxidoreductase activity   1.40E-08 0.011 1.00E-07 1.10E-11   
GO:0009055 F electron carrier activity   5.90E-06 0.0039   0.0038   
GO:0046906 F tetrapyrrole binding   6.50E-06 0.00014 0.00022 1.90E-10   
GO:0003824 F catalytic activity   0.0014         

GO:0050660 F FAD binding   0.0093         
GO:0008234 F cysteine-type peptidase activity   0.021         
GO:0046983 F protein dimerization activity   0.047         
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GO:0030414 F peptidase inhibitor activity       1.00E-07     
GO:0004866 F endopeptidase inhibitor activity       1.00E-07     

GO:0004867 F 
serine-type endopeptidase inhibitor 
activity       2.90E-07 0.031   

GO:0004857 F enzyme inhibitor activity       2.90E-07     
GO:0030234 F enzyme regulator activity       0.00097     
GO:0004364 F glutathione transferase activity       0.0033     

GO:0004553 F 
hydrolase activity, hydrolyzing O-
glycosyl compounds       0.0033 0.014   

GO:0016765 F 
transferase activity, transferring 
alkyl or aryl (other than methyl) 
groups       

0.0041   
  

GO:0046982 F protein heterodimerization activity       0.0054     

GO:0016798 F 
hydrolase activity, acting on 
glycosyl bonds       0.009     

GO:0016684 F 
oxidoreductase activity, acting on 
peroxide as acceptor       0.025 0.02   

GO:0004601 F peroxidase activity       0.025     
GO:0030247 F polysaccharide binding       0.027     

GO:0001871 F pattern binding       0.027     
GO:0005507 F copper ion binding       0.032 0.049   
GO:0003824 F catalytic activity         1.30E-06   
GO:0016829 F lyase activity         0.004   
GO:0050661 F NADP or NADPH binding         0.0049   

GO:0016798 F 
hydrolase activity, acting on 
glycosyl bonds         0.0049   

GO:0030246 F carbohydrate binding         0.0061   

GO:0045548 F 
phenylalanine ammonia-lyase 
activity         0.02   
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GO:0016746 F 
transferase activity, transferring 
acyl groups         0.031   

GO:0016840 F carbon-nitrogen lyase activity         0.031   
GO:0048037 F cofactor binding         0.032   

GO:0016903 F 
oxidoreductase activity, acting on 
the aldehyde or oxo group of 
donors         

0.032 
  

GO:0016614 F 
oxidoreductase activity, acting on 
CH-OH group of donors         0.043   

GO:0003678 F DNA helicase activity         0.043   
GO:0003678 F DNA helicase activity           7.20E-05 
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Appendix 7.18 Significantly enriched biological process GO terms 

GO_acc term_type Term 
D1 
treatment 

D1 
genotype 

D1 
interaction 

D4 
treatment 

D4 
genotype 

D4 
interaction 

GO:0051252 P regulation of RNA metabolic process 0.0097           
GO:0045449 P regulation of transcription 0.0097           

GO:0019219 P 
regulation of nucleobase, nucleoside, 
nucleotide and nucleic acid metabolic 
process 

0.0097 
          

GO:0006355 P 
regulation of transcription, DNA-
dependent 

0.0097           

GO:0051171 P 
regulation of nitrogen compound 
metabolic process 

0.0097           
GO:0006468 P protein amino acid phosphorylation 0.011           

GO:0031326 P 
regulation of cellular biosynthetic 
process 

0.015           

GO:0010556 P 
regulation of macromolecule 
biosynthetic process 

0.015           
GO:0031323 P regulation of cellular metabolic process 0.015           
GO:0009889 P regulation of biosynthetic process 0.015           
GO:0080090 P regulation of primary metabolic process 0.016           
GO:0055114 P oxidation reduction   4.80E-09 0.037 2.90E-07 2.10E-11   
GO:0042542 P response to hydrogen peroxide     0.021       
GO:0009408 P response to heat     0.021       
GO:0006629 P lipid metabolic process       0.00023     
GO:0046274 P lignin catabolic process       0.00037     
GO:0046271 P phenylpropanoid catabolic process       0.00037     
GO:0034728 P nucleosome organization       0.0004 0.0067   
GO:0031497 P chromatin assembly       0.0004 0.0067   
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GO:0009415 P response to water       0.0004     
GO:0065004 P protein-DNA complex assembly       0.0004 0.0075   
GO:0006979 P response to oxidative stress       0.0004     
GO:0006334 P nucleosome assembly       0.0004 0.0067   
GO:0006333 P chromatin assembly or disassembly       0.0004 0.0067   
GO:0042221 P response to chemical stimulus       0.0004     
GO:0009698 P phenylpropanoid metabolic process       0.00051     
GO:0006323 P DNA packaging       0.00053 0.017   

GO:0042219 P 
cellular amino acid derivative catabolic 
process       0.00082     

GO:0006575 P 
cellular amino acid derivative metabolic 
process       0.0013 0.0067   

GO:0019439 P aromatic compound catabolic process       0.0013 0.002   
GO:0006950 P response to stress       0.0019     
GO:0071103 P DNA conformation change       0.0067 0.00018 6.00E-07 

GO:0009414 P response to water deprivation       0.0067     
GO:0050896 P response to stimulus       0.01     
GO:0043086 P negative regulation of catalytic activity       0.019     
GO:0006631 P fatty acid metabolic process       0.027     

GO:0006519 P 
cellular amino acid and derivative 
metabolic process       0.029     

GO:0044092 P negative regulation of molecular function       0.035     
GO:0006270 P DNA replication initiation         0.0021 1.10E-07 

GO:0009074 P 
aromatic amino acid family catabolic 
process         0.0053   

GO:0046394 P carboxylic acid biosynthetic process         0.0053   
GO:0016053 P organic acid biosynthetic process         0.0053   
GO:0044283 P small molecule biosynthetic process         0.0067   
GO:0043436 P oxoacid metabolic process         0.0067   
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GO:0006082 P organic acid metabolic process         0.0067   
GO:0006559 P L-phenylalanine catabolic process         0.0067   
GO:0019752 P carboxylic acid metabolic process         0.0067   
GO:0009308 P amine metabolic process         0.0098   
GO:0042180 P cellular ketone metabolic process         0.012   

GO:0009072 P 
aromatic amino acid family metabolic 
process         0.023   

GO:0009800 P cinnamic acid biosynthetic process         0.035   
GO:0009803 P cinnamic acid metabolic process         0.035   
GO:0009309 P amine biosynthetic process         0.042   
GO:0044106 P cellular amine metabolic process         0.042   
GO:0006260 P DNA replication         0.042 0.0027 

GO:0008152 P metabolic process         0.042   

GO:0034641 P 
cellular nitrogen compound metabolic 
process         0.043   

GO:0032392 P DNA geometric change           1.60E-06 

GO:0032508 P DNA duplex unwinding           1.60E-06 

GO:0006261 P DNA-dependent DNA replication           1.60E-05 
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Appendix 7.19 Significantly enriched cellular component GO terms 

GO_acc term_type Term 
D1 
treatment 

D1 
genotype 

D1 
interaction 

D4 
treatment 

D4 
genotype 

D4 
interaction 

GO:0033279 C ribosomal subunit 8.90E-07           
GO:0044445 C cytosolic part 2.00E-06           

GO:0022625 C 
cytosolic large ribosomal 
subunit 

0.00016           

GO:0022627 C 
cytosolic small ribosomal 
subunit 

0.00018           
GO:0015935 C small ribosomal subunit 0.00036           
GO:0022626 C cytosolic ribosome 0.00063           
GO:0015934 C large ribosomal subunit 0.0054           
GO:0005576 C extracellular region       2.20E-05     
GO:0000786 C nucleosome       0.00017 0.025   
GO:0032993 C protein-DNA complex       0.00022 0.017 0.017 

GO:0048046 C apoplast       0.00024     
GO:0000785 C chromatin       0.00081   1.60E-06 

GO:0044427 C chromosomal part       0.022     
GO:0005618 C cell wall       0.046     
GO:0042555 C MCM complex         0.0034 1.30E-08 

GO:0005694 C chromosome           1.70E-06 

GO:0044454 C nuclear chromosome part           6.40E-06 

GO:0000228 C nuclear chromosome           2.80E-05 

 

 


