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ABSTRACT

High night temperature (HNT) has strong negative effects on rice plant growth and
development. HNT also impacts many physiological characteristics of rice which affect the grain
quality of rice grown around the world. One potential mechanism of HNT damage is from the
induction of ethylene-triggered reactive oxygen species that can lead to increased membrane
damage and negatively impact yield and grain quality. In this study, the changes in physiological
behavior due to the interaction between HNT and the ethylene-inhibitor 1-MCP was
investigated. Furthermore, genome-wide expression analysis under HNT was performed using
RNA-Seq to gain insights into the gene functions underlying tolerance to HNT. Plants were
grown under ambient night temperature (ANT) (25 °C) or HNT (30 °C) with or without 1-MCP
treatment. RNA extraction was performed on two phenotype-contrasting rice cultivars (Antonio
and Colorado) from which in-depth RNA-Seq analysis was used to identify differentially
expressed genes involved in heat tolerance in these varieties. Results from this experiment
showed a total of 25 transcripts derived from analyzing the effects of various comparisons of
treatments on the genotypes used in this study. From these findings we conclude that notable
transcripts in this subset played a role in molecular mechanisms pertaining to ethylene
interaction and HNT.

High temperature environments are fairly innocuous for some exotic rice varieties;
however, these genetic donors for heat tolerance often have various undesirable traits, including

red pericarp, black hulls, and awns. To improve the efficiency of using these exotic accessions in

i



modern rice breeding programs, it would be benficial to develop improved genetic donors by
eliminating these exotic traits and thus preventing negative linkage drag when using these donors
as parents in a crossing program. Recent advances in CRISPR/Cas9 genome editing can now
enable the rapid knock-out of genes underlying negative traits in rice. To gain further insight in
the genetic loci controlling these traits, a genome-wide association study (GWAS) was
performed on a diversity panel consisting of approximately 300 rice accessions. Traits of interest
in this GWAS study included pericarp color, hull color, awn color, and awn length. The
accessions were genotyped with an Illumina 7K rice SNP chip to identify genetic loci that
control these traits. Results from this GWAS study showed various significant SNPs for exotic
rice traits, awn color (chr: 9 & 10), awn length (chr: 4,6,7, 10, and 12 ), hull color (chr: 12),
endosperm color (chr: 1 & 3). These findings may lead to the conclusion that may potentially be
novel QTLs. When combined with data on the chromosomal location of known major genes
affecting exotic traits, these results can guide the development of improved HNT-tolerant genetic

donors for future stress-tolerance breeding programs.
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CHAPTER1

INTRODUCTION AND LITERATURE REVIEW

Rice (Oryza sativa) is one of the most essential grains produced around the world after
wheat. It serves as a principal source of food for more than 3 billion people in different countries
around the world. In addition, it is also a major source of calories and carbohydrate (35-75%)
intake (Krishan et al., 2011). Since rice is the vital staple crop for an enormous portion of the
world population, an increase in rice production is essential to support the rapidly increasing
population. Rice is categorized as a semiaquatic annual, self-pollinating grass, belonging to the
genus of Oryza (Family: Poaece). As a crop, rice is grown in many different countries around the
world, mainly Asia, under various ecosystems and cultivation techniques (Global Rice Science
Partnership, 2013). There are two major cultivated rice species grown around the world: O.
sativa (worldwide) and O. glabberima (Africa). Geographically there are two significant
subspecies groups within the cultivated rice species Oryza sativa: indica (grown in the tropics)
and japonica (grown in temperate and tropical upland environments). Human domestication has
produced thousands of diverse rice varieties with immense degrees genetic variation that can be
used to develop improved rice cultivars (Global Rice Science Partnership, 2013).

Rice goes through three stages of growth: vegetative, reproductive, and ripening
(maturity). It takes 3—6 months for a rice plant to grow to maturity depending on both the variety
(genotype) and environment. Rice completes the vegetative and reproductive growth phases
during this time frame. The vegetative stage is subdivided into germination, early seedling

growth, and tillering (Global Rice Science Partnership, 2013).



I.1: Heat Stress: High Nighttime Temperature

High nighttime temperature (HNT) has become a detrimental factor that limits the yield
and grain quality of rice globally. According to Peng et al., 2004, “World rice production must
increase by 1% annually to meet the growing demand for food due to population growth and
economic development. But, due to the drastic changes in the climate today the challenge of
improving agronomical traits in crops has risen. Grain yields decline by 10% for each 1°C
increase in growing-season minimum temperature in the dry season, whereas the effect of
maximum temperature on crop yield was insignificant.” Different characteristics that determine
rice yield include: the number of productive tillers, spikelet fertility, and grain dimensions. HNT
affects various types of plant physiolotical characteristics such as chlorophyll concentration,
chlorophyll fluorescence, and photosynthesis. It also has a negative impact on respiration and
membrane stability which can cause a decrease in yield and spikelet fertility which can reduce
overall rice production (Mohammed et al., 2015). High nighttime temperature also dramatically
affects various grain quality traits, especially chalkiness, which negatively affects consumers and
the farming community who are dependent on good quaily grain for consumption purposes, as

well as the economic markets dependent on rice production.

1.2: Heat Stress: Grain Quality

Traits such as rice grain yield, dimensions, and quality tend to decrease under high heat
stress conditions (Counce et al. 2005, Ambardekar et al. 2011). In communities where rice is a
major commodity, grain quality is a key element that defines market value and initiation into
new cultivar development. Grain quality traits are defined by: physical characteristics, cooking

value, and nutritional value (Fitzgerald et al., 2009). Gaining a deeper understanding of these



factors with not only improve overall grain quality of rice, but will also establish a starting point
for future breeding programs focusing on yield, climate conditions (heat stress), and economic

value (Fitzgerald et al., 2009). The advancement in genetic and genomic techniques can provide
information which can be useful in establishing improved cultivars that can withstand heat stress

conditions and achieve the goal of producing new high-quality HNT-tolerant varieties.

L.3: Transcriptomics

Transcriptomics is an area of study where whole transcriptome changes can be analyzed
under various biological conditions or environments. It is a technology that has been defined by
the development of new techniques and tools over time making previous techniques outdated
(Lowe et al., 2017). The first attempt was published in 1991,where a partial human transcriptome
was analyzed and reported 609 mRNA sequences from the human brain (Adams et al., 1991).
The transcriptomes of organisms are constantly evolving to the microcosmic levels for various
cells, tissues, and genetic material (Mele et. al 2015, Sandberg et. al 2014, Kolodziejczyk et. al
2015). In the 1980s, low-throughput Sanger sequencing was the most popular technology being
used at the time to sequence random individual transcripts, called expressed sequence tags
(ESTs) (Pan et al 2008, Sutcliffe et al 1982, Putney et al 1983, Marra et al, 1998). High-
throughput techniques eventually replaced the Sanger method when they became openly
available for use. Transcriptome analysis is vital for understanding the functional and molecular
components of the genome that control the functionality mechanisms of cells and tissues across
various organisms. It can be very useful in agriculture for understanding various traits such as
yield, abiotic stress, and biotic stress tolerance (Lowe et al., 2017).

There have been studies using transcriptomics to analyzed various abiotic stresses and

anatomical mechanisms that affect rice production. Walia et. al (2005) published a



transcriptomics study focusing on salinity stress in rice. In that study, two indica rice genotypes,
FL478 (a salt tolerant RIL), and IR29 (salt susceptible parent) were used. Transcriptome analysis
was performed using an Affymetrix rice genome DNA microarray containing 55,515 probes
investigating the contrasting genotypes transcriptomes under various salt stress and unstressed
treatments in the vegetative stage. Salinity stress conditions introduced a number of genes
involved in the flavonoid biosynthesis pathway present in the IR29 variety. Findings produced in
this study showed that cell wall-related genes were highly expressed in both genotypes,
indicating that the transcripts related to this trait formed an adaptive defense mechanism under
salt stress conditions. Additionally, genes expressed were also mapped to the Saltol gene (salt-
tolerance: chromosome 1) present among both genotypes. The findings from this study presented
a genome-wide transcriptomics analysis of two genotypically related rice cultivars differing in
the degree of salinity tolerance during various salt stress treatments in greenhouse conditions. In
contrast to salinity tolerance, understanding heat stress through transcriptomics is a topic that is
not well-studied. The application of transcriptomics into heat stress will expand our
understanding on the capacity of how O. sativa species can handle heat stress in various

environmental conditions.

1.4: Whole Genome Transcript Profiling with RNA-Seq

RNA sequencing (RNA-Seq) is an innovative next-generation sequencing technology
that can provide a broader understanding of differential gene expression under various
environmental conditions, chemical treatments, and genotypes under heat stress conditions
(Chougule, 2017). RNA-Seq isolates mRNA from the target tissues under different treatments

and used for library preparation. RNA-Seq can provide deeper insights into various genetic



functions such as, alternative gene splicing, post-transcriptional modifications, and differentially
expressed genes. Therefore, this tool can offer more in-depth knowledge on the gene structure,
expression patterns of genes across various genotypes, and treatments (Chougule, 2017). To
better analyze and visualize the parameters in this experiment, different bioinformatics pipelines
(Tuxedo, Salmon, and DESeq) provided from the CyVerse platform will be used in this study.
Understanding the transcriptomes is essential for deciphering the functional and
molecular entities of the genome in the gene expression process in different tissues of an
organism. Wang et al., 2009 defines that, “The principal aims of transcriptomics are:
1. To catalog all species of transcripts, including mRNAs, non-coding RNAs, and small
RNAs.
2. To determine the transcriptional structure of genes, regarding their start sites, 5’ and
3" ends, splicing patterns and other post-transcriptional modifications.
3. To quantify the changing expression levels of each transcript during development
and under different conditions.
Following sequencing, the raw reads obtained from the sequencing results are aligned to a
reference genome (Oryza sativa IRGSP 1.0), to produce a transcription map which provides
information on both the transcriptional structure and variation in gene expression.” Various
bioinformatic tools can be used to interpret the vast amount of data produced from the RNA-Seq
library construction. Dobin et al., 2013 states, “In transcript analysis, two primary tasks that will
are accomplished:
1. An accurate alignment of reads that contain mismatches and indels caused by

genomic/sequencing variations or errors.



2. Mapping sequences derived from genomic regions consisting of spliced sequence
modules that are joined together to make spliced RNAs.

The second task is specific and crucial to RNA-Seq analysis, as it provides the
connectivity information needed to reconstruct the full extent of spliced RNA molecules.”

Lu et al. (2010) utilized RNA-Seq to analyze the rice transcriptome at a single nucleotide.
RNA-Seq was used to look at transcripts from cultivated rice Indica (93-11 & Gla4) and
Japonica subspecies (Nipponbare) in order to establish whole-genome transcription profiles for
the respective genotypes. Findings from this study produced 15,708 novel transcriptional active
regions (NTARs), with >63% samples having putative single-exon transcripts. At the time of this
study the available rice gene models showed, 83.1% (46,472 genes) were validated with this
model by RNA-Seq. Transcriptome analysis among the two genotypes presented 3464 genes
with variation in differential expression. Through this analysis various levels of single-nucleotide
polymorphisms (SNPs) were also detected. Among the two-rice subspecies, 67,011 SNPs existed
between 93-11 and Nipponbare, and 64,481 SNPs between Gla4 and Nipponbare were identified

(http://www. ncgr.ac.cn/english/ .edatabase.htm). The findings showed only half of these SNPs

were located in 16,597 annotated gene model.

Zhang et. al (2010), did an in-depth RN A-Sequencing study for a single base pair with

the purpose of depicting the intricacy of the rice transcriptome. In this study transcriptomes
derived from Illumina sequencing technology are designed for eight organs of cultivated rice
(Oryza sativa L. ssp. indica cv. 9311) such as, callus, flowering panicle, and filling panicle.
stage. RNA-sequencing results, presented a total of >410 million paired-end reads of 35-75

bp in length. Furthermore, >5-million single- end reads from each of the eight organs aligned


http://www/

to the reference genome of Oryza sativa subsp. indicia (The Beijing Gene Finder,

http://bgf.genomics.org.cn/). In this portion of the study 73% of the reads were uniquely

mapped to the reference genome. Overall deep sequencing of the rice transcriptome covered
approximately 99.7% (32,959) of the rice DNA data (Kikuchi et al., 2003). Alternative
splicing analysis showed 33% cis-splicing being present in all genes and 234 putative
chimeric transcripts identified during trans-splicing. The findings from this study showed

the overall complexity of transcriptional regulation in rice.

I.5: Genome-wide Association Study: Exotic Traits in Rice

In 2007, a study on the complexity of human disease is analyzed through the use of a
SNP was published by WTCCC and recognized as the first authentic genome-wide association
study (GWANS). Hartl et al., 1997 states, “Genome-wide association studies are based on the
principle of linkage disequilibrium (LD) at the population level. LD is the non-random
association between alleles at different loci. It is created by evolutionary forces such as mutation,
drift, and selection and is broken down by recombination.” Genome-wide association studies
focusing on organisms has promoted further discoveries about genetic mechanisms involved in
complex traits and has further encouraged basic research in genetics and genomics (Visscher et

al., 2012).

Zhao et al., 2011 states, “In rice GWAS gives an advantage as most rice varieties are
homozygous in nature, which makes it possible to employ a ‘genotype or sequence once and
phenotype many times over ’ strategy, whereby once the lines are gnomically characterized, the

genetic data can be reused many times over across different phenotypes and environments.”
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Zhao et al. (2011) did a genome-wide association study with the goal of understanding the
genetic basis of diverse physiological, developmental, and morphological traits that provide the
basis for improving yield, quality and sustainability of rice. In this study 44,100 SNP variants
(originally from two sources: the Oryza SNP project and BAC clone Sanger sequencing of wild
species) were genotyped across 413 diverse accessions of O. sativa collected from 82 countries
that were systematically phenotyped for 34 traits. From the 44,100 SNP variants 34,454 (~ 78 %)
have a minor allele frequency > 0.05 across the panel. Principal component analysis on this data
set showed clear clusters of the five subpopulations indica, aus , temperate japonica, tropical
Jjaponica and aromatic based on the top four PCs. Principal component analysis shows that PC1
separates the samples into /ndica and Japonica (34 % of the genetic variance), PC2 separates
the indica subgroup from the aus subgroup (10 % of the variance), PC3 separates the two
Jjaponica groups into temperate and tropical components (~ 6 % of the variance), and PC4
identifies the aromatic group as a clear and distinct gene pool (~ 2 % of the variance). The mixed
model was used to analyze the associations between 34 phenotypes and 44 K SNP genotypes
evaluated in our 413 O. sativa rice lines, and identified various associations such as candidate
genes and QTLs (Kang et. al, 2008). Cross-population-based mapping identified many common
variants that influence many complex traits. Significant levels of heterogeneity were identified in
the genetic architecture associated with the subpopulation and its response to the environment

(Zhao et al., 2011).

Begum et al., (2015) performed an association mapping study of 19 agronomic traits
dealing with yield components derived from a breeding population of elite tropical rice breeding
lines. This population was genotyped with 71,710 SNPs using genotyping-by-sequencing (GBS),

and GWAS techniques to speed up the process of selection in a breeding program. In this panel



52 QTLs were identified for 11 agronomic traits, including QTLs that effect flowering time and
grain length/grain width/grain-length-breadth ratio. Haplotypes identified in this study can be
utilized to select for plants with short height (plant height), early flowering time, and high yield.
In order to obtain desirable traits by removing undesirable traits indicates the importance of
utilizing tools such as association mapping in breeding programs. Following the example of the
studies above GWAS can also be very beneficial in removing undesirable traits from certain
types of rice varieties such as exotic rice which possess traits such as red pericarp, black hull,
and awns. These traits hinder crop production and improvement for rice production around the
world. More profound studies in these traits using genome-wide association studies can expand

our understanding on the roles these traits play.

1.6: Single Nucleotide Polymorphism (SNPs)

SNP markers have emerged as one of the most potent marker systems for crop genetic studies
especially for the study of closely related varieties or species in population genetics and genetic
mapping (Bader, 2001). SNPs are single base changes in the genetic codes at a specified location on
the chromosome and are the most abundant type of sequence variation in eukaryotic genomes (Batley
et. al., 2003; Garg et al., 1999). The most popular genotyping platforms currently used for SNP
validation are Illumina’s Bead Array technology-based Golden Gate (GG) (Fan et al., 2003) and
Infinium assays (Steemers et al., 2007), Life Technologies’ TagMan (Livak et al., 1995) assay coupled
with OpenArray platform (TagMan Open Array Genotyping system, Product bulletin) and
KBiosciences’ Competitive Allele Specific PCR (KASPar) combined with the SNP Line platform.
These genotyping assays and platforms vary in their chemistry, cost and throughput of samples to
genotype (Mammadov et al., 2012). Illumina platforms and 454 Roche platforms used second

generation technologies to sequence the genomes of crop species (Perez-de-Castro et al., 2012).



SNPs can be applied in various types of molecular studies which can provide deeper information
on the genetic basis of different traits in plants. Genome-wide association studies is a method often
used to identify genes involved in particular diseases or traits. Typically, in a genome-wide
association study hundreds of SNPs are examined in the entire genome to provide a more
comprehensive manner which allows SNPs to detective the causing factors for traits.

Konshi et al., 2006 performed a study that demonstrated that a single-nucleotide
polymorphism (SNP) in the regulatory region of the qSH1 gene is the cause loss of seed
shattering in rice. Haplotype and GWAS analysis across various samples showed that the SNP
was significantly associated with shattering among japonica varieties. In current rice breeding
programs, this seed-shattering habit is still a target, especially in the construction of new indica
cultivars. A QTL (quantitative trait locus) analysis between a cross consisting of a indica cultivar
(shattering), Kasalath, and japonica cultivar (non-shattering), Nipponbare identified five QTLs
on five chromosomes from this cross. There are three QTLs located on various Nipponbare
alleles on chromosomes 1, 2, and 5, and Kasalath has two QTLs on chromosomes 11 and 12. All
of the QTLs identified potentially contributed to shattering reduction, suggesting that loss of seed
shattering may occur independently in japonica and indica. Results from a linkage analysis of
10,388 plants segregating at the qSH1 region and fine mapping of the qSH1, revealed that the
SNPs are highly associated with the degree of seed shattering among temperate japonica rice
cultivars. All tested indica cultivars exhibited strong seed shattering features based on the fact
that they possess functional SNPs. The identified SNP may have been a mutation that occurred in

early domestication of japonica subspecies (Konshi et al., 2006).

I.7: Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR)

10



Currently there are three types of programmable genome-editing nucleases; these include
zinc finger nucleases (ZFNs), transcription activator—like effector nucleases (TALENSs), and
most recently, RNA-guided nucleases (RGNs) from the clustered regularly interspaced short
palindromic repeat (CRISPR) and CRISPR- associated proteins (Cas) system (Boch et al., 2009;
Moscou and Bogdanove, 2009; Pabo et al., 2001; van der Oost, 2013). Among these
programmable nucleases, the Cas9 nuclease in conjunction with the CRISPR subunit, has
become the most simple and powerful tool for gene editing. CRISPR/Cas9 technology can be
utilized to address biological questions at a molecular level and can promote innovative
development in molecular genetics (Pennisi, 2013; Doudna and Charpentier, 2014; Hsu et al.,
2014). The early application of this technology was used on the genomes of animals and bacteria
(Cong et al., 2013; Hwang et al., 2013; Jiang et al., 2013a; Mali et al., 2013). In future studies it
versatility and efficacy was demonstrated on various model crop systems which include
Arabidopsis, rice, sorghum, and tobacco (Feng et al., 2013; Jiang et al., 2013; Li et al., 2013;
Mao et al., 2013; Miao et al., 2013; Nekrasov et al., 2013; Shan et al., 2013; Xie and Yang,
2013). Currently, this modern gene editing tool is largely used in different plant and animal
species, with many different of CRISPR/Cas9 vectors available to the public in a public plasmid

repository of Addgene (http://www.addgene.org/crispr/plant/). CRISPR has transformed into an

efficient and robust platform for gene editing which can significantly promote crop improvement
across various crop systems and can in the long term increase global food production (Ding et
al., 2016). For this study this tool can potentially be used to knock-out all undesirable exotic rice

traits and improve the capacity of heat tolerance in rice plants in the near future.
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CHAPTER1II
RNA-SEQ OF DIFFERENTIAL GENE EXPRESSION ANALYSIS FOR

HEAT TOLERANCE

II.1: Introduction

RNA-Seq refers to the sequencing of transcripts, where data produced indicates the
number of counts from each transcript. The technique has been heavily influenced by the
development of high-throughput sequencing technologies (Wang et al. 2009, Morozova et al.
2009). The nucleotide sequences generated from the use of this tool are typically around 100 bp
in length but can range from 30 bp to over 10,000 bp in length, depending on the sequencing
method used. RNA-Seq allows statistical reconstruction of the original RNA transcript by
aligning reads from a sample set to a reference genome (Wang, 2009). As RNA-Seq is a
quantitative method of analysis, it can determine RNA expression levels more accurately than
older technology. One major advantage of RNA-Seq is that it can define the overall
transcriptome parameters and across different sample sets.

There have been many successful applications of RNA-Seq in its’ ability to accurately
monitoring gene expression examples include: yeast meiosis, and mouse embryonic stem-cell
differentiation. In these cases, RNA-Seq can keep track of any gene expression that may have
occurred during the developmental stages of the organism and different tissues within the
organism. (Wilhelm, B. T. et al, 2008, Mortazavi et al., 2008, Nagalakshmi et. al, 2008). These
advances in RNA-Seq will undoubtedly be able to expand our understanding of transcriptomic
dynamics during various physiological, developmental, molecular changes within an organism or
various tissue samples. Data collected from these samples will provide in-depth robust

comparison between various types of samples (Wang et. al, 2009).
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Liao et al. (2015) performed a study utilizing Illumina sequencing to compare the
transcriptome differences between heat tolerant and heat sensitive rice lines responding to high
night temperatures during the endosperm development (early milky stage). Previous studies
have reported that high nighttime temperatures are more harmful to grain weight characteristics
in rice and other crops in comparison to high daytime temperatures (Li et al. 2011, Peng et al.
2004). Plant symptoms caused by high-temperature stress during the rice grain filling stage
include: increased rice grain-filling rate, low amylose content, an increased chalkiness degree,
and poor milling quality (Singh et al. 2012, Lu et al. 2013, Zhang et al. 2014). Key findings in
Liao’s study from the sequenced data showed 35 transcripts with different expression levels
between heat-tolerant and heat-sensitive rice. Functional analysis through gene ontology of the
DGE:s indicated 21 genes whose functions are mainly involved in oxidation-reduction, metabolic
processes, transcript regulation, and photosynthetic processes. Deeper analysis showed that high
night temperature stress disrupts electron transport in the mitochondria, as well as other
enzymatic and biochemical pathways in various plant cells (Liao et al., 2015).

RNA-Seq analysis is usually with done with a Tuxedo pipeline. Previous Tuxedo
pipelines consist generally of Tophat, Bowtie, Cufflinks, Cuffmerge, and CummRbund. Current
Tuxedo pipelines have improved in their efficiency to process data, faster core processors, and
higher efficiency in sequencing large volumes of data. In this study, a more efficient and faster
Tuxedo pipeline was used from the CyVerse platform. The pipeline consists of STAR

Alignment, String-Tie, HT-Seq, Salmon, and edge-R/DESeq2.
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I1.2: RNA-Seq: Data Analysis Pipeline

The RNA-Seq data analysis pipeline has a number of components to process the raw data
into gene expression information. Spliced Transcripts Alignment to a Reference (STAR), is a
sequence alignment tool which is designed to address the current challenges in transcriptome
analysis such as: high mapping error rate, alignment biases, and low mapping throughput. This
tool shows a greater improvement in its ability of alignment precision and sensitivity than other
types RNA-Seq aligners for various forms of data (Dobin, 2013).

Petra et al., 2015 defines: “StringTie is a transcriptome assembler, it assembles the genes
for each dataset separately, estimating the expression levels of each gene and each isoform as it
joins them. StringTie first groups the reads into clusters then creates a splice graph for each
cluster from which it identifies transcripts, and then for each transcript, it creates a separate flow
network to estimate its expression level using a maximum flow algorithm. As a tool, it has an
improved accuracy of reproducing more complete transcriptomes by correctly identify 36—-60%
more transcripts than the next best assembler (Cufflinks) on multiple real and simulated data
sets.”

Another component of the bioinformatics pipeline used in this study is HTSeq-count.
HTSeq-count is an application within HTSeq that processes RNA-Seq alignments for differential
expression calling (Anders et al., 2014). The main application used in this study is Htseq-count.
It reads counts for each gene keeping track on how many aligned reads overlap its exons using
BAM (Binary Alignment Map) and GTF (Gene Transfer Format) files. The counts produced
from HTSeq-count can be further utilized for differential gene expression (DGE) analysis using
different visualization tools such as DESeq?2 or edgeR through R-Studio, in this study the

primary tool used is edgeR.
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Accurate quantification of transcript-level abundance is an essential component of high-
throughput RNA-Seq data analysis. Salmon is a transcript quantification software tool that
possess high speed and accuracy (Patro et al., 2015). EdgeR is the last component of the pipeline
which is available in R-Studio. This package performs differential gene analysis of count data
(genes or transcripts) using false discovery rate, and fold changes to improve interpretability of
the data produced for DGE. Like DESeq, edgeR will provide results on differential gene
expression through various visual diagrams, such as scatter plots, histograms, and box plots,

which can indicate information about the expression levels of differential genes.

I1.3: High Nighttime Temperature & 1-Methylcyclopropene (1-MCP)

Current and future climate change conditions have introduced higher temperature
conditions that have detrimental effects on various agronomical traits such as yield which can
decrease rice production. One major type of heat stress that negatively impacts rice production is
high nighttime temperature. High temperature (HT) is known to reduce rice grain yield and
quality. Exposure to HT can increase the rate of grain filling but can reduce grain weight and
yield. HT can also affect the quality of rice grain by increases chalky appearance resulting in a

reduction in economic value. (Yoshida 1977, Tashiro 1991, Huang, 2000).

High night temperature (HNT) is a type of high-temperature condition that can induce the
production of ethylene-triggered reactive oxygen species (ROS). This condition can lead to an
increase in membrane damage, which can affect various variables such as consumption,
production, and yield. A chemical agent that can inhibit the production of ROS is 1-

methylcyclopropene. 1-MCP tricks the plant into “thinking” that it is not under stress by
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competitively binding to the ethylene receptor, which causes a decrease in the chemical effects
of ethylene and leads to an improvement in the output of agronomical traits (Mohammed et al.,
2015). High temperatures tend to increase rate of grain growth but this reduces the time frame
for grain filling, thus grain dimensions. High night temperature (HNT) is known to decrease rice
yield (Cheng et al. 2009, 2010, Mohammed et al., 2009(a,b), 2010 Zakaria et al. 2002,
Yamakawa et al. 2007, Fitzgerald and Resurreccion 2009) through effects on spikelet fertility

and seed size.

I1.4: Materials & Methods
11.4.1: Plant Materials

A collection of nine rice accessions was utilized in the high nighttime greenhouse
experiment. In the GWAS study, approximately 330 rice germplasm accessions were

characterized in this genetic diversity panel study for weedy rice. The rice seeds were received

from the USDA-ARS National Small Grains Collection, Aberdeen, Idaho, USA.

I1.5: High Nighttime Temperature
11.5.1: Greenhouse Experiment

The experimental design for this study is Random Complete Block Design (RCBD) with
a total of 9 cultivars, of which 4 cultivars were used for the data analysis. For each variety, eight
reps are exposed to ambient conditions (25°C) and a second set of 8 reps is exposed to HNT
conditions (30°C). For the nighttime regime within each set of 8 reps, 4 plants receive 1-MCP
treatment, and the other 4 plants were controls (without 1-MCP treatment). In total, there were 8
plants per night temperature (NT) x chemical treatment. All leaf samples in this study were

analyzed for various types of physiological parameters.
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Rice plants were grown in 3-liter size pots filled with a clay soil. Each pot had five seeds
placed at a depth of 2.5cm. Once seedlings emerged, the plants were thinned down to one plant
per pot.. At the 20th day after emergence, the boxes were filled with water to approximately 3
cm above the top of the soil in each pot. All the plants were maintained at ambient (25°C)
conditions until the boot stage of the rice plants. At boot stage of the rice plant, half of the plants
were selected randomly and moved under heat lamps (HNT: 30°C). The remaining half of the
plants remained at ambient conditions. Within each temperature regime, randomly selected
plants (half of the plants) were treated with 1-MCP at the boot stage of the rice plants. A
reflective insulation with foil cover (ASTRO-E; Heartland Insulation Supply, Wichita, KS, USA)
was placed over the water surface in the boxes to prevent direct infrared heating of the water

(Mohammed et al., 2015).

The assignment of heat treatment to greenhouse location was random. The greenhouse
was maintained at 25 °C NT and, within this, plants of the HNT treatment were subjected to an
elevated NT (30 °C) through the use of nearly continuously controlled (sub-second response)
infrared heaters (1100 W; Chromalox, Ogden, UT, USA), as described by Mohammed and
Tarpley (2009c¢), starting at the boot stage of rice plants. The infrared heaters were positioned 1.0
m above the topmost part of the plants and provided infrared radiation enrichment. In ANT
treatments, dummy heaters were provided to account for shading. The NT was imposed from
2000 h until 0600 h, starting from the boot stage and maintained until harvest. Temperature
treatments in the greenhouse were monitored independently of the temperature-control system
through the use of standalone sensor/loggers (HOBO, H08-003-02; Onset Computer
Corporation, Bourne, MA, USA), which were placed a few centimeters into the canopy in both

portions of the study. (Mohammed et al., 2015). Data collected from this study showed that
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Antonio was a heat susceptible variety and Colorado was a heat tolerant variety (Table 1 & Table

2).

Table 1: Effects of night temperature and 1-MCP on rice yield.

% %
LI}
Cultivars ANT HNT o ANT-1MCP | HNT-1MCP | difference | difference
difference
at ANT at HNT
Antonio 9.66 + 1.09 436+£0.74 -55 10.31+£0.79 ] 11.16 £ 0.72 NS 156
Cheniere 9.87+0.72 3.60+£1.03 -64 10.29+1.13 | 2.47+0.26 NS NS
CL-151 15.17 + 0.83 8.63+£0.64 -43 1598+ 1.18 1 11.73+1.16 NS 36
Colorado 9.86+1.02 10.74 +1.83 NS 9.07+1.06 | 957+ 0.77 NS NS
Table 2: Effects of night temperature and 1-MCP on rice spikelet fertility (%).
o, % %
(1]
Cultivars ANT HNT . ANT-1MCP | HNT-1MCP | difference | difference
difference
at ANT at HNT
Antonio 79.7 £ 0.88 36.86+11.33 -54 70.8+5.57 | 71.93 + 6.63 -11 95
Cheniere | 66.94 +5.55 37.72+8.94 -44 75.12+6.83 | 14.47+493 NS -62
CL-151 91.76 £ 1.91 63.80+9.42 -30 93.17+2.13 | 73.6+6.42 NS NS
Colorado | 81.94+3.46 72.86+1.92 -11 78.19+8.71 | 62.72+2.58 NS -14

11.6: Materials & Methods

11.6.1: RNA-Sequencing

From the HNT greenhouse experiment, 32 leaf tissue samples were collected from

Antonio and Colorado. Each individual accession was moved to the heat treatment based on their

developmental progression. These samples are then collected at 5 days post exposure to high

night temperatures, at booting stage (~65 days), and flash frozen in liquid nitrogen. Physiological

data collected from the HNT greenhouse experiment depicted Antonio (heat susceptible) and

Colorado (heat tolerant) as the two-contrasting heat tolerance rice varieties. Antonio and

Colorado were selected not only for their contrasting HNT responses but also because they
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represent Southern US germplasm which is understudied concerning heat stress. The RNA
extraction was done using the Qiagen RNeasy Plant Mini kit. The layout for the treatment and
samples for analysis were as follows:

. 2 x contrasting varieties (Colorado and Antonio)

. 2 x night temperatures (25°C and 30°C)

. 2 x with 1- MCP pre-treatment and control (without 1-MCP pre-treatment)

. 4 x biological replications

These RNA samples were submitted to Texas A&M AgriLife Genomics and Bioinformatics
Service lab for RNA-Seq library preps and sequencing. The genome-wide transcriptome data
was used to identify differentially-expressed genes (DEGs) between Colorado and Antonio as
biological replicates, temperatures, and 1-MCP treatment.

Many pipelines are available to for performing differential gene expression analysis. For this
study, an updated version of the Tuxedo pipeline was used which consists of STAR, String-Tie,

HT-Seq Count, Salmon, and DESeq/Edge-R (Figure 1 & 2).

The Tuxedo pipeline is as follows:

1. Align the samples fastq reads to reference (Oryza sativa IRGSP 1.0) using STAR

aligner.

2. Assemble transcripts from RNA-Seq reads aligned to the reference (Oryza sativa

IRGSP 1.0) with StringTie.
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3. Merge all StringTie transcripts into a single transcriptome annotation file using

StringTie Merge.

4. Produce a feature count table that counts how many aligned sequencing reads map to

the reference genome by utilizing ht-seq count package.

5. Use Salmon to perform transcriptome quantification which will require a FASTA file

of the reference transcripts and FASTQ files containing reads of the samples.

6. Visualization analysis of differential gene expression using R package edgeR or

DESeq2 (Chougule, 2017).

Data produced from this pipeline was used for transcriptomics analysis. In the transcriptomics
analysis, various interactions among different parameters were analyzed. The first major subset
of comparisons of interest is among contrasting rice varieties (Antonio/Colorado) and
contrasting temperatures. In this setup, Antonio at 25°C with no 1-MCP treatment is the
reference, and Antonio at 30°C with no 1-MCP was the manipulated treatment (same setup for
Colorado). In this comparison, transcripts present in Antonio were identified that change only
due to heat stress. The second major subset of comparisons of interest is among contrasting rice
varieties (Antonio/Colorado) focusing on both heat stress and 1-MCP application parameters.
These subsets of comparisons will contribute to this study for differential gene expression
analysis. The results from this transcriptomics analysis were produced through the edgeR
package in R-Studio.From this analysis, potential genes that are involved in the ethylene and
non-ethylene response to heat stress can be identified. The results from this study can potentially

help identify HNT transcripts expressed in Colorado due to different temperature and chemical
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treatments in comparison to Antonio; these transcripts would be either indicators of major
physiological responses to HNT, or potentially involved in/related to ethylene-signaling in

response to HNT.

Align the data to
—{ the reference
genome.

Transcript
String-Tie — Assembly.

Gene counts

HTSeq-Count —— — aligned overlap
exons.

Quantifying the
expression of
T transcripts using

RMNA-seq data

Visualization (R-
DESeq2/EdgeR |y Studia).

Tuxedo Pipeline

Figure 1: RNA-Seq: Tuxedo Pipeline RNA-Seq processing and analysis workflow for all 32
samples.

. Transcript CyVerse HT-
Sequencting Assembly > Seq Count &
Facility Salmon

(String-Tie)

v

Alignment
to O. sativa
IRGSP 1.0 Expressed

CyVerse: STAR Genes
Alignment (Atmosphere,

Fastq Raw

Edge R, DESeqz2)

v

Quality

Check FastQ
(CyVerse:
Discovery

Enviroment )

( Fragment
Analyzer, RON,
Reads, RFU)

Figure 2: RNA-Seq processing and analysis workflow for all 32 samples.
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Table 3: Individual sample raw reads through STAR alignment from the Tuxedo pipeline.

SAMPLE # ‘ NUMBER OF INPUT READS

1 40059105
2 35210489
3 33493174
4 34378819
5 32466506
6 31837903
7 31711274
8 35264501
9 36084031
10 30380552
11 29284544
12 29284544
13 27259016
14 31648633
15 29763203
16 31263477
17 33417734
18 29228126
19 27764425
20 27513175
21 27185517
22 28564361
23 28087483
24 31413266
25 27437717
26 28818771
27 28782612
28 26788085
29 26937232
30 26937232
31 29101369
32 31413266
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Table 4: Summary of Illumina sequencing of transcriptome analysis.

Number of input reads | 30,562,688.56
Uniquely mapped reads number | 27,476,963.78
Uniquely mapped reads % 89.92%
Average mapped length 49.81
Number of splices: Total 3,716,558.78
Number of splices: Annotated (sjdb) | 3,525,651.22
Number of splices: GT/AG 3,673,847.81
Number of splices: GC/AG 12,286.31
Number of splices: AT/AC 901.53125
Number of splices: Non-canonical | 29,523.13
Number of reads mapped to multiple loci 2,343,239.41
% of reads mapped to multiple loci 7.64%
Number of reads mapped to too many loci 8,863.75
% of reads mapped to too many loci | 0.03%
% of reads unmapped: too many mismatches | 0.00%
% of reads unmapped: too short 2.39%
% of reads unmapped: other 0.03%

I1.7: Results

11.7.1: RNA-Seq: Differential Gene Expression Analysis using DESeq 2 and edgeR

Data derived from the RNA-Seq pipeline (Figure 1 & 2) produced a summary of the
[llumina sequencing reads (Table 13) which shows that there is an average of 30,562,688 reads
in all 32 samples of which 27,476,963 are uniquely mapped reads (89.92%) concerning the
IRGSP 1.0 reference genome. Looking at individual samples sample 1 had the highest number of
raw reads with 40,059,105 million reads and sample 27 had the lowest number of reads with

26,788,085 million reads (Table 3& 4).

Focusing on two different parameters: temperature and chemical treatment can show

variation in differential gene expression (DGE ) among samples. The parameters include:

1. Antonio (25 °C) v. Antonio (30 °C)
2. Antonio.MCP(30 °C) v. Antonio (30 °C)
3. Colorado (25 °C) v. Colorado (30 °C)

4. Colorado.MCP(30 °C) v. Colorado (30 °C)
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Transcripts identified from the Salmon pipeline are used for differential gene expression
(DGE) analysis through R-studio (Figure 3-6 & Table 5-7). All samples under temperature
treatment parameters and chemical-temperature treatment parameters identified various
differentially expressed genes (DEG)s that were filtered at various p-values (0.25-0.80) and log-
fold-changes (Ifc= 0 to 0.5).

Comparison 1 (C1) looked at the DEGs in Antonio (25 °C) vs. Antonio (30 C) filtered at
a p-value= 0.50, Ifc= 0, FDR<0.25. This produced 2,778 up-regulated transcripts and 1,713
down-regulated transcripts out of a total of 19,681 transcripts (Figure 3). Comparison 2 (C2)
looked at the DEGs in Antonio.MCP (30 °C) vs. Antonio (30 °C) filtered at a p-value= 0.80,
1fc=0, and FDR< 1.5. This produced 372 up-regulated transcripts and 328 down-regulated
transcripts (Figure 4). Within these comparisons the down-regulated DEGs from comparison 1
were scanned against the up-regulated transcripts from comparison 2 to identify a pattern of
transcripts that are repeating themselves in the opposite regulation; similarly, the up-regulated
DEGs from comparison 1 were scanned against the down-regulated transcripts from comparison
2. The purpose of this match screening process for these comparisons is to identify transcripts
involved in ethylene-response from Antonio (heat sensitive) as well as any transcripts involved
in essential physiological behavior (i.e- cellular respiration) ). By combining oppositely
regulated transcripts into one list (up-regulated (C1-matched transcripts) + down-regulated (C2-
matched transcripts)+ down-regulated (C1-matched transcritps)+ up-regulated (C2-matched
transcripts)), produce a total of 74 transcripts in total that had matching transcript IDs among the
comparisons (Figure 7, Table 5). This subset of 74 transcripts were used for matching among the
remaining comparisons. Comparison 3 (C3) looked at Colorado (25°C) vs. Colorado (30°C)

filtered at a p-value= 0.25, Ifc= 0.5, and FDR< 1.5. This produced 884 up-regulated and 93
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down-regulated transcripts (Figure 5). The transcripts in comparison 3 that were not significantly
up- or down-regulated were then matched against the 74 transcripts to produce a total of 26
transcripts overlapping with the comparisons using the Antonio genotype (Figure 7, Table 6).
Comparison 4 (C4) investigated the DGE relationship in Colorado.MCP (30°C) vs. Colorado
(30°C) filtered at p-value= 0.5, Ifc= 0, FDR< 1.5. This filtering produced 490 up-regulated DGEs
and 2,000 down-regulated DGEs (Figure 6). The up-regulated and down-regulated transcripts
were additionally manually filtered for removing overly expressed up/down-regulated transcripts
leaving a total of 596 (up-regulated) and 233 (down-regulated) neutral transcripts. These neutral
transcripts are then screened against the 74 transcripts (“C1 & 2 Opposites”) to produce final set
of 25 matched transcripts (Figure 9, Table 7). This final subset of 25 transcripts may possess
some useful functions related to ethylene response and HNT. Potential transcripts of interest
include: SAUR family gene (OS09T0545300), the WRKY transcription factor (OS12T0116700),
and nitrate reductase (OS08T0468700); these may all potentially affect, or be strongly affected
by, the interaction between HNT and ethylene response, Other transcripts may be involved in
mechanisms of cellular respiration or other novel mechanisms. This final comparison shows the
transcripts that matched through all four comparisons and can used for further gene ontology

analysis.
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Figure 3: Comparison 1- Antonio (25°C) vs. Antonio (30°C) pairwise comparison plot (DGEs).

log-fold-change
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Ife=0
Average log CPM FDR<15

Figure 4: Comparison 2-Antonio. MCP(30°C) v Antonio (30°C) pairwise comparison plot
(DGEs).

26



c1&2
OPPOSITES

Figure 5: Comparison 1 & Comparison 2 intersecting DGEs. The other set of oppositely
regulated transcripts (between comparisons 1 and 2) were also identified.
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Function of 74 DGEs displaying opposite regulation in “Comparison 1 & 2 (RAP-DB).

Table 5

TRANSCRIPT ID

FUNCTION
Kelch-type beta propeller domaln

POSITION

QS01T0165200 contalning proteln. {Os01t0165200- chr01:3362001..3367658
01);Stmllar to KEAP1.
0S01TO566800 Hypothetlical conserved gene chr01:21687795..21689199
0S01T0750900 Conserved hypothetical proteln. chr01:31492428..31452979
0S01T0764850 Hypothetlcal proteln. chr01:32223295,.32224550
Proteln of unknown functien DUFS,
QS01TO0803300 transmembrane domaln contalning chr01:34043175..34044575
protein. (Os01t0803300-01)
050270119250 Hypothetlical gene chr02:1014535..1016006
0S02T0455400 Hypothetlical conserved gene chr02:15106328..15107381
0S02T0743400 Auxin transport proteln REH1 chr02:31158975,.31161958
0S02T0771666 Hypothetlical gene chr02:32567076..32569028
0S02T0771700 Glycoslde hydrolase, famlly 17 proteln. [chr02:32567078..32570042
0S02T0774400 Hypothetical proteln. chr02:32688877..32691426
050270777400 Similarto ER {ERECTA); transmembrane |\, o) 35886861..32889740
receptor proteln kinase.
0S03T0103200 S'mllarto Physlcal Impedance Induced chr03:211082..211817
proteln,
S'mllarto Cytochrome P450 86A1{EC
QS03T0140200 1.14.-.-){CYPLXXXVI) (P450-dependent |chr03:2211807..2213793
fatty acld omega-hydroxylase).
0S03T0782200 Hypothetical proteln. chr03:32423241..32424487
QS04T0401000 Prollne-rich proteln, Blast resistance chr04:19835206..19836852
0S04T0415000 Simllarto HO622F05.5 proteln. chr04:20508625..20509566
0504710447166 Hypothetical proteln. chr04:22308320..22309009
OS05T0307100 similarta tetracycline transporter chr05:13927674..13929113
proteln.
0S05T0426100 S'mllarto predicted proteln chr05:20877785..20879887
0S05T0475475 Hypothetical gene chr05:23575212..23579528
QS06T0552900 Simtlarto SP3D. chr06:20971660..20974252
0S06T0552500 Similarto Ethylene-responsive chr06:23293383..23294073
transcriptional coactlvator.
S'mllarto MADS-box transcription factor
15. {Os07t0108500-01);APETALAL
0S07T0108900 (APL)/FRUITFULL (FUL)-ITke MADS box |, 09471934 477655
transcription factor, Specification of
Inflorescence meristem ldentity, sexual
reproduction
0S07T0491800 S'mllarto taxane 13-alpha-hydroxylase. [chr07:18328958..18330796
TON1 RECRUIT MOTIF {TRM)-contalning
0S07T0603300 protein, Regulation of graln size and chr07:24664328..24669321
shape
OS08T0425500 Endonuciease/exonuclease/phosphatas| | 0e.09450032, 20452270
e domaln contalning proteln.
0S08T0425600 Hypothetlcal proteln. chr08:20450507..20451061
Simllarto Nitrate reductase [NADH] 1 )
QS08TO0468700 (EC 1.7.1.1) {NR1). chr08:23051707..23055631
OS08T0520600 Conserved hypothetlical proteln. chr08:25888333,.25885040
Simllarto Heat stress transcription .
QS08T0546800 factor B-2b. (Os08t0546800-01) chr08:27382872..27384470
OSO08TO560000 S'mllarto glbberellln 20 ox'dase 2. chr08:28043209..28045010
051070555500 Similarto Beta-expansin. (Os10t0555900 101847828, 21849722
01);Beta-expansin precursor.
0S11T0170900 simiiarta BURP clomaln-cantaining chr11:3463917..3467995
proteln 17.
0$511T0439600 Similarto Nod factor binding lectin- |, 1114300405, 14398122
nucleotlde phosphohydrolase.
0$511T0440200 Similarto GDAL/CD3S family protein, | 1 1.14428631..14430579
expressed.
0S11T0678200 Conserved hypothetical proteln. chrl1:27408007..27409534
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Continued

Table 5

TRANSCRIPT ID

FUNCTION
Kelch-type beta propeller domaln

POSITION

QS01T0165200 contalning proteln. {Os01t0165200- chr01:3362001..3367658
01);Stmllar to KEAP1.
0S01TO566800 Hypothetlcal conserved gene chr01:21687799..21689199
0S01T0750900 Conserved hypothetical proteln. chr01:31492428..31452979
0S01T0764850 Hypothetlcal protein. chr01:32223295,.32224550
Proteln of unknown functieon DUFS,
0S01TO0803300 transmembrane domaln contalning chr01:34043175..34044575
protein. {Os01t0803300-01)
050270119250 Hypothetlical gene chr02:1014535..1016006
0S02T0455400 Hypothetlical conserved gene chr02:15106328..15107381
0S02T0743400 Auxin transport proteln REH1 chr02:31158975,.31161958
0S02T0771666 Hypothetlical gene chr02:32567076..32569028
0S02T0771700 Glycoslde hydrolase, famlly 17 proteln. [chr02:32567078..32570042
0S02T0774400 Hypothetical proteln. chr02:32688877..32691426
0S02T0777400 Similarto ER (ERECTA); transmembrane |\ oo .35aa6861.,32889740
receptor proteln kinase.
0S03T0103200 S'mllarto Physlcal Impedance Induced chr03:211082..211817
protein.
S'mllarto Cytochrome P450 86A1{EC
QS03T0140200 1.14.-.-){CYPLXXXVI) (P450-dependent |chr03:2211807..2213793
fatty acld omega-hydroxylase).
0S03T0782200 Hypothetlcal proteln. chr03:32423241..32424487
0S04T0401000 Prollne-rich proteln, Blast reslistance chr04:19835206..19836852
0S04T0415000 Simllarto HO622F05.5 proteln. chr04:20508625..20509566
0504710447166 Hypothetlcal proteln. chr04:22308320..22309009
OS05T0307100 Simliarta tetracyciine transporter chr05:13927674..13929113
proteln.
0S05T0426100 S'mllarto predicted proteln chr05:20877785..20879887
0S05T04759475 Hypothetlcal gene chr05:23575212..23579528
QS06T0552900 S'mtlarto SP3D. chr06:20971660..20974252
0S06T0592500 stmilarte Ehylena-respansive chr06:23293383..23294073
transcriptional coactlvator.
S'mllarto MADS-box transcription factor
15. {Os07t0108500-01);APETALAL
0S07T0108500 (APL)/FRUITFULL (FUL)-ITke MADS box | 05491234 477655
transcription factor, Specification of
Inflorescence meristem ldentity, sexual
reproduction
0S07T0491800 S'mllarto taxane 13-alpha-hydroxylase. [chr07:18328958.,.18330796
TON1 RECRUIT MOTIF {TRM)-contalning
0S07T0603300 protein, Regulation of graln size and chr07:24664328..24669321
shape
OS08T0425500 Endonuciease/exonuclease/phosphatas| | 0e.00450032, 20452270
e domaln contalning proteln.
0OS08T0425600 Hypothetlcal proteln. chr08:20450507..20451061
Simllarto Nitrate reductase [NADH] 1 )
OS08T0468700 (EC 1.7.1.1) {NR1). chr08:23051707..23055631
OSO08T0520600 Conserved hypothetlical proteln. chr08:25888333,.25889040
Simllarto Heat stress transcription .
OS08T0546800 factor B-2b. (Os08t0546800-01) chr08:27382872..27384470
OSO8TO560000 S'milarto glbberellln 20 ox'dase 2. chr08:28043209..28045010
0S10T0555900 Similar to Beta-expansin. {Os10t05559001 .51 847828 21849722
01);Beta-expansin precursor.
0S11T0170900 simiiarta BURP comain-cantaining chr11:3463917..3467995
proteln 17.
0$511T0439600 simiinrto Nod factar binding lectin- chri1:14390405..14398122
nucleotlde phosphohydrolase.
0$11T0440200 Similar to GDAL/CD3S family proteln, |\ 1 ,.14428631.,14430579
expressed.
0S11T0678200 Conserved hypothetical proteln. chrl11:27408007..27409534
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Continued

Table 5

TRANSCRIPTID

FUNCTION
TON1 RECRUIT MOTIF (TRM)-
containing protein, Regulation of

POSITION

0S07T0603300 . chr07:24664328..24669321
grain size and shape
(Os07t0603300-01).
Endonuclease/exonuclease/phos

0S08T0425500 phatase domain containing chr08:20450032..20452270
protein.

0S08T0425600 Hypothetical protein. chr08:20450507..20451061
Similar to Nitrate reductase

0S08T0468700 chr08:23051707..23055631
[NADH] 1 (EC1.7.1.1) (NR1).

0S08T0520600 Conserved hypothetical protein. chr08:25888333..25889040

0S08T0546800 Similar to Heat stress transcription| | 05235975 27384470
factor B-2b.

0S08T0560000 Similar to gibberellin 20 oxidase 2.| chr08:28043209..28045010
Proline oxidase domain

0S10T0550900 . . chrl0:21618211..21620554
containing protein
Similar to Beta-expansin.

0S10T0555900 (Os10t0555900-01);Beta-expansin | chrl0:21847828..21849722
precursor.
Similar to BURP domain-

0S11T0170900 . . chr11:3463917..3467995
containing protein 17.
Similar to Nod factor binding

0S11T0439600 lectin-nucleotide chr11:14390405..14398122
phosphohydrolase.
Similar to GDA1/CD39 family

0S11T0440200 chr11:14428631..14430579

protein, expressed.
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Figure 6: Comparison 3-Colorado (30°C) v Colorado (25°C) pairwise comparison plot (DGEs).

Figure 7: Intersecting DGEs present in “Comparison 3” derived from “Comparison 1 &

Comparison 2 “oppositely expressed” DGEs.
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Functions of 26 intersecting DGEs present among “Comparison 3” “not significantly up-or down-regulated “ and “Comparison 1 &2 Opposites”.

Table 6

TRANSCRIPT ID

FUNCTION
Carboxylesterase, type B

POSITION

050170642000 . . chr01:25792699..25797614
family protein.

050170740300 Hypothetical protein. chr01:30909430..30916476

050170764850 Hypothetical protein chr01:32223295..32224590
Similar to 4-coumarate--CoA

050170901600 . . chr01:39257838..39261362
ligase-like 6.

050210455400 Hypothetical conserved gene. |chr02:15106328..15107381

0502710743400 Auxin transport protein REH1. |chr02:31158979..31161998

050210774400 Hypothetical protein chr02:32688877..32691426
Ankyrin repeat domain

050570124600 N . chr05:1397305..1404503
containing protein.
Similar to taxane 13-alpha-

050770491800 chr07:18328958..18330796
hydroxylase.
Conserved hypothetical

051070569900 :
protein.
Similar to BURP domain-

051170170900 . . chr11:3463917..3467995
containing protein 17.
Similar to WRKY transcription

051270116700 chr12:824221..825793
factor 64.
Similar to NAM / CUC2-like

051270610600 . chr12:25800944..25806504
protein. (0s12t0610600-01)
Kelch-type beta propeller
domain containing protein.

050170165200 . chr01:3362001..3367658
(0s01t0165200-01);Similar to
KEAP1.

050170566800 Hypothetical conserved gene |chr01:21687799..21689199

050210119250 Hypothetical gene. chr02:1014535..1016006

050170332150 Hypothetical protein. chr01:12870691..12873687
Conserved hypothetical

050170532300 . chr01:19200090..19201308
protein.
Hypothetical conserved gene.
(0s01t0647200-01);Non-

050170647200 . . . chr01:26086062..26088337
protein coding transcript.
(0s01t0647200-04)

050310782200 Hypothetical protein. chr03:32423241..32424487
Proline-rich protein, Blast

050470401000 resistance (0s04t0401000- chr04:19835206..19836892
01);Similar to Pi21 protein.
Similar to Beta-expansin.
(0s10t0555900-01);Beta-

051070555900 . chr10:21847828..21849722
expansin precursor.
(0s10t0555900-02)
Protein of unknown function

0S01T0803300 DUF6, transmembrane domain |chr01:34043179..34044975
containing protein.
Protein of unknown function

050210119250 DUF6, transmembrane domain |chr01:34043179..34044975
containing protein.
Similar to ER (ERECTA);

0502710777400 transmembrane receptor chr02:32886861..32889740
protein kinase.

050470447166 Hypothetical protein. chr04:22308320..22309009
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Figure 9: Intersecting DGEs among “Comparison 4” and “Comparison 1&2 Opposite” DGEs.
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Functions of 25 matched DGEs derived from “Comparison 4” DGEs and “Comparison 1&2” DGEs.

Table 7

TRANSCRIPTID

FUNCTION
Similar to cDNA

POSITION

050170233900  |clone:J013003E06, full insert chr01:7404911..7409638
sequence. (0s01t0233900-01)
Similar to Neutral invertase-like
protein (Fragment).

050170332100 . chr01:12870240..12874218
(0s01t0332100-01);Similar to
Invertase. (0s01t0332100-02)

0S01T0532300  |Conserved hypothetical protein. [chr01:19200090..19201308
Cytochrome P450 domain

050170543600 N . chr01:20124194..20126848
containing protein.

0S01T0543800  |Hypothetical protein. chr01:20124383..20126778

0S01T0740300  |Hypothetical protein. chr01:30909430..30916476

0S01T0750900  |Conserved hypothetical protein. [chr01:31492428..31492979

0S03T0782200  |Hypothetical protein. chr03:32423241..32424487

0S05T0479475  |Hypothetical gene. chr05:23579212..23579928
Mitochondrial substrate carrier

050870520000 . . chr08:25848686..25852963
family protein.
SAUR family protein, Negative

0S09T0545300  |regulator of auxin synthesis and [chr09:21565770..21566461
transport

0S01T0566800  |Hypothetical conserved gene.  [chr01:21687799..21689199

050170706800  |Similar to agglutinin. chr01:29323176..29323982

050270119250  |Hypothetical gene. chr02:1014535..1016006
Glycoside hydrolase, family 17

050210771700 . chr02:32567078..32570042
protein.
NAC Family transcriptional
activator, Abiotic stress

0S03T0327800  |response, Positive regulator of  [chr03:11973989..11976381
leaf senescence (0s03t0327800-
01)

0S03T0431600  |Hypothetical conserved gene.  [chr03:18119653..18121181
Similar to Pollen specific protein

0504710398700 chr04:19693167..19694275
C13 precursor.

0S04T0415000  |Similar to H0622F05.5 protein.  [chr04:20508625..20509566
ATPase, AAA-type, core domain

050710192000 L . chr07:4969408..4971145
containing protein.
Endonuclease/exonuclease/phos

0S08T0425500 |phatase domain containing chr08:20450032..20452270
protein.
Similar to Nitrate reductase

0S08T0468700  |[NADH] 1(EC1.7.1.1) (NR1). chr08:23051707..23055631
(0s08t0468700-00)
SAUR family protein, Negative

0S09T0545300  |regulator of auxin synthesis and [chr09:21565770..21566461
transport (0s09t0545300-01)

051070529600  |Hypothetical protein. chr10:20597016..20599106
Similar to WRKY transcription

051270116700 chr12:824221..825793

factor 64.
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I1.8: RNA-Seq: Gene Ontology
To identify the molecular and biological components related to the highly expressed
DEGs in the given parameters a gene ontology analysis was done using WEGO 2.0

(http://wego.genomics.org.cn/). The 25 transcripts from comparison 4 was input into the WEGO

tool for gene annotation analysis. There were no significant GO terms discovered with this
subset of 25 transcript terms (Figure 8 & 9). But, with respect to the reference these transcripts
may have potentially had a strong cellular component (cell part, marcomolecular complex, and

organelle part: ~75%). Further analysis would need to be done to determine the ontology of these

transcripts.
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Figure 10: Gene Annotation graph representing all potential cellular, molecular, and biological
components among the final 25 transcripts with respect to the reference genome (Oryza sativa-
Japonica).
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http://wego.genomics.org.cn/

Figure 11: WEGO (Web Gene Ontology Annotation Plotting) summary of final subset of
25 transcripts present across all comparisons.

I1.9: Discussion

RNA-Seq is a powerful and efficient tool for mining genes that are related to specific
functions. In this study, transcriptome analysis for heat tolerance DGE in contrasting rice
varieties (Antonio and Colorado) was performed and obtained a total 37.4 Gb of transcriptome
data. Over 27 million clean reads were obtained from the samples of TruSeq RNA (total RNA)
library and found many upregulated and downregulated DEGs among the library. The filters (p-
value, FDR, and Ifc) for each comparison were very loose (p-value > 0.05, FDR > 0.05, and Ifc =
0) due to the extremely low numbers of differential genes being expressed, which would hinder
complete comparison analysis in this study. The DEGs data provided comprehensive gene
expression information for heat tolerance/1-MCP treatments on identical genotypes, facilitating
our understanding of the molecular mechanisms of rice under these treatments in response to
high nighttime temperature and 1-MCP.

Findings from this study showed that the 29 transcripts did not have a unique GO but that
the reference genome associated with these transcripts did show >75% cellular component
behavior. Further analysis needs to be done on the potential transcripts that have functions which
impact ethylene response, cellular respiration, and HNT behavior (Refer to Results). The specific

transcripts that responded oppositely (with respect to up- or down-regulation) to HNT and MCP
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(blocks ethylene response) in the sensitive variety, yet showed no significant differential
response to either HNT or MCP in the tolerant variety, provide clues on the nature of HNT

tolerance in Colorado involving regulation of the ethylene response.
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CHAPTER III
GENOME-WIDE ASSOCIATION STUDY (GWAS) OF EXOTIC RICE

TRAITS

IIL.1: Literature Review
I11.1.1: Exotic Traits in Rice

Many genetic donors for stress-tolerance traits are exotic landrace varieties that share a
number of negative traits with wild and weedy rice species, such as red pericarp color, black
hulls, and the presence of awns. Weedy red rice (Oryza sativa spontonea) is a problematic weed
present in many major rice-producing countries around the world. It can be speculated that
weedy rice may have been produced due to the hybridization between cultivated rice (O. sativa)
and wild rice (O. rufipogon) (Londo et al., 2007). In the United States, red rice is grouped into
two subclasses: straw-hulled and black-hulled. Straw-hulled is the most common type of rice
openly available and consumed in the U.S. Within these subclasses, their varying traits can
classify red rice in seed color and awning (Vaughan et al., 2001). Weedy rice tends to have
some undesirable agronomic traits that can pose a significant threat to sustainable global rice
production (Nadir et al., 2017). In this study the exotic rice traits of focus will be red pericarp,
awns, and black hull.

111.1.2: Red Pericarp (Rc)

Rice, Oryza sativa, was domesticated in Asia and is now grown in every country around
the world with exception of extremely cold areas (Antartica). Rice consists of two subspecies,
indica and japonica, whose unique genetic identities are identified since ancient times. The
genetic makeup of these subgroups are maintained by inbreeding and sterility barriers

encompassed in O. sativa (Oka et al. 1988, Glaszmann et al. 1987, Garris et al. 2005). The major
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subspecies consist of five distinct subpopulations, indica, temperate japonica, tropical japonica,
aus, and aromatic (Sweeney et al., 2007). Genetic analysis and calculations can derive the most
recent time of divergence for Indica and Japonica concerning their most recent common ancestor
to be more than 100,000 years ago (Vitte et al. 2004, Vaughan et al. 2003, Ma et al. 2004). Most
rice cultivars grown and consumed today have a white or light brown pericarp, unpolished rice
grains ‘‘brown rice.”” The most important trademark of rice domestication is the attribute of
changing pericarp color from red to white. The Rc gene is a domestication gene vital for red
pericarp appearance in rice. Red grain color is common among the wild ancestors of rice and is
linked with seed shattering and dormancy traits (Sweeney et al., 2007).

Sweeney et al. (2006), studied the red pericarp traits with the goal of gaining a better
understanding of the genetics, association of the red pericarp with other weedy traits, and the
molecular biology of the red pericarp trait. This information will potentially lead to better
management practices associated with red rice. In this experiment a BC2F2 population was
constructed using Oryza sativa Jefferson and Oryza rufipogon. QTL analysis was used to
identify the locus for red grain on chromosome 7. A combination of various analysis tools such
as, fine-mapping and sequence comparisons showed that a bHLH protein on
LOC 0s07g11020.1 was responsible for mutant alleles Rc and Rc-s related to the red pericarp.
Seed color change from red to white is defined by a SNP that contains a 14-bp deletion that
knocked out the gene function of color change (Sweeney et al., 2006). The 14-bp deletion tends
to create a white pericarp instead of a red pericarp in rice (Sweeney et al. 2006; Furukawa et al .
2007). The rc allele which contains the 14-bp deletion is present in more than 97% of white

pigmented cultivars located on exon 7.
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Gross et al. (2010), performed a study looking at the origin of red rice in the United
States. This study consisted of a diverse panel containing 156 weedy, domesticated, and wild
rices. This experiment aims to evaluate DNA sequence patterns related to the Rc locus which can
help in determining the origin of the red pericarp rice in the United States. Analyzing this
diversity panel for variation at the Rc locus showed weed strains with the most considerable
degree of differentiation from japonica varieties. The japonica varieties contain a derived rc
allele that dominates over the other varieties. The least amount of variation is present in aus
varieties and O. rufipogon. Genome-wide variation studies on US weeds tend to show that
blackhull awn (BHA) and straw hull awnless (SH) traits are closely related to domesticated
varieties of rice (Londo & Schaal 2007; Gealy et al. 2010). This evidence leads one to believe
that no US weeds have the 14-bp deletion or any accessions that have with reversion attributes

from nonfunctional alleles (Gross et al., 2010).

1I1.1.3: Awns

Information gathered from archeological and genetic studies have shown that the Asian
cultivated rice was domesticated from its ancestor of the wild rice species Oryza rufipogon 8000
years ago (Zong et al., 2007; Fuller et al., 2009; Izawa et al., 2009; Huang et al., 2012). Wild rice
tends to express a various number of number of traits, such as seed shattering, long awns, black
hulls, and few grains per panicle. These unique traits are critical for the survival of wild rice
survival under harsh environmental conditions. Cultivated rice on the other hand, has reduced
seed shattering and dormancy, awn length, and less likelihood of pericarp and hull color changes
(Kovach et al., 2007; Sweeney and McCouch, 2007). The awn is one of the most visible

morphological trait of rice seeds and is also found in other cereal crops as well, such as wheat
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(Triticum aestivum), barley (Hordeum vulgare), oats (Avena sativa), and sorghum (Sorghum
bicolor). The awn is defined as an extension-like structure located on the apex of the lemma of a
spikelet. Awns can be of varying length, color, texture and shape. Awns tend to have essential
roles within the rice ecosystem specifically, long awns are reported to aid in seed dispersal and
protect cereal grains from animal predation (Elbaum et al., 2007). However, long awns are not
favorable during harvest and storage purposes; hence, they were artificially selected against
during domestication. Although this trait is considered undesirable in rice, it is still useful in
other cereal crops such as wheat and barley by contributing to aid in the process of
photosynthesis and yield (Abebe et al., 2010). Most cultivated rice have no awns or very short
awns and does not aid much in the photosynthesis process (Toriba et al., 2010). Much is still
unknown about the various mechanisms that control the behavior of awns so, more studies need
to be implemented to gain a deeper understanding of awns.

In addition to the known An-1 locus (Os04g0350700) which regulates the long-awn trait
in wild rice (Luo et al., 2013), Gu et al. (2015), performed a study analyzing the gene An-2
(Os04g0518800) with respect to its role in increasing awn length and grain production in rice.
This experiment showed that An-2 has genetic variation that may reduce awn length and increase
grain numbers. Nucleotide diversity analysis of the An-2 locus in cultivated rice was found to be
significantly reduced compared with that of wild rice. This suggests that the An-2 locus has
undergone artificial selection due to reduced awn length and increased grain yield in cultivated
rice.

Furata et al. (2015), looked at the convergent loss of the awn trait among two rice
varieties (O. sativa and O. glaberrima) due to mutations at two different loci. Three sets of

chromosome segment substitution lines (CSSLs) are evaluated in a conventional O. sativa
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genetic background (cv. Koshihikari) that harbor genomic fragments from Oryza nivara, Oryza
rufipogon, and Oryza glaberrima donors. Phenotypic analyses revealed the existence of three
awn-related genes, Regulator of Awn Elongation 1 (RAE1), RAE2, and RAE3, who are involved
in the process of losing the long awns in cultivated rice. Donor segments at RAE1 and RAE2,
induced long awn formation in the CSSLs in O. sativa, but RAE3 induced long awn formation in
O. glaberrima. These findings showed that O. sativa and O. glaberrima take independent

pathways to become awnless.

11T 1.4: Black Hull

The hulls of cereals are considered to play a role in the protection of seeds from physical
damages and also oxidative damages (Ramarathnam et al., 1986). Pigments inside plants have
important roles in antioxidant activity, defense against fungi, and protection against UV radiation
(Shirley, 1996; Huang et al., 2012), but the pigments inside hulls have an essential role to protect
the seeds. Cultivated rice (Oryza sativa) has its origin derived from the domestication of Oryza
rufipogon and Oryza nivara (Khush, 1997; Cheng et al., 2003; Kovach et al., 2007; Sang and Ge,
2007). Wild rice species have unique traits such as, seed-shattering and black-colored seed hulls.
There are a number of genes known to control seed-shattering habit, red grain pericarp, and grain
discoloration (Konishi et al. 2006; Li et al. 2006, Sweeney et al. 2006, Yu et al., 2008). The color
of the black hull is controlled by a few corresponding genes, Maekawa (1984) reports that there
are three complementary genes, Bh-a, Bh-b, and Bh-c, which control the black hull trait. But the
basis for the color change from straw hull to black hull is still unknown.

Zhu et al. (2011), performed a study looking at genetic factors that control the hull color

change process from black hull to straw-white hull in diverse rice cultivars.
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A cross is performed between W1943 (O. rufipogon: black hull) and Guangluai 4 (O. sativa
indica: straw-white hull) is used to look into the hull color change factors. The Black controlled
the black hull of O. rufipogon hull4 (Bh4: Os04t0460200) gene, which is located on
chromosome 4 and functions as an amino acid transporter. The genetic mechanism of the Bh4
gene for hull color is controlled by a 22-bp deletion located in exon 3 which disrupts the hull
color mechanism. This gene disruption causes a straw-white hull to appear in cultivated rice.
Results obtained from the Kreitman-Aguade test used in this study presented a reduction in
nucleotide diversity in rice cultivars used in this experiment which may be caused by artificial
selection. This study was able to confirm that Bh4 gene, that causes the black hull trait to appear
in wild rice species (Zhu et al., 2011).

Advancements in molecular genetics allow the application of gene editing techniques to
be used to knock-out the major undesirable characteristics associated with exotic rice accessions
and cultivate more versatile genetic donors for future stress-tolerance breeding programs. To
reach this long-term goal, a genome-wide association study can be used to identify the genetic

basis for exotic traits in rice.

II1.1.5: Exotic Rice: Genome-wide Association Study
Genome-wide association studies (GWAS) has the capacity to overcome various

limitations present in traditional gene mapping by:

1. Establishing a higher resolution at the geneitic level;
2. Improved analysis by using samples from previously used populations where commonly
occurring genetic variations can be associated with phenotypic variation (Brachi et al.,

2011).
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In this study, three important exotic rice traits are investigated: red pericarp (Rc), black hull
(Bh4), and awns (An-1). Most rice that is grown and consumed in the world today has a white
pericarp. But, due the range of diversity present in various rice subgroups rice grains have a
brown, red, and purple pericarp. Red pericarp is common among the wild ancestors of cultivated
rice, and in some regions of the world red rice cultivars are considered a rare delicacy, and are
heirloom passed down from their ancestors to current generations. Red rice cultivars are also
preferred for their taste, texture, and ceremonial value. Rc is a domestication gene that produces
a red pericarp in rice that also encodes for a basic helix-loop-helix (bHLH) protein (Sweeney et
al., 2006). Red rice typically has traits related to seed shattering, seed dormancy, and red
pericarp, which may belong to cultivated rice (O. sativa) or wild rice (O. rufipogon) which are
not native to the United States (Vaughan et al.,2001).

The black seed hull is common among wild rice species. Black hulls seem to always be
associated with the seed-shattering trait present in wild rice. The seed-shattering trait is the key
functional trait for survival in wild rice and therefore, the black hull is assumed to be the natural
color for wild rice hulled grains (Zhu, 2011). The major-effect gene responsible for black hull vs.
straw hull phenotype is Black hull 4 (Bh4) on rice chromosome 4, which encodes an amino acid
transporter that is only expressed in fully maturing hulls (Zhu et al., 2011). Loss of the black hull
will potentially reduce seed shattering and improve yield in rice production.

The awn is one of the morphological characteristics of rice seeds and is also found in
other cereal species. Although awns have some usefulness in certain cereal crops such as wheat
and barley it is typically undesirable in rice (Abebe et al., 2010). Awn-1 (An-1), which is located

on chromosome 4, encodes a basic helix-loop-helix (PHLH) protein and regulates the long-awn
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trait in wild rice (Luo et al., 2013). Gene editing for awn loss would increase grain numbers and
subsequently improve grain yield in the cultivated rice domestication process over time.

Identification of single nucleotide polymorphisms (SNP) markers using an Illumina 7K
SNP (developed by Dr. Susan McCouch at Cornell University) will aid in the genotyping process
for exotic rice traits for this GWAS study. [llumina Genome Studio, Tassel, and Gapit are the
SNP analysis software tools that will help with the in-depth analysis of SNP variants associated
with the exotic rice traits. Once significant QTLs are identified across various chromosomes,
candidate genes in these regions can be selected for further validation. The information from
these projects will help with the development of sgRNAs (single guide RNA) as part of the
CRISPR/Cas9 gene editing system to test if specific candidate genes control the traits of interest.
The sgRNA contains a 20-nt target sequence along with PAM motifs which are specific to target
DNA sequences (Biolabs, 2018). Designing sgRNAs will be useful in targeting the genes

controlling undesirable traits of exotic rice in future CRISPR/Cas9 experiments.

I11.2: Materials & Methods
II1.2.1: Phenotyping of Exotic Rice Traits

In this project, phenotypic data on exotic rice traits was collected from a seed increase
plot consisting of 300 accessions. In this design, each row contained five plants belonging to a
single accession with no replications. The main exotic rice characteristics of focus were: awn,
black hull, and red pericarp color. Specifically, data on morphological traits relating to awn

length and color, hull color, and post-harvest endosperm color.

Awn length was taken from 3 random plants for each accession, and measurements (mm)
were made from 1 random grain on each plant with the average calculated for each set. With

respect to awn, color panicles were observed overall to determine uniformity in color by using
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the International Rice Research Institute SES awn color scale (Chaudhary, 1996). This same
procedure was used for analyzing hull color except the scale used was the USDA GRIN hull
color scale. In GWAS post-harvest analysis focuses on endosperm color. A total of 20 rice grains
were collected from each accession where 10 grains are de-hulled, and data on bran color will be

collected using USDA-ARS bran color scale ("Rice bran color samples: USDA ARS", 2018).

111.2.2: Genome-wide Association Study (GWAS) on Exotic Rice

The complied phenotypic data along with Illumina 7K SNP genotypic data was analyzed
through Illumina Genome Studio and Tassel software to identify SNPs that control these exotic
rice characteristics through a mix linear model (MLM). A mixed model includes both fixed and
random effects. Including random effects gives MLM the ability to incorporate information
about relationships among individuals (Buckler, 2014). MLM performs an association test for
each combination of traits and markers. The visualization diagrams produced from the MLM
model will be further put in use to design Manhattan plots which can indicate the most robust
associated SNPs on a particular chromosome which may be highly correlated to the level of
expression of various traits (awn, black hull, and red pericarp) relating to exotic rice. The GWAS

pipeline is as follows:

1. Load raw data in Genome Studio (Sample Sheet + Raw Data + I[llumina Map File).
2. Filter out poorly clustered SNPs (use GenTrain/GenCall scores).

3. Export SNP file into Plink format using Report Wizard

4. TImport Plink files into TASSEL and format the files into Hapmap (genotype).

5. Import phenotype data into TASSEL and merge genotype/phenotype file.

6. Run GLM to verify validity through Manhattan plot.
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7. Run Structure for population structure analysis.
8. Obtain Kinship matrix.

9. Run MLM for final GWAS analysis.

Furthermore, the results obtained in this GWAS study will lead to candidate genes that can be
used to initiate gene editing projects (CRISPR/Cas9, sgRNA design) to validate the genes

controlling these exotic rice traits.

II1.3: Results

1I1.3.1: Genome-wide Association Study of Exotic Traits

A total of 303 accessions were analyzed for this study. Samples that did not have
complete data on awn length, awn color, hull color, due to unexpected field conditions were
removed from the final phenotypic data set. The pipeline discussed in material and methods was
followed through till the Manhattan plot design. The Illumina 7K SNP was used to detect SNPs
expressed in exotic rice. Figure 12 shows the Manhattan plot (Gapit) for awn color among these
samples, the most significant SNPs were located on chromosome 9, 10, and 12. Previous studies
indicate that the awn trait is located on chromosome 4 but these findings for awn color may be a
novel finding. Figure 13 shows the highly expressed SNPs for the awn length trait, the SNPs
were located on chromosome 4,6,7, 10, and 12 being the most significant. Figure 14 evaluates
SNPs for hull color with the most highly expressed SNP located on chromosome 12. The final
trait evaluated in figure 15 is endosperm (pericarp) color, the Manhattan plot indicated a
significant SNP on chromosome 1 and 3. Further analysis has to be done with this data by

completing population structure analysis, kinship matrix, and a final MLM analysis.
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Figure 15: Manhattan plot identifying SNPs of endosperm color (pericarp) color trait.

I11.4: Discussion

Weedy rice (Oryza sativa f. spontanea) is of the Poaceae is a weed present in rice fields
around the world most commonly present in South/Southeast Asia, North and South America,
and Europe (Ferrero et al., 1999; Mortimer et al., 2000). Weedy rice is generally defined by its
undesirable traits of seed shattering and seed dormancy, which increases the chances of weedy
rice to be spread across rice fields. As an infamously detrimental weed occurring in rice fields, it
typically causes decreases yield output and negatively impacts grain quality (Hoagland and Paul,
1978). Most weedy rice grains have red pericarps once dehulled which is why it is called red rice
(Gealy et al., 2003). Analyzing various exotic rice traits will allow provide an in-depth
understanding about the degree and distribution of the genetic diversity.

In this study a diversity panel of 330 accession were to be used for a genome-wide
association study focusing on exotic rice traits such as, red pericarp, black hull, and awns. Due to
unfavorable environmental conditions (hurricane Harvey) the panel size shrunk down to 303
accessions. Phenotypic data collection for awn color, awn length, hull color, and pericarp color
varied from accession to accession. Some accession had complete data for each category but

others did not due not flowering, lodging, and seed shattering. GWAS analysis is used to detect
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the Illumina 7k SNP markers associated with the genotype data. [llumina Genome Studio after
filtering based on GenTrain score had a total 6098 SNPs remaining from the 7K SNP data which
is utilized for further analysis in Tassel. The merged data (genotype+ phenotype) produced
respective Manhattan plots, using Gapit, pertaining to the exotic rice traits in this GWAS through
general linearized model (GLM; Figures: 12-15). Previous studies have indicated that the Rc
gene is located on chromosome 7 (Gross et al., 2010; Sweeney et al., 2006 & Gu et al., 2011) but
our findings based on the Manhattan plot indicate the most significant SNP located on
chromosome 3. The black hull is located on chromosome 4 (Zhao et al., 2012 & Zhu et al., 2011)
our results of analyzing the diversity panel indicated SNPs located on chromosome 12. Awn
traits can be located on chromosome 1, 3,4,5, 6, or 8 (Matsushita et al., 2003; Kinoshita et al.,
1984; Takamure et al., 1991; Yoshimura et al., 2004; Li et al., 2017; Huang et al., 2012). With
respect to awn color (chromosome 6) the results from this study showed SNPs were located on
chromosome 9 and 10. Awn length (previous literature: chromosome 1,3,4,5 and 8) SNPs were

identified on chromosome 4,6,7, 10, and 12.
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CHAPTER 1V

CONCLUSION

IV.1: High Nighttime Temperature

Overall data showed a maintenance in physiological responses of Colorado and Antonio
under HNT:1-MCP treatment in comparison to ambient conditions (Tables 1&2). The results
clearly identified Colorado as the heat tolerant variety and Antonio as the heat susceptible

variety.

IV.2: RNA-Seq

Results identified a subset of 74 unique transcripts of which 29 transcripts matched
across all comparisons. Several transcripts may be involved in ethylene and HNT behavior.
Potential transcripts include: SAUR family gene (OS09T0545300), the WRKY transcription
factor (OS12T0116700), and nitrate reductase (OS08T0468700). Other transcripts may be
involved in cellular respiration related mechanisms. Gene ontology (GO) did not identify any
unique GO terms with respect to the 25 transcripts. Future studies can analyze these transcripts at

the protein-level and potentially be used for future gene editing projects.

IV.3: Genome-wide Association Study

The results from this GWAS study may have discovered mostly novel QTLS on different
chromosomes. QTLs belonging to awn color are located on chromosome: 9,10, & 12. Awn
length QTLs are on chromosome: 4,6,7,10, &12. QTLs for hull color were located on

chromosome 12 and endosperm color were located on chromosome 3. The various SNPs
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discovered for exotic rice traits (awns color, awn length, black hull, and red pericarp) can be
further tested through cloning the genes from major QTLs and design markers based on the

QTLS.

IV.4: Future Direction: Gene Editing and sgRNA Designing

Candidate gene targets of exotic rice traits of red pericarp, awns, and black hull are the
gene editing targets. Therefore, they will have sgRNAs designed for the first exon of each gene
to knock-out the gene function using CRISPR/Cas9. The weedy rice genes for their respective
traits: red pericarp (Rec: Os07g0211500), awns (An-1: Os04G0350700), and black hull (Bh4:
0S04G0460200) can be found on Oryzabase. The sequences associated with these genes are
found on Gramene. DNASTAR: MegAlign Pro, designs multi-alignment reports for each
individual weedy rice target trait. The reports can be used to identify SNPs for each attribute

which will aid in primer design.

For red pericarp, comparisons are made with the following sequences: Nipponbare Rc,
Nipponbare AP014963, Rc BAC Clone Ap005098.4, and Kasalath. The awn trait can have
comparisons made among An-1 Nipponbare, Nipponbare Awn BLAST AP014960.1, Awn 1 BC
Clone AC090882.10, An-1 BLAST mRNA_ XM-015780181.1, and Kasalath reverse
complement. Sequences to be compared for black hull include Bh4 Nipponbare, Nipponbare
Bh4 BLAST AP014960.1, Bh4 BAC Clone AL606460.3, Bh4 cDNA FQ 377519.1, and

Kasalath.

When designing primers for the candidate genes, all primers are designed for Nipponbare

(Japonica) from Gramene. Primer design can help in finding overlapping exonic regions
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between variants. In the sequences for candidate genes only exon 1 or exon 2 are selected as
target sequences for primer design. The chosen exon sequences are put into Primer3, a primer
design tool, which produces outputs that indicate the forward and reverse primers for the
respective sequences. For each exotic rice trait, approximately two sets of primers (forward and

reverse) are designed, where one set serves as backup primers (Table 8).

Table 8: Potential primers for Rc, Bh4, and An-1

Name Sequence

Rc. EX1-EX2. F1 TCTCGATCATCCACGAGCTA
Rc. EX 1-EX2. R1 TTTAGGGTTTCTGGCTCCAA
Rc EX 1-EX2. F2 TCAATTCTTCCATCCCCAAC
Rc EX 1-EX2. R2 CGTGGATCAACACACCGATT
Bh4 EX1F1 CTTGCATGAATGGCCTCAAT
Bh4 EX1R1 TGACCTTTGCAAATTGGTTG
Bh4 EX 1 F2 CTTGCATGAATGGCCTCAAT
Bh4 EX 1 R2 TGACCTTTGCAAATTGGTTG
AnlEX2 F1 CGTGCTGTAGCAGGAGTTGT
AN1 EX2 R1 CCATCACTTCTCCGATCTCC

To confirm if the primers are working correctly PCR is run extracted DNA (N22 and Pokkali) to
verify the target PCT product size. If the size is correct, then the samples will be sent for Sanger
sequencing once purification is complete. Based on the Sanger sequence results gRNAs can be
designed and CRISPR/Cas9 construct vectors can be developed using the Golden Helix protocol.
The vectors will be used for future studies to knock out undesirable exotic rice traits. Each of the
respective findings in these projects can be utilized for further advancement of rice crop
improvement for heat tolerance. Essentially the results obtained in this study can be used to

design breeding programs for heat tolerance in the near future.
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