
Follow this and additional works at DigiNole: FSU's Digital Repository. For more information, please contact lib-support@fsu.edu

2018

Transcriptome analysis of
flood-induced hypoxia in maize (Zea
mays) seedling shoots
Christopher Hagemeyer



	 1	

THE FLORIDA STATE UNIVERSITY 
 

COLLEGE OF ARTS AND SCIENCES 
 

 

TRANSCRIPTOME ANALYSIS OF FLOOD INDUCED HYPOXIA IN MAIZE (ZEA 

MAYS) SEEDLING SHOOTS 

 

 

 

By 

CHRISTOPHER HAGEMEYER  

 

 
 
 
 

A Thesis submitted to the 
Department of Biological Sciences  

In partial fulfillment of the requirement for graduation with 
Honors in the Major  

 
 

 
 
 

Degree Awarded: 
Summer, 2018 

 
 
 
 
 
 
 



The members of the Defense Committee approve the thesis of Christopher 
Hagemeyer defended on August 1st, 2018. 
 
 
 
 
 

    
 _____________________________________________________ 
     Dr. Hank W. Bass (Biological Science) 

        Thesis Director 
 

 
_____________________________________________________ 

Dr. Jonathan H. Dennis (Biological Science) 
Committee Member 

 
 
 
 

 
_____________________________________________________ 

 Dr. Akash Gunjan (Biomedical Sciences) 
Outside Committee Member 

 
 
 
 
 
 
 
 
 

!



	 3	

Table of Contents  
 
 
ACKNOWLEDGEMENTS AND FUNDING………..…4 
 
ABSTRACT…………………………………………..….5 
 
CHAPTER 1. INTRODUCTION……………………….7 
 
CHAPTER 2. MATERIALS AND METHODS……….14 
 
CHAPTER 3. RESULTS………………………………19 
 
CHAPTER 4. DISCUSSION……………………….....26 
 
LITERATURE CITED………………………………….29 
 
APPENDIX 1…………………………………………...33 
 
APPENDIX 2…………………………………………...38 
 
APPENDIX 3…………………………………….….....40 
 
 
 
 
 
	

	

	

	

	

	

	



	 4	

Acknowledgements 

I would like to thank Dr. Hank Bass, Zach Turpin, the other members of the lab 

for the 3 years of their enduring mentorship and endless support. I would also 

like to thank my committee members Dr. Akash Gunjan and Dr. Jonathan Dennis 

for their guidance and input to make certain this project would be a beneficial 

learning experience. Lastly, I would like to thank my amazing family and friends 

that always encouraged me to follow my dreams and push myself to be the best 

person I can be.    

Funding  

This work was funded by the National Science Foundation Plant Genome 

Research Program (Project IOS 1444532). 

 
 
 
 
 
 

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



	 5	

ABSTRACT 
 
	

Hypoxia has been known to influence drastic changes in an organism at a 

molecular level. New studies are constantly unveiling new information about how 

organisms respond to hypoxic condition, but the mechanism in which these 

organisms do so is complex and remains undetermined. In this study, a full 

transcriptome analysis of maize (Zea mays) apical meristem tissue was 

conducted under hypoxic conditions by utilizing RNA-seq. The transcriptomic 

data received from various time points over the duration of 18 hours of hypoxia 

provided valuable information about the transcriptional response of hypoxic 

responsive genes over time. These data prompted a deeper probe into the short-

term response at the 2 hour mark. An additional RNA-seq protocol was carried 

out after 2 hours of flood-induced hypoxia. Intensified expression levels were 

found in the known hypoxic responsive genes pyruvate decarboxylase (PDC) 

and alcohol dehydrogenase (ADH). Induced transcription was observed in the 

rice (Oryza sativa japonica) ortholog (Zm00001d023859), which is known for 

ethylene-induced aerenchyma formation in roots under oxygen deficient 

conditions in rice. Moreover the rice ortholog (Zm00001d022084) also displayed 

up-regulation in gene expression compared to the control. This gene is 

implicated flooding tolerance during seed germination and early seedling growth 

in rice but is minimally annotated in maize. Induction was achieved in other 

hypoxia responsive genes, but not nearly to the same degree. It was thus 

concluded that 2 hours is an important transition period for the inbred maize line 
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B73 to reach optimal response to hypoxia. It is hoped that this data can be used 

to unveil the chromatin dynamics behind this hypoxic stress response.  
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CHAPTER 1. INTRODUCTION 

 

1.1 Transcriptional Response 

Plant cells have a variety of mechanisms to regulate cellular response to 

abiotic stress. These includes but are not limited to: histone modifications, 

transcription factors, RNA processing and interference, and post-translational 

modification. These processes are crucial to the cell’s ability to adapt to its 

environment. Transcriptional regulation refers to the cellular response on a 

genetic level. Genes can be up-regulated or down-regulated depending on the 

stressor. For example, low oxygen (hypoxic) conditions in maize cells lead to an 

increase in production of alcohol dehydrogenase 1 (ADH1), a protein necessary 

for anaerobic respiration (Subbaiah & Sachs, 2003).  

 

1.2 Hypoxic Stress 

Oxygen is necessary for most organisms especially plants and animals. It 

is a very good oxidizing agent and because of this quality, it is used as the 

terminal electron acceptor in aerobic respiration. Complex IV in the mitochondria 

reduces oxygen to water as the final step of the electron transport chain. If 

oxygen supply is low, cells can no longer perform aerobic respiration, which 

means limited energy supply. Some organisms, like humans, can switch to 

anaerobic respiration, but this is not sustainable long term because of low energy 

yields and accumulation of toxic waste products. Every organism has a specific 
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way to adapt to oxygen deficient conditions. Some will exert energy in attempt to 

receive more oxygen while others will slow metabolic activity to preserve 

themselves in hopes that reoxygenation will occur soon. It is important to know 

there is a difference in cellular response to hypoxia and anoxia (no oxygen). It 

has been shown that the molecular response to hypoxia pretreatment in maize 

prolongs survival in anoxia (Saglio, Drew, & Pradet, 1988). 

 

1.3 Hypoxic Response  

New studies have begun to reveal more about the mechanism in which 

mammalian and bacterial cells respond to hypoxic conditions. In animal cells, 

transcription of genes responsible for the delivery of more oxygen is mediated by 

hypoxia inducible factor-1 (HIF-1) (Wang, Jiang, Rue, & Semenza, 1995). It is 

thought that reactive oxygen species (ROS) are responsible for activating Hif-1 

and many other hypoxia responsive genes (Chandel et al., 1998).  For example 

vascular endothelial growth factor (VEGF) is responsible for creating a 

concentration gradient of VEGF along cells in order to produce angiogenesis in 

hypoxic tissues (Goldberg & Schneider, 1994).  In rat cells, it has been shown 

that by inhibiting the ability for mitochondria to cluster around the nucleus, Hif-1 

binding to the VEGF promoter is impaired and VEGF mRNA accumulation is 

decreased (Al-Mehdi, Pastukh, Swiger, et al., 2012). This study concluded that 

perinuclear clusting of mitochondria is required for hypoxia-induced transcription. 

ROS causes oxidative base damage throughout the genome primarily to the 

guanine nucleotide (Ames, 1989). Oxidation of guanine creates a base called 8-
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oxo-7,8-dihydroguanine (8-oxoG)(Ames, 1989)(Figure 1). 8-oxoG has been 

shown to be non-randomly distributed in the genome appearing largely in 

hypoxia induced genes during hypoxic stress (Pastukh et al., 2015; Yoshihara, 

Jiang, Akatsuka, Suyama, & Toyokuni, 2014). However, a study of yeast in 

normoxic conditions revealed accumulation of 8-oxoG in heterochromatic regions 

(Wu, Mckeague, & Sturla, 2018). The findings by Pastukh seem contrary to the 

findings of Wu but these two studies could both be correct. It is hypothesized that 

DNA repair enzymes cannot access heterochromatin as readily as euchromatin. 

This would explain more 8-oxoG in heterochromatin under normoxic conditions. 

Under hypoxic conditions, an overwhelming amount of ROS attacking the 

hypoxia induced genes could lead to accumulation relative to heterochromatic 

regions, if the 8-oxoGs cannot be repaired fast enough. If this modification is not 

repaired, studies have shown that a G to T transversion mutation is likely to 

occur due to its ability to pair with adenine (Shibutani, Takeshita, & Grollman, 

1991). This type of somatic mutation is seen in tumors from tissues such as lung, 

breast, gastric, ovarian, and colon (Greenman et al., 2007; Pleasance & 

Stephens, 2010). 8-oxoG modifications are correlated with neurodegenerative 

disease progression (Fukae et al., 2005; Leandro, Sykora, & Bohr, 2015). Cells 

repair 8-oxoG by removing the damaged base via base excision repair (BER), 

which is illustrated in Figure 2.   
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Figure 1: Guanine is oxidized by ROS to 
create 8-oxoguanine mutations. (Figure from 
Fleming, Ding, & Burrows, 2017)	

Figure 2: BER is initiated after ROS creates 8-oxog product. First 
DNA glycosylase (OGG1) removes the damaged base creating an 
apurinc (AP) site. Apurinic endonuclease (APE1) cleaves the 
phosphate sugar backbone allowing polymerase II to incorporate 
an unoxidized guanine base. Ligase then ligates the broken 
backbone back together. (Figure from Fleming, Ding, & Burrows, 
2017)	
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1.4 Maize (seedling shoots) 

Maize (Zea mays) is a well-known model system for genetic research. It is 

highly diverse and a major crop for food consumption and more. Separation of its 

male and female flowers provides easy and controlled cross pollinating (Strable 

& Scanlon, 2009).  This process is also highly abundant producing hundreds of 

seeds per pollinated ear. A product of this controlled pollination is the inbred line 

B73 which is high characterized on maizegdb.org (Strable & Scanlon, 2009). This 

is why B73 was chosen as the line used for this experiment. B73 is also 

considered to be sensitive to hypoxia producing more ROS than other tolerant 

lines like Mo18 (Campbell et al., 2015). By characterizing gene expression in a 

hypoxic sensitive maize line, the option is available to do the same for a tolerant 

line to understand which genes allow certain maize lines to be more tolerant than 

others.  The tissue of interest was the seedling shoot, which is enriched in apical 

meristem cells located in the coleoptilar node (Figure 3). These cells are rapidly 

dividing stem cells responsible for the development of above ground tissue 

(Takacs et al., 2012). This tissue was chosen because it is hypothesized that a 

prominent genetic response to stress would easily be observed. Tissue samples 

were harvested before leaf development to ensure the oxygen as a byproduct of 

photosynthesis did not interfere with our hypoxic conditions. The kernal was cut 

from the stem leaving the desired tissue to be tested (Figure 3).   
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Figure 3: The kernel was excised from 
the seedling shoot at the "cut" site. The 
coleoptilar node is the subtle bulge where 
the stem starts to turn green. 

 

 

 

 

 

 

 

 

 

 

 

1.5 Guanine Quadruplexes (G4) 

The significance 8-oxoG and its repair mechanism is that it may act as an 

epigenetic like mark to influence transcriptional response to hypoxic stress 

conditions (Fleming, Ding, & Burrows, 2017). It is believed to be associated with 

guanine quadruplexes (G4) (Pastukh, Borchert, & Gillespie, 2014).  G4s are 4-

stranded non-duplex structures of DNA that contains quartets of guanines 

stacked on top of each other (Burge, Parkinson, Hazel, Todd, & Neidle, 2006) 

(Figure 4). In maize, potential quadruplex-folding sequences are enriched in the 

promoters of genes involved in sugar metabolism, hypoxia, and nutrient signaling 

pathways that contain G4 motifs (Andorf et al., 2014). This has led some to 
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Figure 4: A.) 2-dimensional image of a single guanine quartet to see 
the Hoogsteen hydrogen bonding between the 4 guanine bases. B.) 3-
dimensional image to visualize the 4 runs of guanines with at least 3 
guanines per run divided by 1-7 of any base. C.) Simplified unfolded 
G4 motif. (Figure from Capra, Paeschke, Singh, & Zakian, 2010)	

	

suggest it plays an important role in regulation of these processes. Other recent 

studies involving mice cells have observed increased transcription when 8-oxoG 

is located on a G4 motif in the hypoxia responsive VEGF promoter compared to 

non-G4 motifs (Fleming, Ding, & Burrows, 2017). The same study also showed 

the necessity of APE1 localization to the damaged site in order for this increased 

transcription to be observed.  
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1.5 Experimental Aim 

The purpose of this experiment was to use RNA-sequencing to determine 

transcriptional response of maize seedling shoots in hypoxic conditions. These 

data are intended to allow identification of the genes that are up-regulated and 

down-regulated in response to hypoxic stress over time. This experiment will 

provide a better understanding of which genes are become crucial for cell 

survival when exposed to low oxygen conditions. The data from this experiment 

could be compared with data from future experiments such as nuclease 

sensitivity profiling and 8-oxoguanine mapping to better understand their possible 

function in gene expression and adaptation to a hypoxic environment.  

	

CHAPTER 2. MATERIALS AND METHODS  

 

2.1 Plant Materials and Treatments  

The first experiment was designed to observe transcriptional changes over 

the course of 18 hours. Two sets of six maize B73 seedlings were planted. One 

set would be used as the control and the other set would be fully submerged in 

water (hypoxic) (Figure 5). The seedlings were planted 1 ½” inches deep in soil 

for 5 days under artificial light. They were watered on the 1st and 3rd days and the 

light exposure was from 6:00 AM to 6:00PM. The times of harvest were 

specifically chosen in order to ensure the data produced was not a product of 
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diurnal variation (Figure 6). At 6:00 PM on the 5th day, C0 and H0 were harvested 

with no treatment as internal controls. The seedlings designated for treatment 

were fully submerged in water to induce hypoxia. The seedling shoots were 

harvested at the sequential time points 1, 2, 5, 12, 16, and 18 hours after 

submergence. The tissue samples were cut from the seed and immediately flash 

frozen in liquid nitrogen and stored at -80°C. The treated samples were labeled 

with an H followed by a number indicating the amount of time in hypoxia (ex. H5). 

The controls were labeled with a C followed by the number of the corresponding 

treated sample (ex. C5). Biological replicates were made focusing on the 0 and 2 

hour time points. For this experiment, samples were labeled T followed by a 0 or 

2 to indicate the time of harvest. A plus or minus sign was used to indicate if the 

sample was treated or the control and R1 or R2 specifies which replicate it is (ex. 

T2+ R1).  

2.1 RNA Isolation  

The RNA isolation would be conducted by grinding one seedling shoot 

(~0.1 g) to a fine powder in liquid nitrogen. A RNeasy Mini Kit was used to 

conduct the rest of the extraction. An RLT buffer with B-mercaptoethanol was 

used to lyse the cells. RW1 buffer containing guanidine salt and ethanol was 

used to remove carbohydrates, proteins, fatty acids etc. RPE buffer is used to 

remove any remaining salts. The final product was eluted in RNase-free water 

followed by a DNase digestion to purify any remaining genomic DNA. Qubit, gel 

electrophoresis, and Bioanalyzer confirmed the concentration and integrity of the 

samples. The samples were flash frozen in liquid nitrogen and stored at -20°C.  
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2.3 Library Preparations and NGS Sequencing 

The NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (NEB 

#E7490) was used to create the cDNA and adaptor ligated libraries.  2.0-12 ng of 

total RNA was used as the starting input. Oligo d(T) beads were used to pull 

down polyadenylated mRNA in order to exclude any ribosomal RNA. The mRNA 

was fragmented and primed to initiate first and second strand synthesis to create 

cDNA. cDNA ends were dA-tailed using the end prep enzyme mix so that 

adaptors could be ligated downstream. Once the adapters were ligated, 

SPRIselect beads were used to remove any left over unligated adaptors.  

Libraries were uniquely indexed and amplified with 8 cycles of PCR followed by a 

final purification with SPRIselect beads. The final product was eluted in 0.1x TE, 

flash frozen in liquid nitrogen, and stored at -20°C. The Qubit and Bioanalyzer 

were used to assess library concentration and fragment size distribution. 

Dilutions for sequencing were confirmed by KAPA for each sample and then a 

final KAPA and Bioanalyzer check of the pooled samples (Figure 15 & 16). The 

samples were sequenced using single end 50 bp Hiseq.  

 

2.4 Computational Analysis of RNA-seq Data 

Trimming: 

An equimolar pool of each of the aforementioned RNA-seq libraries was 

sequenced on an Illumina Hiseq 2500 at the FSU College of Medicine 

Translational Science Lab in Single-end 50 bp mode. Fastq-formatted data 
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passing the TSL-applied Q30 filter were then computationally “trimmed” to 

remove residual Universal adapter sequence from each read with “Cutadapt 

version 1.16” (Martin, 2011). No additional filtering by base-quality or read length 

was performed at this step. 

Alignment: 

Trimmed reads were then aligned to version 4 of the B73 genome with the 

splicing-aware sequence aligner STAR version 020201 (Dobin et al., 2016; Jiao 

et al., 2017). Briefly, reads were aligned to an index constructed from the B73v4 

genome assembly and the B73v4.39 genome annotation downloaded from 

MaizeGDB (Wimalanathan, Friedberg, Andorf, et al., 2018). As these data were 

not analyzed for transcript-level variation, non-canonical splicing junctions were 

removed from the dataset at this step (i.e. no splice-variant discovery was 

performed). 

Generate Count Matrix: 

Aligned reads were then quantified relative to each gene model provided 

in the B73v4.39 genome annotation file with featureCounts version 1.6.2 (Liao, 

Smyth, & Shi, 2014). Run log header was removed from the output count matrix 

with the unix program “grep –v”. 

 Gene-level Differential Expression Analysis (EdgeR package) (Robinson, 

McCarthy, & Smyth, 2010): 

The count matrix was read into R using the read.delim function, and a 

DGE list object was constructed containing the gene-wise counts for each 

sample and the B73v4 Gene identifiers. Duplicated Gene models referring to 
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alternately spliced transcript models were removed, keeping only the transcript 

model with the highest number of counts across all samples. Unique gene 

models were then filtered by read depth, keeping only those gene models with > 

2 counts per-million reads in at least 2 samples. Library sizes were then 

recomputed for the filtered gene set and used to normalize read counts relative 

to total library size. Genewise likelihood ratio tests were then performed between 

the hypoxia-treated and control samples. The resulting table was then exported 

as a tab-delimited-text file for subsequent analysis. 

 Analysis of differentially expressed genes: 

Volcano Plot: Log2(Fold change) vs. -log10(P-Value) was plotted for each gene 

in the set, with threshold lines plotted to signify P<0.05 and sqrt(Log2(Fold 

Change))^2)  ≥ 2. 

Significant genes and 4xSignificant genes tables: 

Genes with P-Values <0.05 were extracted from the EdgeR output table into a 

new “significant genes” table with the unix program “awk”. Subsequently, genes 

with P<0.05 AND log2(Fold change) ≥ 2 were extracted from the resulting file 

with awk and output to a new 4x Differentially Expressed Significant Genes table. 

 

Gene Ontology (GO) Enrichment Analysis: 

Lists of all genes analyzed by edgeR as well as significant, >4x 

differentially expressed genes were used as input for Gene Ontology Enrichment 

analysis implemented through the Lewis-Sigler Institute for Integrative Genomics 

(Boyle et al., 2004) GO terms were assigned to each gene based on the B73v4 

maize-GAMER GO annotation (Wimalanathan, et al., 2018). Output results were 
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exported to REVIGO for direct visualization of significantly enriched GO terms in 

the differentially expressed gene list relative to “all genes” control set (Supek F, 

Bošnjak, Škunca  et al., 2011).  

 

 

 

CHAPTER 3. RESULTS  

 

3.1 An Experimental System for Flood-induced Hypoxia  

This study is aimed to provide transcriptome data for flood-induced apical 

meristem tissue 5 days after germination. Two sets of RNA libraries were 

sequenced. One included 7 selected time points over the course of 18 hours, and 

the other was more deeply sequenced with a replicate at 2 hours after induction 

(Figure 6). Hypoxic conditions for this experiment were created by full 

submergence of B73 seedlings under water (Figure 5). This method of hypoxia 

was chosen because it replicated the naturally occurring conditions in which most 

plants are subjected to hypoxia. Plants can be subject to oxygen deficient 

conditions at high altitude, but this study is focused on immediate and temporary 

stress response signaling. Oxygen concentration levels in the air are roughly 

21% as opposed to ~1% in water. However, oxygen concentration was not 

measured in this experiment. Oxygen also diffuses 10,000 times slower in water 

than air (Armstrong, 1980).  This provided great confidence these conditions 

would create a hypoxic environment for the plant.  

 



	 20	

 

 

 

 

 

 

 

 

 

 

3.2 Analysis of RNA from Normoxic Versus Hypoxic Plants over 18 

Hour Time Course  

The RNA-seq data from the 18 hour time course mapped changes in 

mRNA expression at each time point of exposure. The purpose of this study was 

to examine expression patterns over time and critical time points of induction for 

hypoxia responsive genes. Log2 ratios (hypoxia/control) were created for each 

gene to normalize the results. For many genes, the output contained multiple 

reads with the same loci and same gene ID. This made a lot of results difficult to 

interpret. Some genes exhibited a steady increase starting at the first hour of 

Figure 5: A.) Untreated controls. B.) 
Treated samples fully submerged in 
water to induce hypoxia. 

Figure 6: Time tables of 18 
hour and 2 hour experiments. 
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flooding all the way to 18 hours (Figure 7). Others showed no pattern at all. For 

this portion of the experiment, the focus was on the known hypoxic responsive 

genes in maize to confirm our system was capable of eliciting a hypoxic stress 

response. These data were also used to select a time point to study more 

closely. In hypoxic conditions, pyruvate decarboxylase (PDC) is responsible for 

converting pyruvate to acetaldehyde. Alcohol dehydrogenase (ADH) then 

converts acetaldehyde into ethanol, which supplies NAD+ for glycolysis (Bailey-

Serres et al., 2012)(Figure 7 & 8). Both of these genes were used to confirm that 

hypoxia was induced by our experimental system.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: By using the log2 ratios, one can see that 
ADH2 mRNA is up-regulated relative to the control over the 
course of 18 hours.    
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3.3 Analysis of RNA at 2 Hours After Flood-induced Hypoxia 

After analyzing the RNA-seq data of the 18 hour time course, the 

experiment along with a bio rep was repeated focusing on the 2 hour time point. 

By narrowing the focus, more reads per sample were generated and thus a more 

in-depth analysis was conducted. Hour 2 was chosen because it was the 

smallest time point that on average displayed observable transcriptional changes 

of known hypoxic responsive genes.   

Any genes without a p-value of 0.05 or lower were discarded from the data 

set. After eliminating any genes that were not up-regulated or down-regulated by 

more than 4-fold, 884 genes were left (Figure 9). A majority of these genes were 

Figure 8: PDC displays a very similar pattern of mRNA 
accumulation to that of ADH. 
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up-regulated in response to 2 hours oxygen deprivation. The data from this 

experiment showed agreement with the data collected from the T2 in the 18 hour 

time course. This was confirmed by only looking at the known hypoxic inducible 

genes, not the entire data set. The top 100 induced genes with a p-value below 

0.05 and annotation is listed in appendix 2 (Figure 13). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: This volcano plot 
illustrates the selection criteria 
for data analysis. Any dots 
above the horizontal line just 
above zero mark indicates a p-
value below 0.05. Any dots that 
lie outside of the two vertical 
lines indicates a +/- 4 fold 
change. Observation was 
focused on the reads that fell 
outside of the vertical lines and 

above the horizontal line.  
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A graphical representation of all the data that had a p-value of less than 

0.05 and greater than +/- 4 fold induction was made (Figure 11). This figure 

groups together genes that share ontology.  

 

 

 

 

 

Figure 10: Side by side comparison of mRNA 
accumulation at 2 hours. Study 1 (blue) is from the 18 hour 
time course and study 2 (red) is from the 2 hour time course.  
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semantic similarities.  The units have no intrinsic meaning. 
The size of the circle indicates how specific the response is. 
The color of the circle reveals the p-value for false discovery 
rates. Shortened table in appendix 1. 
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CHAPTER 4. DISCUSSION 

4.1 Seedling System Triggers Hypoxic Transcriptional Response 

  The results for the 18 hour time course are not directly comparable to the 

results from the 2 hour time course. Bioreplicates would be necessary for the 18 

hour time course to establish more statistically significant results. The important 

part for this experiment was to identify the earliest time of hypoxic exposure that 

induced a detectable transcriptional response. Hour 2 was chosen.   

It was concluded that a hypoxic response was successfully induced in the 

2 hour time course experiment. As mentioned before, more genes were up-

regulated rather than down regulated. These results seem consistent with 

hypoxic sensitive inbred lines (Campbell et al., 2015). The first 5 hours of hypoxia 

is considered the transition period in which anaerobic proteins (ANPs) are rapidly 

up-regulated (Sachs, Subbaiah, & Saab, 1995). Consequently the top 100 

induced genes were the principal focus. PDC and ADH have been shown to 

been up-regulated in response to low oxygen (Laszlo & St. Lawrence, 1983). The 

number one induced gene in the data set was PDC1 with an astounding 12 

log2(ratio) increase. The ratio used was hypoxic expression/normoxic 

expression. PDC2 and PDC3 respectively had a 3.26 and 4.36 log2(ratio) 

increase. ADH1 and ADH2 had a 3.7 and 4.96 log2(ratio) increase, but this is 

consistent with other findings with a small exposure time. Rice ortholog 

(Zm00001d023859) exhibited a 10.6 log2 (ratio) induction. This gene is known 
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for ethylene-induced aerenchyma formation in roots under oxygen deficient 

conditions in rice. It was also observed that the rice ortholog (Zm00001d022084) 

was also was up-regulated 7.4 log2(ratio). This gene is known for flooding 

tolerance during seed germination and early seedling growth in rice. Both of 

these rice orthologs were annotated from http://plants.ensembl.org. Many other 

hypoxia responsive genes that were induced, but not to significant levels. This 

result could be because 2 hours of hypoxic exposure is the time point before the 

cell switches to full hypoxic response.  

Ethylene responsive element binding (EREB) made up 10% of the top 100 

induced genes (Figure 13 in appendix 1). Ethylene is a plant hormone that 

regulates response to unfavorable growth conditions such as hypoxia. Two 

known hypoxic functions of ethylene is adventitious root formation to receive 

more oxygen and induction of xyloglucan endotrans-glycosylase 1 

(XET1)(Schiefelbein, 2000). XET1 loosens the cell wall allowing the formation of 

arenchyma,which are cortical air spaces that facilitate gas diffusion through the 

plant (Sachs et al,, 1995). XET1 did not show a significant change in abundance, 

but another study obtained the same results, which they attributed to differential 

induction or repression of individual members of the XET family. The Revigo GO 

plot and table (Figure 11 and Figure 14 in appendix 1) demonstrate the 

uniqueness of different gene expressions observed. The low percentage 

frequency numbers indicate a specialized response. This data only includes the 

884 genes selected with +/- 4 log2 (ratio)  value and less than 0.05 p-value.  
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  The results from the study indicate an induction of hypoxia was 

successfully observed via flooding. Similarities were confirmed between the 

transcriptional response seen from the 18 hour time course and other studies. 

After repeating the protocol with two biological replicates, a deeper insight was 

gained into the 2 hour hypoxic response of maize B73 apical meristem tissue. 

This data may be a valuable resource in unraveling the complex mechanism of 

hypoxic stress response signaling.  

4.2 Future Directions 

Future studies include a chromatin analysis using MOA-mapping, DNS-

seq, or ATAC-seq to observe the correlation between open chromatin and up-

regulated genes. Using this RNA-seq data for a differential analysis between 

sensitive and tolerant inbred maize line could reveal more about which genes are 

associated with survival in hypoxic conditions. The same could be done to 

compare tissue-specific responses. A co-expression analysis of the RNA-seq 

data would further help categorize hypoxia responsive genes and look for 

similarities between these genes such as G4 motifs and 8-oxoG abundance.  

The use of click-code-seq could also be used to map 8-oxoguanine to single 

base resolution in hypoxic and normoxic samples (Wu et al., 2018). This would 

allow visualization of any particular patterns between the location of 8-oxoG and 

the transcriptional activity of any downstream genes. Thus, opening many 

possibilities to understanding 8-oxoguanine as a possible epigenetic like mark. 
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APPENDIX 1 

 

 

Date	of	

Sequencing	

Name	of	

Sample	 RNA	

NEB	

Index	 Sequencing	 #	Reads	

3/19/18	 C0	 0	Hrs	Control	 1	 Single	End	50bp		 		

3/19/18	 H0	 0	Hrs	Treated	 2	 Single	End	50bp		 		

3/19/18	 C1	 1	Hrs	Control	 27	 Single	End	50bp		 		

3/19/18	 H1	 1	Hrs	Treated	 4	 Single	End	50bp		 		

3/19/18	 C2	 2	Hrs	Control	 5	 Single	End	50bp		 		

3/19/18	 H2	 2	Hrs	Treated	 6	 Single	End	50bp		 		

3/19/18	 C5	 5	Hrs	Control		 7	 Single	End	50bp		 		

3/19/18	 H5	 5	Hrs	Treated	 8	 Single	End	50bp		 		

3/19/18	 C12	 12	Hrs	Control	 9	 Single	End	50bp		 		

3/19/18	 H12	 12	Hrs	Treated	 10	 Single	End	50bp		 		

3/19/18	 C16	 16	Hrs	Control	 11	 Single	End	50bp		 		

3/19/18	 H16	 16	Hrs	Treated	 12	 Single	End	50bp		 		

3/19/18	 C18	 18	Hrs	Control		 19	 Single	End	50bp		 		

3/19/18	 H18	 18	Hrs	Treated	 20	 Single	End	50bp		 		

Date	of	

Sequencing	

Name	of	

Sample	 RNA	

NEB	

Index	 Sequencing	 #	Reads	

6/21/18	 T0	R1		 0	Hrs	Rep	1	 13	

Single	End	

50bp		 		

6/21/18	 T2-	R1	 2	Hrs	Control	Rep	1	 11	

Single	End	

50bp		 2.70E+03	

6/21/18	 T2+	R1	 2	Hrs	Treated	Rep	1	 9	

Single	End	

50bp		 2.20E+07	

6/21/18	 T0	R2	 0	Hrs	Rep	2	 4	

Single	End	

50bp		 		

6/21/18	 T2-	R2	 2	Hrs	Control	Rep	2	 12	

Single	End	

50bp		 2.00E+07	

6/21/18	 T2+	R2	 2	Hrs	Treated	Rep	2	 10	

Single	End	

50bp		 1.70E+07	

Figure12: Samples used for 18 hour time course and 2 hr time 
course 
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Figure 13: First 100 upregulated genes with p-values above 

0.05 and annotations on gramene (Petryszak et al., 2016) 
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Figure 14: Corresponding chart to revigo GO plot only 
containing selected groups.  
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APPENDIX 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: A.) Bioanalyzer reads from each RNA-seq 
library of the 18 hour time course. B.) Bioanalyzer read 
from pooled samples with an average fragment size of 
364 bp.  



	 39	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: A.) Bioanalyzer reads of libraries from 2 
hour time trials. B). Bioanalyzer reads from the 
pooled library samples with an average fragment 
size of 350 bp.  
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Figure 17: Data on Maize Diversity Line (DL25) and Maize Diversity Samples (MDS) 

DNA samples. The DL25 and MDS are selected genotypes that encompass most of the 
diversity found in maize(Flint-Garcia et al., 2005). This becomes beneficial when testing 
traits that have genetic variation (ex. telomere length). All samples tested with the 

nanodrop and run on electrophoresis agarose gel to confirm concentration and integrity. 	
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