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ABSTRACT 
 

Assembly of Two CCDD Rice Genomes, Oryza grandiglumis and Oryza latifolia, and 
the Study of their Evolutionary Changes 

 
Aseel Alsantely 

 

Every day more than half of the world consumes rice as a primary dietary resource. Thus, 

rice is one of the most important food crops in the world. Rice and its wild relatives are 

part of the genus Oryza. Studying the genome structure, function, and evolution of Oryza 

species in a comparative genomics framework is a useful approach to provide a wealth of 

knowledge that can significantly improve valuable agronomic traits. The Oryza genus 

includes 27 species, with 11 different genome types as identified by genetic and 

cytogenetic analyses. Six genome types, including that of domesticated rice - O. sativa 

and O. glaberrima, are diploid, and the remaining 5 are tetraploids. Three of the 

tetraploid species contain the CCDD genome types (O. grandiglumis, O. latifolia, and O. 

alta), which arose less than 2 million years ago. Polyploidization is one of the major 

contributors to evolutionary divergence and can thereby lead to adaptation to new 

environmental niches. An important first step in the characterization of the polyploid 

Oryza species is the generation of a high-quality reference genome sequence. 

Unfortunately, up until recently, the generation of such an important and fundamental 

resource from polyploid species has been challenging, primarily due to their genome 

complexity and repetitive sequence content. In this project, I assembled two high-quality 

genomes assemblies for O. grandiglumis and O. latifolia using PacBio long-read 

sequencing technology and an assembly pipeline that employed 3 genome assemblers 

(i.e., Canu/2.0, Mecat2, and Flye/2.5) and multiple rounds of sequence polishing with 
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both Arrow and Pilon/1.23. After the primary assembly, sequence contigs were arranged 

into pseudomolecules, and homeologous chromosomes were assigned to their respective 

genome types (i.e., CC or DD). Finally, the assemblies were extensively edited manually 

to close as many gaps as possible. Both assemblies were then analyzed for transposable 

element and structural variant content between species and homoeologous chromosomes. 

This enabled us to study the evolutionary divergence of those two genomes, and to 

explore the possibility of neo-domesticating either species in future research for my PhD 

dissertation. 
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1. INTRODUCTION 

1.1 Rice 

Rice is one of the most important food crops globally, where it is consumed daily by 

more than half of the world population as part of their primary dietary resource [1]. Rice 

is a staple food in most Asian countries, such as China and India, as it can thrive in their 

humid tropical or subtropical environments (Figure 1) [2]. Indeed, rice's highest 

consumption is by Asian countries, where it exceeds 100kg per person per year [2]. Of 

note, Saudi Arabia is one of the top five importers of rice, which indicates the importance 

of rice genomic studies and an increase in production (Figure 1) [2]. The rice used in 

human diets is derived from two domesticated species - Oryza sativa (Asian rice) and 

Oryza glaberrima (African rice) [1]. Several studies have hypothesized that the 

domestication of Asian rice occurred about ten thousand years ago in western Asia [1] 

and resulted from multiple continuous events over a long period [4]. 

Of significance, the world is estimated to require 852 million tons of rice by 2035 [5], 

thereby requiring an 11% increase in rice production over that same period of time. Thus, 

it is of upmost importance to find new solutions to meet this demand through a variety of 

paths from the incorporation of best agronomic practices to the utilization of genetic 

diversity and molecular genetics. 

One virtually untapped source of genetic diversity that can be utilized to improve 

cultivated rice can be found in its close wild relatives within the genus Oryza [6]. The 

study of these wild relatives would help to shed light on the history of divergence, 

morphology, and physiology of the genus [1]; and, in turn, could inform concepts to neo-
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domesticate several Oryza species that have adapted to regions where domesticated rice 

does not thrive [1]. 

 

Figure 1. Global map of rice consumption, imports, and exports [3]. 
 

1.2 Oryza Polyploidy Species 

There are 27 extant species belonging to the Oryza genus [7-12]. The diploid species 

have 2n = 24 chromosome sets, assigned by cytological experiments to six genome types:  

AA, BB, CC, EE, FF, and GG [7-12]. The genomes of the polyploid Oryza species 

genomes have n = 24 and have been assigned to the following genome types BBCC, 

CCDD, HHJJ, HHKK, and KKLL [7-12]. The availability of polyploid species of the 

same genus with the same genome types offers a valuable experimental system for the 

specific study of the consequences of natural polyploidy [13]. To fully exploit this 

opportunity, the availability of a high-quality genome assembly for a representative 

species of each genome type is of fundamental importance [14]. Until now, there are no 
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high-quality reference genomes for the CCDD genome species, which include O. 

latifolia, and O. grandiglumis, and O. alta. Since O. alta has already been assembled in 

the Wing lab by Professor A. Zuccolo, I focused my research on the remaining CCDD 

genome species, O. grandiglumis and O. latifolia, species to study their evolutionary 

history and potential as neo-domestication candidates. 

           1.2.1 Oryza grandiglumis  

O. grandiglumis is a wild Oryza species with a CCDD genome native to the Amazonian  

flooded regions of South America (Figure 2) [2, 15, 16]. The genome size of this species 

is estimated to be ~ 890 Mbp, almost twice that of cultivated Asian rice [5]. It has a 

different morphology compared to other Oryza species with its large leaves and plant 

structure, like having open panicles and long ligules [5]. Interestingly, O. grandiglumis 

has a large number of resistance genes to both biotic stresses, like fungi and bacteria, and 

abiotic stresses, like wounding and flooding [17, 18].  

In a study that exposed O. grandiglumis to both stress types [17], Kim et al. (2005) 

screened for differentially expressed transcripts to identify defense related gene 

expression. The authors recognized several abiotic defense genes in O. grandiglumis, 

such as metallothionein, which lowers the effect of heavy metal treatments and other 

stress forms [17]. They also detected biotic defense genes like oryzain, a cysteine 

proteinase that takes part in the hypersensitive response to plant pathogens by limiting 

susceptibility to both fungal and bacterial pathogens [17, 19].  

One of the most interesting phenotypes of O. grandiglumis is its ability to live in flooded 

regions along the Amazon due its height [15]. Indeed, O. grandiglumis is a tall plant with 

a height of around 760 cm [5]. This enables it to endure hypoxic stress due to low gas 
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diffusion during flooding [15], by a mechanism(s) that has yet to be determined for this 

species. Water levels in the Amazonian regions where O. grandiglumis is found, is 

estimated to be around 10 m in height during the rainy season [20]. This height exceeds 

by 3m the average height for areas that O. sativa is capable of enduring, and shows the 

extraordinary ability of O. grandiglumis to withstand flooding [20]. This remarkable 

phenotype suggests the possibility of neo-domesticating O. grandiglumis in order to 

produce higher yields of rice in flood prone regions along the Amazon as well as other 

such regions across the globe where flooding is a serious problem. Also, investigating the 

exact mechanism(s) by which O. grandiglumis survives prolonged flooding, will provide 

useful information to transfer such traits to domesticated rice [5]. 

O. grandiglumis has been shown to have two different responses to cope with 

flooding, namely a quiescence response and an escape response [21]. The quiescence 

response refers to the mechanism of restricting metabolism and growth during 

submergence by flooding up to 14 days, and then returning to an average growth pace 

[22]. The escape response consists of a rapid internodal elongation allowing the plant to 

float on top of the water to escape from drowning [15, 21]. Additionally, the quiescence 

response was found in other Oryza species in the quantitative trait locus (QTL) 

Submergence 1 (Sub1), which includes 2 or 3 genes encoding ethylene response factors 

(ERFs) that are Sub1A, Sub1B, and Sub1C [23, 24]. At the same time, the escape 

response was found to involve two genes, named SNORKEL1 (SK1) and SNORKEL2 

(SK2), that were found in deep water cultivars of O. sativa that takes part in floating 

ability [25]. Interestingly, O. grandiglumis lacks both the SUB1A and SK genes [15]. 

Hence, O. grandiglumis might have unique or novel genes that, once identified and 
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characterized, could provide a new set of tools in our molecular breeding toolbox to 

combat short and long-term flooding of cultivated rice [21]. 

1.2.2 Oryza latifolia 

Similar to O. grandiglumis, O. latifolia is a CCDD allotetraploid genome found in the 

American continent, specifically in South and Central America (Figure 2) [16, 26] and 

has an estimate genome size of 1.88 (±0.01) pg/2C [27]. In contrast, O. latifolia is shorter 

than O. grandiglumis, with an average height of 100–200 cm [26]. The height range 

difference between 100 cm and 200 cm is influenced by water level [28]; hence, a water 

level decrease can impact cell division and growth rate by limiting plant height to 150 cm 

or shorter [26]. O. latifolia plant morphology is characterized by stiff stems, broad leaves, 

long panicles with many spikelets that flower year-round [29, 30]. 

Of interest, some accessions of O. latifolia were found to possess strong resistances to 

brown planthopper (Bph1), bacterial blight (BB), and white-backed planthopper (WBPH) 

[31, 32]. Therefore, an attempt to integrate QTL for those traits into cultivated rice was 

established using monosomic alien addition lines (MAALs), which refers to any Oryza 

plant having a normal complement of 11 O. sativa chromosomes, plus an extra pair of 

alien chromosomes [26, 31], one for each of the 24 pairs of O. latifolia chromosomes. 

MAALs are useful tools for assigning alien traits to specific chromosomes [31]. In their 

study, the authors used 843 O. sativa molecular markers that enabled them to detect O. 

latifolia chromosome segment introgressions [26], 169 of which showed polymorphic 

differences between the two species [26]. Thus, several new studies are considering the 
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use of O. latifolia to be a new source of genetic diversity for the improvement of 

cultivated Asian rice and or future use in neo-domestication [1, 26, 31]. 

 
Figure 2. Phylogenetic tree of Sativa and Officinalis complex species geographical 
distribution [16]. A. Phylogenetic tree created using Oryza chloroplast sequences with Leersia perrieri 
as an outgroup specie. The figure demonstrates the relationship between O. sativa complex, composed of 
six species, and Officinalis complex, composed of ten species. B. global geographical distribution of the ten 
officinalis complex species. This image illustrate that the DD genome is only found in the American 
Continent [16]. 
 
1.3 Reference Genome Sequences  

A reference genome sequence [33] can be defined as the complete set of 

deoxyribonucleotides (i.e., A, G, C and T) located in the nucleus of a given organism in 
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the correct order and error free. Decoding and analyzing such a RefSeq can provide 

valuable information about genetic variation, heredity and function [34]. Diverse 

techniques to generate genome sequences began in the 1970s with both Maxam &  

Gilbert with the chemical cleavage technique and Sanger’s sequencing method [35]. 

Sanger sequencing, also called the chain termination method, was invented by the Nobel 

Prize laureate Frederick Sanger (Table 1) [36] and was used to sequence the genome of 

the bacteriophage φX174, which has 5,386 nucleotide bases, in 1977 [36]. Sanger 

sequencing was the dominant sequencing method for almost 40 years and is still used 

today, but to a very limited extent (e.g., clone validation) [36].  

In the mid-2000s, many companies developed Next Generation Sequencing (NGS) 

methods and instruments that were higher throughput and much less expensive (e.g., 

Illumina, 454). Illumina NGS is one of the most widely used methods in practice today 

(Table 1) and is ideally suited for population genetics and survey sequencing as it can 

generate short reads in the 150 to 300 base range at extremely low costs [38]. Such data 

can be used to assemble draft genome sequences; however, such assemblies can have 

1000s to 100,000 gaps and have difficulty in accurately assembling highly repetitive and 

heterochromatic regions [39]. The Illumina Miseq platform, one of the most recent 

versions of Illumina sequencing systems, and has a maximum read length of 300 bp from 

each end of a DNA fragment [40]. 

To overcome the limitation in read lengths obtain via the NGS Illumina platform, two 

companies, Pacific BioSciences and Oxford Nanopore invented Third-Generation 

Sequencing (TGS) instrumentation and methods (Table 1) [41, 42]. TGS can routinely 

produce read lengths of 20 - 40 kb, i.e., 60 -100 X longer than Illumina reads [38]. Such 
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data can be used to produce genome assemblies that are near gap-free. First, PacBio uses 

a technique called Single-Molecule Real-Time (SMRT) sequencing [42]. A sequencing 

library is composed of SMRTbell structures that are generated by ligating adaptors at 

each end of a double-stranded DNA molecule [43]. The library is then loaded onto a 

SMRT cell [44] and sequenced. The actual reading of the sequence relies on Zero Mode 

Waveguides (ZMWs) [43]. ZMWs are small wells having a dimension comparable to the 

wavelength of the light [43]. At the bottom of the ZMW lies a single DNA polymerase 

enzyme with a single DNA molecule as a template [43]; when the complementary strand 

of the single-molecule DNA strand is polymerized, each nucleotide incorporation 

generates a light signal that can be detected in real-time [43]. Even though base calling 

error rates are high compared to NGS, there is no sequence bias, meaning that the errors 

are random, which permits the efficient correction of most errors as sequence coverage 

increases, thereby leading to high-quality consensus sequences [38, 45]. Error rates can 

be further overcome by sequencing the template multiple times, as is now standard 

practice using PacBio’s new high-fidelity sequencing protocols/kits (i.e., HiFi 

sequencing) [46]. 

The second TGS method was invented by Oxford Nanopore Technologies (ONT). 

ONT is one of the newest sequencing technologies that allows for a real-time long reads 

sequencing (Table 1) [47]. Sequence read length can reach up to 98 kb generated in ~50 

hours with a 38.2% error rate [47]. The DNA fragment to be sequenced moves through a 

pore (nanopore) embedded in a membrane separating two chambers [47]. The fragment 

translocates through the pore driven by the electric field generated by a biased voltage 

applied across the membrane [47]. The DNA molecule translocating inside the pore 
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perturbates the flow of ions producing a change in the current [47]. This change can be 

associated with known patterns of nucleotides and translated into a proper nucleotide 

sequence [47]. Even though ONT has many advantages in providing real-time long-read 

sequence data and portability, the error rate and the inability to generate a high-quality 

sequence without the help of a reference genome, limits ONT’s use for genome assembly  

 [47]. 

 
Table 1. Efficiency comparison between 1st, 2nd, & 3rd generation sequencing 
methods. 
 

All in all, there is no perfect technique to produce a high-quality genome assembly. 

However, a combination of multiple methods is currently the best approach for future 

high-quality genomes assemblies [34]; as in this study, where I used PacBio reads to 

assemble the nuclear genomes of O. grandiglumis and O. latifolia, and Illumina reads for 

error correction (i.e., polishing). 

Method Generation Read length  Throughput Accuracy 
No. of 

reads per 
run 

Time per 

run 

ABI 3730  
(96 lanes) 

1st 800 bp 0.00008 Gbp 99.90 % 96 8 hr 

Illumina Miseq 
2nd 2 x 300 bp 15 Gbp 99.9 % 50 mln 55 hrs 

HiSeq-4000 
2nd  2 x 150 bp 1500 Gbp 99.9 % 5 bln 3.5 d 

Novaseq 6000 
2nd  2 x 150 bp 6000 Gbp 99.9 % 20 bln 48 hrs 

Ion Torrent 
(Proton) 

2nd  200 bp - … 15 - 100 Gbp 99.00 % 
80 - 250 

mln 
2.5 hrs 

PacBio RS 
3rd 

50% > 20 kb 
(max > 60 kb) 

1 Gbp x SMRT 
cell 

86.00 % 55000 0.5 - 6 hrs 

PacBio Sequel  3rd 
50% > 20 kb 

(max > 60 kb) 
5 - 8 Gbp x SMRT 

cell 
86.00 % 365000 0.5 - 10 hrs 

Oxford 
Nanopore 

PromethION 
3rd  > 200 kbp (up 

to 1.2 Mbp) 

50-250 Gbp per 
flow cell (up to 48 

fc) 
90 - 96 %  1- 48 hr 
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1.5 Genome Assembly  
 
The assembly of an organism's genome is a process that begins with raw sequence reads 

that are arranged base on sequence identity and overlap into contigs and scaffolds [48]. 

These in turn are placed in the correct order and orientation to ideally reconstruct an 

entire genome sequence [49]. Even though there has been a massive increase in the 

development of NGS and TGS sequencing technologies, there is no one sequencing 

method that can fully sequence and assemble a complete genome sequence that is error-

free [50, 51, 52]. Therefore, a variety of assembly methods are required once the raw 

genome sequence has been generated. 

The assembly process can be carried out de novo, i.e., without any prior knowledge 

regarding the genome sequence, other than an estimated genome size, which is essential 

when deciding the amount of genome sequence covered necessary to produce [52] a 

robust genome assembly. For this approach short-read, long-read, or a combination of 

both can be used. In general, short reads can still be used for small genomes from 

microbes and viruses; however, long-read sequencing is the method of choice for the 

rapid assembly of genomes 50Mb or larger [51]. 

 In some cases, if a genetic map or a genome assembly from a related species is 

available, such information can be used as evidence to order, and orient assembled 

contigs [53]. The use of a reference-guided assembly strategy vs. a pure de novo 

approach depends primarily on the evolutionary relationship of the reference guide and 

its sequence quality [54]. Hence, for the assembly of novel species, a de novo assembly 

approach is preferred to avoid deceptive bias results that can occur if one relies solely on 

a reference guide [54, 55, 56]. 
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A final consideration for any assembly is relative to sequence quality. Although there 

is an error correction step in most genome assemblers, errors can still exist that can be 

caused either by the sequencing technology used, or poor read alignment in the assembly 

step [57]. In order to deal with these residual errors, further polishing steps are required 

[57], using tools such as Pilon [58], which can improve the chromosomal level assembly 

by repairing misassembles, filling gaps, and correcting bases. A properly polished 

assembly is then analyzed in order to infer the correct order and orientation of different 

contigs in order to ideally complete the sequence of each chromosome. 

Once a genome assembly reaches this stage, it is important to validate the assembly's 

correctness, as it may contain some misassemblies that need to be detected and corrected. 

There are multiple independent data sets that can be used as sources of information 

regarding assemblies' correctness. One such data source used in the Wing lab at KAUST 

is Bionano optical maps which create high-resolution restriction maps of chromosome 

size DNA fragments that can be compared with genome assemblies to confirm their order 

and orientation [59, 60].  

Once an assembly is validated and finalized, the next step is genome annotation, i.e., 

identifying genes and repetitive elements across the entire genome. Such "baseline data" 

is necessary to begin to explore any genome for gaining biological insight.  

In this project, I was able to complete draft genome assemblies for both O. 

grandiglumis and O. latifolia, and to perform a preliminary genome-wide annotation of 

transposable element content and structural variation analysis of chromosome 5 in 

comparison with each other as well as another CCDD genome assembly generated by 

Professor Andrea Zuccolo (i.e., O. alta) and O. sativa. The remaining steps of assembly 
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validation, full genome annotation, and structural variation analyses await acquisition of 

both an optical map and RNASeq data, both of which are being generated and should be 

available by the end of 2020.  
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2. PROJECT OBJECTIVES 
 

The objectives of this study are: 

1) To assemble two high-quality reference genomes for the CCDD genomes of O.  

2) To perform a comparative genomics analyses between these two species and between 

their homeologous chromosomes. 

 

The information obtained will provide a solid foundation for: genome annotation, 

comparative evolutionary analyses and functional genomic studies to determine the 

potential of domesticating these species. 

 

To achieve these goals, the following steps will be performed:  

 Generate three draft genome assemblies for each species using PacBio sequence 

data and three different assemblers (i.e., Canu/2.0, Mecat2, and Flye/2.5). 

 Polish all assemblies using both PacBio long reads and Illumina short reads 

 Select an optimal assembly with the minimum number of contigs and the largest 

contig N50 statistics. 

 Assign the assembled contigs to their appropriate chromosomes using other Oryza 

species genomes as reference guides in dot plot analyses. 

 Assign homeologous chromosomes to their respective genome types (i.e., CC or 

DD) using phylogenetic analyses. 

 Manually correct any inconsistencies the genome assembly may have and close 

all remaining gaps 
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 Compare the genome assemblies of these two species, and their homeologous 

chromosome pairs to detect structural variations. 

 Identify the most abundant transposable elements for each species, create 

phylogenetic trees, and compare/contrast their abundance with respect to species 

and sub-genomes. 
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3. MATERIALS & METHODS 

 

Figure 3. Genome assembly and analysis pipeline. 
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3.1 Genome Sequence Data 

Sequence data for both genomes - O. grandiglumis (IRGC 12685329) and O. latifolia 

(IRGC 100890) - were produced by the Arizona Genomics Institute (AGI) using PacBio 

Single-molecule real-time (SMRT) technology (www.pacb.com). PacBio sequencing 

followed the manufacturer’s specification by first constructing SMRTbell structures 

using a provided kit [61]. Briefly, adaptors were ligated to high molecular weight DNA 

fragments [61], followed by size selection and loading onto two SMRT cells/species for 

sequencing. After sequence generation, two Fasta files were obtained for each species 

and were processed for both genome assembly and polishing. PacBio raw sequence 

statistics are shown in Table 2.  

Genome  Number of Reads Number of Bases (Gbp) Coverage 

O. grandiglumis 9,482,816 178 200x 

O. latifolia 12,685,329 260 200x 

Table 2. Raw PacBio genome sequence data statistics for O. grandiglumis and O. 
latifolia. 
 
 3.2 Genome Assembly  

Combined fasta files containing the outputs for each sequencing run were used as inputs 

for the assemblers. The estimated genome size values used in the analysis were ~ 890 

Mbp and ~1000 Mbp for O. grandiglumis and O. latifolia, respectively [2, 51, 63]. Three 

different genome assemblers were used: Canu [64], Mecat2 [65], and Flye [66]. Canu 

(version 2.0) was run with the parameters [-pacbio-raw] and [using-grid] after specifying 

the genome size and the combined PacBio Fasta file [64]. Mecat2 [65] was run under 

default settings with the exception of the parameters 
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[MIN_READ_LENGTH=500] and [CNS_OUTPUT_COVERAGE=30][63]. Finally, the 

assembler Flye (version 2.5), which uses repeat graphs, called disjointigs, and was run 

under default parameters, setting the expected coverage at 35 [66]. 

3.2.1 Quast Evaluation 

To assess the quality of each assembly I used the software package Quast [67], which 

provides information that helps in choosing the highest quality assembly; the total 

number of contigs, the amount of contigs longer than 50,000 bp, and N50 values for each 

assembly. The assembly with the smallest number of contigs and the highest N50 values 

was chosen as the baseline assembly for further improvement. For both species, Mecat2 

gave the best statistics out of the three assemblers tested (Table 3). 

Table 3. Quast evaluation of the O. grandiglumis and O. latifolia genome assemblies.  
 
 

3.2.2 Assembly Polishing  

The next step in assembly improvement is polishing. This step aims to improve the base 

accuracy of contig sequences [68]. I carried out this step twice per Mecat assembly using, 

separately, long (PacBio) and short (Illumina) reads. First, Pbmm2, which is part of the 
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Bioconda [69] package, and works as an SMRT wrapper for Minimap2 [70], was used to 

align PacBio subreads onto the genome assembly. Then, the Arrow algorithm [68], which 

uses the direct hidden Markov model (HMM) approach, was used with the variant calling 

tool [gcpp], which was provided in smartlink/8.0 tools (www.pacb.com). This tool uses 

alignments in the BAM file format to polish the assembly [68]. The Arrow algorithm is 

sensitive to structural variants, so works on adjusting the parameters to account for the 

differences between the SMRT sequences, which would remove medium-sized indels 

[68]. 

An additional round of polishing was carried out using Illumina paired end reads with 

85x coverage. First, Illumina PE reads were mapped onto the PacBio polished assembly 

using Bwa-mem [71], and then processed with Pilon [58]. Pilon is an automated tool used 

to correct contigs and was used as the last step in polishing with default parameters [57]. 

3.2.3 BUSCO Assessments 

To estimate the completeness of my genome assemblies, I used the Benchmarking 

Universal Single Copy Orthologs (BUSCO) [72] tool. The BUSCO evaluation tool relies 

on the detection of single copy orthologous genes known to be conserved among related 

species [72]. In this tool, the species need to be specified [-sp rice], and a suitable data 

lineage needs to be chosen. The data lineage I used in the BUSCO assessment of both 

assemblies was embryophyta_odb9 (created Feb 13, 2016), and includes 30 + species and 

1440 conserved BUSCO genes. The BUSCO analysis report showed the percent of 

complete (C), complete and single-copy (S), complete and duplicated (D), fragmented 

(F), and missing (M) genes [72] for each assembly. 
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3.2.4 Contig Alignment  

To assign assembled contigs to chromosomes, I carried out similarity searches using 

GSAlign [73]. In particular, GSA was used to align Mecat2 contigs longer than 1Mbp to 

indexed reference genomes. The reference genomes I used as guides for both genome 

assemblies included O. sativa (AA), O. alta (DD sub-genome), O. officinalis (CC), O. 

australiensis (EE), O. brachyantha (FF), and O. coarctata (both KK and LL sub-

genomes). The GSAlign output can be graphically summarized in a dot-plot 

representation (Figure 4). After examining the plots, contigs aligned to each chromosome 

were recorded, and an initial sub-genome classification was assigned for each contig. 

Figure 4. GSAlign dot-plot of O. grandiglumis mapped to O. officinalis chromosome 
3. This dot plot shows the best five contigs alignment between a query (O. grandiglumis) and reference (O. 
officinalis). 
 

3.2.5 Identification of Homeologous Chromosomes 

Any pair of contigs that matched to the same region of a chromosome was further 

analyzed to try to assign each one to its appropriate sub-genome type (i.e., CC or DD). 

This task was carried out using the software script Hakmer, a homology aware k-mer 
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analysis tool (http://sourceforge.net/projects/hakmer/) [74]. It uses k-mers to identify 

orthologous regions between different sequences. These regions are then concatenated 

and used to create multiple sequence alignments. The multiple sequence alignments are 

then used to build phylogenetic trees using the tool PAUP [74]. The parameter [-c] that 

specifies the minimum amount of taxon out of all those used (8 in my case) that should 

be represented in the alignment was set at 6.  

Once the contigs were properly assigned to each sub-genome, and correctly ordered 

and oriented, the other two assemblies (Canu and Flye) were then used to fill gaps, where 

possible, which produced our final assemblies (Table 5). 

3.3 Structural Variant Analysis  

3.3.1 MUMmer4 

MUMmer [75] is a suite of programs that can be used to detect structural variations, i.e., 

insertions, deletions, inversions, and translocations. MUMmer version 4 can perform 

multi-threaded genomic sequence alignment using the Nucmer (nucleotide mummer) 

program that facilitates the alignments of large genomes to identify structural variants 

and their coordinates [75]. Nucmer was used to perform structural variation analyses for 

each CC (both diploid and polyploid) and DD genome, both within and between each 

species under default parameters [nucmer --maxmatch --noextend ], to identify all 

maximal matches [75]. Then, the output was filtered to retain unique matches. In 

particular the mummer utility delta-filter was used with the following [delta-filter -1 -l 

1000 output.delta > output_1000_filtered.delta ] and choosing 200 for the minimum 

length of a match [-l 1000] as a parameter to attain speed and sensitivity [75]. 
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3.3.2 Mashmap 

Mashmap [76] is a faster tool than MUMmer for large scale genome sequence 

comparison. This tool considers an error-distribution model based on Jaccard similarity, 

where similarities in the intersection between two data sets are divided over the union of 

the total individual differences [76]. According to the developer, Mashmap can map 

fragments with an εmax error-rate threshold due to size differences and has been shown 

to provide outputs similar to Nucmer and Minimaps2 [70, 76]. Hence, this algorithmic 

tool was used for fast sequence-to-sequence mapping of homeologous chromosomes. The 

output bed file was then processed using BEDTools [77] to collect separately shared and 

unique regions. 

3.4 Transposable Elements Characterization 

TE characterization was performed on each final assembly and each sub-genome 

separately using the De-novo TE Annotator (EDTA) to produce a TE library Fasta file 

[78]. Then repeatmasker version 4.0.8 (repeatmasker.org) was run using the EDTA 

output as a TE library. RepeatMasker was run under default settings with the exceptions 

of parameter -qq to speed up each search.  

In addition, a TE phylogeny search for each sub-genome in each species was 

performed to detect the abundance of TE classes. A tBlastn search [79] was carried out to 

compare a protein query of 100 AA residues from TE coding domains versus the 

nucleotide sequence database [79]. The coding domains used included the LTR-

retrotransposons reverse transcriptase enzymes for both Ty1-copia and Ty3-gypsy 

superfamilies, the LINE reverse transcriptase enzyme, the transposase enzymes for the 

DNA-TEs CACTA and MuDR elements, and the dimerization domain for hAT elements. 
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Next, the tBlastn output was parsed to retain hits longer than 80 amino acid residues. Out 

of all the paralog copies identified, 500 were randomly sampled for each TE class 

separately, and aligned using the software MUSCLE [80]. The multiple sequence 

alignments were then used to build neighbor-joining trees using the software MegaX [81] 

with bootstrap values calculated for 1,000 replicates. 
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4. RESULTS 

4.1 Contig Alignment and Sub-genome Distinction  

After the Mecat2 assemblies were polished, the next step was to assign each contig to a 

specific chromosome and sub-genome, with the final goal of creating two chromosome-

scale genome assemblies (Figure 5). To assign assembly contigs to chromosomes, I first 

aligned each contig to high-quality reference genomes from 7 different Oryza species 

(see page 30). All the assembly contigs that were convincingly assigned to the same 

chromosome in at least three reference genomes were retained. The alignments were 

manually inspected to confirm their order and orientation along a reference chromosome 

(Tables 4). Of the 312 and 546 number of contigs, 15% and 10% (totaling 824.6 and 862 

Mbp) could be assigned to one of 12 homeologous chromosomes for O. grandiglumis and 

O. latifolia, respectively. 

To assign chromosome anchored contigs to their respective CC or DD sub-genomes, I 

used the software tool Hakmer [74], the results of which were input into PAUP [74] to 

build neighbor-joining trees, that were then inspected manually. Two examples of 

neighbor-joining trees used to assign O. grandiglumis chromosome 1 contigs and O. 

latifolia chromosome 10 contigs to the CC and DD sub-genome are presented in Figure 

6. In particular, contigs having Hakmer results closer O. alta DD sub-genome were 

assigned to the DD sub-genome, whereas Hakmer results that are farthest away from O. 

alta DD sub-genome were assigned to CC sub-genome (Figure 6) (Table 5). Of the 48 

and 54 Mecat2 assembly contigs assigned to chromosomes for O. grandiglumis and O. 

latifolia, accordingly, I was able to assign all 48 of the O. grandiglumis contigs (totaling 

636.4Mbp) to individual sub-genomes, and 46 of 54 O. latifolia contigs (totaling 512.7 
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Mbp) to individual sub-genomes. To fill gaps in the Mecat2 only assembly, I used contigs 

from the other two polished assemblies i.e., Canu [64] and Flye [66]. Briefly, contigs 

from both assemblies were aligned to O. sativa chromosomes, and contigs larger than 1 

Mbp covering the missing regions of the aligned Mecat2 assembly are retained and 

similar to Mecat2 contigs; they were assigned to specific sub-genomes with Hakmer [74]. 

Using these alternative assemblies, I assigned 18 contigs to fill 10 gaps in O. 

grandiglumis and 23 contigs to fill 16 gaps in O. latifolia. In cases where I could not 

identify contigs to fill gaps from these alternative assemblies, 11 gaps for O. 

grandiglumis and 18 gaps for O. latifolia, they remained as gaps until additional evidence 

could be obtained (e.g., optical map data).  

 

 

Figure 5. Contigs alignment and sub-genome assignment flow chart. See methods for list 
of seven high-quality reference assemblies used. 
 

Complete Contigs Assignment to individual chromosomes for Genome Assembly 

Covering Missing Regions ( Canu and Flye Contigs)

Assigning Contigs to Sub-genomes (Hakmer)

Contigs Aligned to 3 or More References Genomes are Retained

Aligning the Assembly to Seven Oryza Spp Reference Genome (GSAlign)

Polished Mecat2 Assembly
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 4.2.1 Contig Alignments to 7 Oryza Reference Assemblies 

 

 

 

 

 

 

 

 

 

 

 

Table 4. Homologous contigs alignment for O. grandiglumis and O. latifolia Mecat2 
genome assemblies. The pairs for each chromosome are identified using GSA dot plots. Contigs 
longer than 1Mbp were mapped to reference genomes and contigs (R) were reversed to improve their 
alignment with the references. A. O. grandiglumis Mecat2 contigs assignment to chromosomes table. B. O. 
latifolia Mecat2 contigs assignment to chromosomes table. 

A.  Chromosome O. grandiglumis Homologous Contigs 

1 131, 25 27, R14   

2 143, 133 55, R11 60, R11 

3 2, 77 46, 213    

4 217, 111, 112 R73  

5 R132, 71 71, R94   

6 26, 130 R4   

7 R125 15 116 115, 3 

8 0, R18 R18, 72   

9 117, 222 R129   

10 13, 191 R17   

11 54, R110 62, 12 62, 63 

12 103, 147 R22, 118   

B. Chromosome O. latifolia Homologous Contigs 

1 434, 433 158, 433 153, 154, 158 153, 52 

2 0, R419   

3 121, 381 R394   

4 280, R259 R393   

5 165, R408 175, R334 R334, 459   

6 460, 386 386, 387 204, 196 204, 386 

7 152, R110 252, 244, 232   

8 210, R220, 207 51, 32   

9 292 284, 283, 282 288, 298   

10 66, 416 418, 455   

11 28, 401 187, 188   

12 7, 28 470, 472 21   
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4.2.2 Contigs Sub-genome Distinction Using Hakmer phylogenetic Trees 

Figure 6. Sub-genome assignment for O. grandiglumis chromosome 1 contigs and  
O. latifolia chromosome 10 contigs based on Hakmer analysis. A. O. grandiglumis 
chromosome 1 phylogenetic tree investigating contigs (R14, 25, 27, and 131).  B. O. latifolia chromosome 
10 phylogenetic tree investigating contigs (66. 416, 418, and 455). Alignment was produced by Hakmer, 
the NJ tree was built using paup. Bootstrap values were calculated for 100 replicates. 
 

A. 

B. 
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 Table 5. Summary of the current status of O. grandiglumis and O. latifolia 
assemblies. A. of O. grandiglumis assembly current status table. B. O. latifolia assembly current status 
table. Contigs are ordered based on their position in the chromosomal alignment. The contigs used are from 
Mecat2, Canu, and Flye assemblers with sizes > 1Mbp. 

A. O. grandiglumis Contigs 

 Chr 
CC  

 Contigs ID Number 
of Gaps 

Gap  
Size 

(Mbp) 

DD 
 Contigs ID Number 

of Gaps 

Gap  
Size 

(Mbp) 

1 27, 130634 0 0  25, R14 0 0 
2 R130638, R11 1 8  143, 55, 60 0 0 
3 77, 46 0 0 177, 175, 2, 213 0 0 
4 R73 1 11  217, 111, 187, 22 1 3  

5 R132, 71 0 0 1017, 130604, 
795,  R94 

0 0 

6 130 3 0.7, 2.5, 3 26, R4 0 0 
7 R64, 115 1 1.5   R125, 116, 15 0 0 

8 
978, 130649, 

130689, 130691 
1 4  461, 687 0 0 

9 117 1 5  222, R129 0 0 
10 13, R725 0 0 191, R17 0 0 
11 R110, 12 0 0 740, 62 1 7.3 
12 147, R22 0 0 103, 118 1 2.5 

B. O. latifolia Contigs 

Chr 
CC 

Contigs ID 
Number 
of Gaps 

Gap  
Size 

(Mbp) 

DD 
Contigs ID 

Number 
of Gaps 

Gap  
Size 

(Mbp) 
1 434, 433, 52, 166521 0 0 437, 153, 154, 158 2 8, 8.2 

2 R419 0 0 Contig 0 1 25.5 

3 381 1 18.3 121, 671, R394 2 8, 7.5 

4 R166428 1 3 R259, 166431, 
166440 

1 1.5 

5  175, 459, 166455, 309 0 0 R408, R334 0 0 

6 R132 0 0  460, 166451 0 0 

7 R166421, 232, 244 1 8.75 152, 252 1 13 

8 166379, R220, 51, 32 0 0 210, 207, 1154, 304 3 2.8, 3.75, 3.5 

9 
R166562, R166560, 

166597 
0 0  166585, 166587, 

288, 298 
1 2.75 

10 R66, R455 0 0 166528, R418 0 0 

11 R166374, 177 0 0 401, 188, 187 2 2, 4.5 

12  7, 21 1 6.66 472, R470, R101 1 9 
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4.2 BUSCO Genome Assembly Assessment 

To evaluate the final hybrid assemblies for completeness of gene content, I performed a 

BUSCO assessment [72]. BUSCO is a software program that searches for a defined set of 

conserved orthologous genes and classifies them as complete (single or duplicated), 

missing, or fragmented [72]. For my analysis, I used the embryophyta_odb9 query data 

set, which contains 1440 conserved genes from 30 (plus) eukaryotic species and found 

that more than 97% of these genes are present in both assemblies (Table 6). Of these, the 

vast majority are complete sequences, with between ~80-88% duplicated and ~9-17% 

single copy in the O. grandiglumis and O. latifolia genomes, respectively. These results 

indicate that both the conserved gene content and fidelity of full-length coding sequences 

are extremely high. 

Table 6. BUSCO assessment of the O. grandiglumis and O. latifolia genome 
assemblies. BUSCO assessment was run on the assembly generated using Mecat2, Canu, and Flye 
contigs aligned to the 12 chromosomes for both O. grandiglumis and O. latifolia using the mode Genome 
and with total BUSCO genes groups searched of n=1440. 
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4.3 MUMmer4 Structural Variants Analysis 

To study structural changes that occurred during the evolution of the CCDD genome 

species, I used the MUMmer4 [75] structural variant analysis tool kit. MUMmer4 [75] 

provides a table with all suspected insertions, deletions, inversions, jumping sequences, 

and their lengths. The tool also provides a visualization dot plot using the Mummerplot 

option. For this analysis, I chose chromosome 5 as it was the most completely assembled 

chromosome across all 6 CC and DD sub-genomes. 

Table 7 shows a summary of the total number of inversions, insertions and deletions 

(Indels), and the total lengths of unaligned bases in chromosome 5 for each species. The 

unaligned length refers to all SVs and translocations or jumping sequences between two 

sequences. Those SVs can also be visualized in (Figures 7-12) dot plots where I show the 

Mummerplot comparisons for chromosome 5 between species and sub-genomes within 

each species. This section's results are subdivided into two parts: 1) species level SVs, 

and 2) sub-genome level SVs. 

For species level SVs analysis, I have first identified SVs for the chromosome 5 CC 

sub-genome between all CCDD species and the O. officinalis [CC] genome. An 

interesting SV was found in the CC sub-genomes of all three CCDD species showed the 

largest unaligned regions when mapped to the O. officinalis CC genome, with >20 Mbp 

of unaligned base length (Figure 7 C, 8 B, and 9) (Table 7). Moreover, SVs detected in O. 

alta_CC sub-genome, in comparison to the O. grandiglumis_CC sub-genome, presented 

the lowest number of indels, total unaligned bases length, and the highest number of 

inversions compared to the O. latifolia_CC sub-genome and the CC genome of O. 
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officinalis (Table 7). Additionally, the smallest total number of inversions was found to 

be between O. alta and O. latifolia (Figure 7 B) (Table 7).  

Next, I identified SVs for the chromosome 5 DD sub-genome between all CCDD 

species. The most interesting SV detected was a consistent inversion present in the O. 

latifolia_DD genome that mapped to O. alta_DD and O. grandiglumis_DD between 10 – 

13 Mbp with size ~ 290 Kbp (Figure 10 B, and 11). 

For each CCDD species, I analyzed sub-genome level SVs by mapping the CC sub-

genome to the DD sub-genome for each species. Analyzing the Mummer report, I first 

observed that O. alta had the largest number of inversions (N=516), compared to O. 

grandiglumis (N= 356) and O. latifolia (N= 417) (Figure 12 A) (Table 7). In addition, the 

size range of the inversions between the CC and DD sub-genomes of O. alta was the 

smallest (i.e., 1–82 kbp), compared with the other two CCDD species, where it ranged up 

to 106 kbp in O. latifolia and 186 kbp in O. grandiglumis (Figure 12 A) (Table 7). 

Additionally, O. grandiglumis, sub-genome level mapping, showed the lowest number of 

inversions and unaligned bases length, i.e., 27.8 Mbp of unaligned sequence, compared to 

O. grandiglumis and O. latifolia (Figure 12 B) (Table 7). In comparison, O. latifolia sub-

genome mapping showed the highest value for unaligned bases of 37.2 Mbp compared to 

the other two CCDD species sub-genome level SVs analysis (Figure 12 C) (Table 7). 
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Table 7. Structural variants found in chromosome 5 of the CCDD genomes.  

   
Sub-

genome 

 

Genome Assembly Mapping Inversions 

Inversions 
Size Range 

(bp) 

Total 
Number 
of Indels 

Total 
Unaligned 

Bases Length 
(Mbp) 

 

 

 

 

CC 

 

 

 

O. alta 

O. grandiglumis 544 1000 - 100k 57501 11.2 

O. latifolia 276 1000 – 51k 77314 13.7 

O. officinalis 470 1000 – 83k 77457 20.3 

 
 
 O. grandiglumis 

O. latifolia 313 1000 – 42k 70248 12.7 

O. officinalis 478 1000 - 253k 70319 18.4 

O. latifolia O. officinalis 513 1000 - 75k 74822 26.06 

 

 

DD 

 
 

O. alta 

O. grandiglumis 568 1000 - 84k 60308 9.3 

O. latifolia 443 1000 – 300k 77748 21.6 

O. grandiglumis O. latifolia 695 1000 – 280k 75367 20.8 

 

CC  

vs.  

DD 

O. alta 516 1000 - 82k 35022 31.3 

O. grandiglumis 356 1000 – 186k 30899 27.8 

O. latifolia 417 1000 – 106k 32545 37.2 
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Figure 7. MUMmer4 dot-plots of O. alta CC sub-genome assembly compared to (O. 
grandiglumis, O. latifolia, and O. officinalis) CC sub-genomes for chromosome 5. The 
X-axis refers to queries CC sub-genome covering chromosome 5, and Y-axis to the corresponding O. alta 
CC sub-genome for chromosome 5. The most significant and large inversions are circled, and their sizes 
are specified. A. O. grandiglumis CC sub-genome versus O. alta CC sub-genome of chromosome 5. B.  O. 
latifolia CC sub-genome versus O. alta CC sub-genome of chromosome 5. C. O. officinalis CC sub-
genome versus O. alta CC sub-genome of chromosome 5. 
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Figure 8. MUMmer4 dot-plots of O. grandiglumis CC sub-genome assembly 
compared to O. latifolia CC sub-genome and O. officinalis CC genome for 
chromosome 5. The X-axis refers to queries CC sub-genome covering chromosome 5, and Y-axis to 
the corresponding O. grandiglumis CC sub-genome for chromosome 5. The most significant and large 
inversions are circled, and their sizes are specified. A. O. latifolia CC sub-genome versus O. grandiglumis 
CC sub-genome of chromosome 5. B.  O. officinalis CC sub-genome versus O. grandiglumis CC sub-
genome of chromosome 5.  
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Figure 9. MUMmer4 dot-plots of O. latifolia CC sub-genome assembly compared to 
O. officinalis CC genome for chromosome 5. The X-axis refers to O. officinalis CC genome 
covering chromosome 5, and Y-axis to the corresponding O. latifolia CC sub-genome for chromosome 5. 
The most significant and large inversions are circled, and their sizes are specified. 
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Figure 10. MUMmer4 dot-plots of 5 O. alta DD sub-genome assembly compared to 
(O. grandiglumis and O. latifolia) DD sub-genome for chromosome 5. The X-axis refers 
to queries DD sub-genome covering chromosome 5, and Y-axis to the corresponding O. alta DD sub-
genome for chromosome 5. The most significant and large inversions are circled, and their sizes are 
specified. A. O. grandiglumis DD sub-genome versus O. alta DD sub-genome of chromosome 5. B. O. 
latifolia DD sub-genome versus O. alta DD sub-genome of chromosome 5.  
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Figure 11. MUMmer4 dot-plots of O. grandiglumis DD sub-genome assembly 
compared to O. latifolia DD sub-genome for chromosome 5. The X-axis refers to latifolia 
DD sub-genome covering chromosome 5, and Y-axis to the corresponding O. grandiglumis DD sub-
genome for chromosome 5. The most significant and large inversions are circled, and their sizes are 
specified. 
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Figure 12. MUMmer4 dot-plots of subtypes for each CCDD species genomes 
covering chromosome 5. The X-axis refers to species CC sub-genome, and Y-axis to the 
corresponding specie DD sub-genome covering chromosome 5. The most significant and large inversions 
are circled, and their sizes are specified. A. O. alta CC sub-genome versus DD sub-genome for 
chromosome 5. B. O. grandiglumis CC sub-genome versus DD sub-genome for chromosome 5. C.  O. 
latifolia CC sub-genome versus DD sub-genome for chromosome 5.  
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4.4 Transposable Elements Characterization 

To date, there are no published CCDD genomes for the genus Oryza. Therefore, a 

detailed analysis of TE abundance and distribution has yet to be described. To fill this 

knowledge gap, I generated a TE library using the de novo TE detection pipeline EDTA 

[78] on the two CCDD genomes that I assembled and edited. This new TE library was 

then used to run RepeatMasker (repeatmasker.org) on my genome assemblies at both 

whole genome and sub-genome levels. The results of this analysis are summarized in 

Table 8 where it shows the percentage of major TE classes (i.e., DNA TEs, LTRs, and 

MITEs) that were masked for each full genome and each sub-genome. 

To gain better insight on the amount of potential autonomous TEs (i.e., elements 

capable of coding for the enzymatic products needed for their transposition), I carried out 

a tBlastn search using conserved TE coding domains as queries against all three CCDD 

genomes, and selected hits with amino acid sequences longer than 80. TE abundance was 

flagged if the number of hits had a significant difference (p-value < 0.05) between the 

two sub-genomes (Table 9).   

For example, I observed a significant difference (p-value < 0.0001) between the 

CACTA_TP class of TEs in the CC and DD sub-genomes of O. grandiglumis (Table 9). 

In total, I identified 20,607 TEs that showed significant abundance differences between 

sub-genomes across all three species. 

To visualize these abundances, I aligned 500 randomly sampled coding domains for 

each CACTA, Ty1-copia, and Ty3-gypsy TE class for each CCDD genome and built NJ 

trees using the software MegaX [81]. This analysis gave me the opportunity to investigate 

sub-genome specific amplification of TE families. For example, Figures 10 and 11 reveal 
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an abundance of the CACTA TE class in the CC sub-genome of 3 clades in O. 

grandiglumis and O. alta, and also for all four clades in O. latifolia. 

Additional information was collected for the abundance of specific Ty1-copia and 

Ty3-gypsy LTR-RTs rice families to specific sub-genomes in the CCDD genome species 

(Table 10). Examples of this approach can be seen with the with the detection of an 

abundance of the ATLANTYS family, which is part of the Ty3-gypsy LTR-RT 

superfamily, and the RETROFIT5_I-2 family, which is part of the Ty1.copia LTR-RT 

superfamily, to the CC sub-genome of the three CCDD Oryza species. 

4.4.1 Total Transposable Elements Abundance 

Species Name Total  DNA_TEs LTR MITE unknown 

O. grandiglumis 40.10 9.86 28.72 1.33 0.19 

O. grandiglumis_CC 44.29 12.75 27.20 1.57 2.77 

O. grandiglumis_DD 47.29 11.05 30.45 1.17 4.62 

O. latifolia 45.75 9.56 34.95 1.06 0.17 

O. latifolia_CC 50.97 12.26 34.15 1.39 3.17 

O. latifolia_DD 47.92 9.91 31.75 1.10 5.16 

O. alta_ CC 43.23 8.56 29.33 1.13 4.21 

O. alta_DD 44.03 8.42 30.84 0.91 3.86 

 
Table 8. The abundance of major TE classes in CCDD Oryza genomes. O. alta genome 
assembly was provided by the Rod Wing research group in KAUST. The TE results were collected from  
EDTA summary data output, presenting each class with percent % masked. 
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 4.4.2 Percent of tBlastn Hits for Major Transposable Elements Classes 

 
 Table 9. Amount of tBlastn hits for major TE classes in CCDD Oryza genomes. The 
yellow-colored table cells indicate a significant difference in percent of tBlastn hits with p-value less than 
0.05 between the two sub-genomes in each genome assembly. 
 
 
 
 
 
 
 

Genome 

Assembly 
TE Class CC DD Significance 

Level 

O. grandiglumis 
 
 
 
 
 
 
 

DNA-TE 

CACTA_TP 1760 54% 1516 46% P <0.0001 

MUDR_TP 
160 35% 301 65% P < 0.0001 

hAT_DIM 332 72% 126 28% P < 0.0001 

LTR-RT 

COPIA_RT 245 39% 383 61% P < 0.0001 

GYPSY_RT 3421 44% 4321 56% P < 0.0001 

LINE_RT 296 24% 953 76% P < 0.0001 

O. latifolia 
 
 
 
 
 
 
 

DNA-TE 

CACTA_TP 2060 62% 1279 38% P < 0.0001 

MUDR_TP 218 32% 467 68% P < 0.0001 

hAT_DIM 271 49% 283 51% P = 0.6382 

LTR-RT 

COPIA_RT 252 45% 302 55% P = 0.0192 

GYPSY_RT 5238 52% 4834 48% P = 0.0001 

LINE_RT 292 27% 786 73% P < 0.0001 

O. alta 
 
 
 
 
 
 
 

DNA-TE 

CACTA_TP 2607 90% 279 10% P < 0.0001 

MUDR_TP 99 31% 217 69% P < 0.0001 

hAT_DIM 222 46% 265 54% P = 0.0790 

LTR-RT 

COPIA_RT 202 44% 260 56% P = 0.0106 

GYPSY_RT 5018 49.6% 5092 51.3% P = 0.0874 

LINE_RT 222 26% 620 74% P < 0.0001 
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4.3.3 Major Transposable Elements Classes Phylogenetic Trees 

Figure 13. Neighbor-Joining phylogenetic trees of DNA-TE (CACTA) in O. 
grandiglumis and O. alta. The clades in each tree are numbered and the percentage of paralogs for 
each sub-genome is indicated in red. A. Phylogenetic tree for O. grandiglumis. B. Phylogenetic tree for O. 
alta. 
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Figure 14. Neighbor-Joining phylogenetic tree of DNA-TE (CACTA) in O. latifolia. 
The clades in each tree are numbered and the percentage of paralogs for each sub-genome is indicated in 
red. 



56 
 

Figure 15. Neighbor-Joining phylogenetic tree of Ty3-gypsy LTR-RT in O. 
grandiglumis. The tree includes also representatives from the major Ty3-gypsy families in rice (red 
triangles). The clades in each tree are numbered and the percentage of paralogs for each sub-genome is 
indicated in red. 
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Figure 16. Neighbor-Joining phylogenetic tree of Ty3-gypsy LTR-RT in O. latifolia. 
The tree includes also representatives from the major Ty3-gypsy families in rice (red triangles). The clades 
in each tree are numbered and the percentage of paralogs for each sub-genome is indicated in red. 
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Figure 17. Neighbor-Joining phylogenetic tree of Ty3-gypsy LTR-RT in O. alta. The 
tree includes also representatives from the major Ty3-gypsy families in rice (red triangles). The clades in 
each tree are numbered and the percentage of paralogs for each sub-genome is indicated in red. 
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Figure 18. Neighbor-Joining phylogenetic tree of Ty1-copia LTR-RT in O. 
grandiglumis. The tree includes also representatives from the major Ty1-copia families in rice (red 
triangles). The clades in each tree are numbered and the percentage of paralogs for each sub-genome is 
indicated in red. 
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Figure 19. Neighbor-Joining phylogenetic tree of Ty1-copia LTR-RT in O. latifolia. 
The tree includes also representatives from the major Ty1-copia families in rice (red triangles). The clades 
in each tree are numbered and the percentage of paralogs for each sub-genome is indicated in red. 
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Figure 20. Neighbor-Joining phylogenetic tree of Ty1-copia LTR-RT in O. alta. The 
tree includes also representatives from the major Ty1-copia families in rice (red triangles). The clades in 
each tree are numbered and the percentage of paralogs for each sub-genome is indicated in red. 
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Table 10. Most abundant Ty1-copia and Ty3-gypsy families in each sub-genome in 
CCDD species. 
 
 
 
 
 
 
 

Genome  
Sub-

genome 

TE 

Class Most abundant Families in each Sub-genome 

O. grandiglumis 
CC 

COPIA 
RETROFIT6_I-2, RETROFIT5_I-2, RETROFIT_I-2,  

  
  

DD RIRE1_I-2 

CC 
GYPSY 

ATLANTYS-I_OS-2, RETRO3_I-2, RETRO2A_I-2, 

RETRO1_I-2, RETRO2_I-2, RIRE2_I-2 

  
DD  SZ-54B_I-2 

O. latifolia 
CC 

COPIA 

CPPSC2_I-2, CPPSC3_I-2, TOS17_2, 

RETROFIT5_I-2, OSCOPIA2_I-2 

  
  

DD SC10_I-2 

CC 

GYPSY 

 

ATLANTYS-I_OS-2, SZ-7A_I-2, SZ-7_I-2, 

RETRO3_I-2, RIRE2_I-2 

  
DD … 

O. alta 
CC 

COPIA 

SC9A_I-2, COPIA1_OS-2, RETROFIT5_I-2, 

OSCOPIA2_I-2, COPIA2-I_OS-2, RIRE5-I_OS-2 

  
DD SC-5-2, TOS17_2, RIRE1_I-2 

  
CC GYPSY 

ATLANTYS-I_OS-2, GYPSIA_I-2, GYPSI_I-2, 

RETRO2A_I-2, RETRO1_I-2, RETRO2_I-2, 

RETRO3_I-2, SZ-7_I-2, SZ-7A_I-2, RIRE2_I-2 

  
DD 

 RETROSOR2_I-2, SZ-50_I-2, SZ-52_I-2, SZ-

54B_I-2 



63 
 

5. DISCUSSION 

The importance of rice has grown with the continuous increase of populations worldwide 

[1]; thereby indicating a demand and need to increase detailed analyses on rice and its 

wild relatives. Having a rich knowledge base concerning sequence, structure, function, 

and evolutionary divergence of the species within the genus Oryza will inform future 

research and the potential to neo-domesticate many of the wild Oryza species. This will 

help in the design and implementation of new and improved rice varieties that are more 

sustainable and can grow under more extreme conditions (e.g., higher temperatures, 

marginal soils, flood prone regions) in support of future global crop production demands. 

The majority of genomics research conducted on the genus Oryza, until now, has 

been primarily focused on 18 of its diploid species, with very little attention to its 9 

polyploidy species. One reason for this is that the technology available to sequence and 

assemble highly repetitive polyploid genomes to a high-quality was not yet available. 

However, now with robust and relatively low-cost long-read sequencing methods (e.g., 

PacBio, Oxford Nanopore) and assembly pipelines, it is much easier to sequence and 

assembly high-quality reference genomes for detailed analyses. An example of a recent 

genome assembly is that of the ~ 577 Mb allotetraploid teff (Eragrostis tef), a 

predominant grain crop in Ethiopia, which used PacBio long-read sequencing and the 

Canu assembler [83]. Using 85x sequence coverage, Canu performed a genome assembly 

with 1344 contigs and a contig N50 of 1.55 Mb, that resulted in the formation of 20 

pseudomolecules [83].  

Once assembled and validated, the investigation of wild polyploid Oryza species will 

reveal new evolutionary insights on species formation and the identification of new genes 
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involved in phenotypically important traits that have the potential to aid in the 

engineering of neo-domesticated crop species. A significant example of a desirable trait 

is the ability to withstand sustained flooding, which has been identified in O. 

grandiglumis, a CCDD allotetraploid species from South America (Figure 2) [2, 15, 16]. 

With its ability to survive in such an environment, identifying its flooding tolerate genes 

could be useful to improve cultivated Asian rice, much like is being done with both the 

Sub1 and SK genes [24, 25]. Alternatively, the fact that O. grandiglumis is flooding 

tolerant itself, makes it ideal candidates for neo-domestication for rice production where 

they originated along the Amazon, as well as in southern, southeastern, and east regions 

of Asian, which are considered high-risk flood regions [82]. Another desirable trait is the 

strong resistance to pests, especially brown planthopper, which is considered a threat for 

rice crops, found in O. latifolia, a CCDD allotetraploid specie native to South and Central 

America [31, 32]. Such resistance genes can be used to develop new crop varieties to 

overcome pests’ threats and, consequently, improve crop yield. 

For my master’s thesis at KAUST, I generated two high-quality genome assemblies 

for two CCDD genome polyploid Oryza species - O. grandiglumis and O. latifolia - and 

performed a preliminary analysis of both transposable element and structural variation 

content. 

5.1 Genome Assembly 

The assembly of the O. grandiglumis and O. latifolia genomes followed standard 

protocols developed in the Wing lab at KAUST whereby PacBio long-reads (~200-fold 

genome coverage) were used as an input for the three genome assemblers. The resulting 

assemblies were evaluated with Quast [67], the results of which led me to choose the 
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Mecat2 assemblies as the primary starting assemblies to work with (Table 3). Next, the 

sequences were polished, and the contigs were assigned to chromosomes and sub-

genomes. The contigs were further ordered and oriented based on alignment to O. sativa, 

and missing regions were filled using contigs >1 Mb from the other two assemblies. 

Finally, the assemblies will be edited using Genome Puzzle Master (GPM) [84] and 

validated with Bionano optical maps [85]. 

Unfortunately, due to time constraints and availability of tissue for optical mapping, 

and GPM software implementation issues at KAUST, I was unable to complete these 

final two steps. These last steps will be the beginning of my Ph.D. dissertation in the 

Wing lab. However, the final O. grandiglumis genome assembly (Table 5 A) that I was 

able to produce yielded about 93% of the estimated genome size of ~ 890 Mbp, with 65 

Mbp of unassigned sequence and 11 gaps. The O. latifolia resulted in an assembly size 

that was 80% of O. latifolia of the estimated genome size of ~1100 Mbp, with 220 Mb of 

unassigned sequence, and 18 gaps (Table 5 B). O. latifolia genome assembly genome 

estimation can be 100 Kbp far from the actual size; hence once I collect the optical maps, 

I will be able to have a correct estimation of the genome size of this species. 

Nevertheless, the BUSCO analysis of my draft assemblies demonstrates they are of 

high quality with respect to the completeness of conserved gene content (Table 6). One 

interesting finding from the BUSCO analysis is that the number of single-copy conserved 

genes in O. grandiglumis is 8.6% more than O. latifolia, while the number of the 

duplicated conserved genes was less in O. grandiglumis by 8.2%, compared with O. 

latifolia. Such may be associated with assembly quality which will be improved in the 

coming months with by used both GPM for assembly editing and optical maps for 
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assembly validation. Alternatively, although a deeper analysis of these findings will be 

required, the observed differences in single copy and duplicated conserved BUSCO genes 

may be a reflection of different selective pressures each species encountered over the 

course if its evolutionary trajectory. 

Taken together, the assemblies’ completeness based on the BUSCO analysis, genome 

coverage, and chromosome assignment of the initial assembly meant that I could perform 

a preliminary analysis of SVs and TE content to gain some biological insights into these 

two polyploid Oryza species. 

5.2 Structural Variant Analysis 

The investigation of structural variation (SV) is an essential topic for identifying 

evolutionary changes that have occurred in an organism’s genome. SVs include 

inversions, insertion or deletion (Indels), duplications, gaps, and single nucleotide 

polymorphisms (SNPs) [75]. Those variants can participate in both genotype and 

phenotype distinction [44]. To investigate SVs in my CCDD genome assemblies, I used 

MUMmer4 [75] to perform genomic sequence alignment to identify maximal matches 

between CC sub-genomes or DD sub-genomes between all CCDD species, between 

individual specie’s sub-genomes, and between several O. sativa chromosomes. MUMmer 

output was filtered using a delta filter of the unique sequence with the length 1000 to get 

fast and precise results [75]. MUMmer output of matches and different sequences were 

obtained in several files that summarize the structural variation observed, length, and 

location [75]. The delta coordinates file was used for Mummerplot [75] to allocate 

matches colored in purple and differences colored in blue like in (Figures 7 - 12). 
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Similarly, Mashmap [76] was another tool that was be used to identify the unique 

sequence and to map a query sequence to a reference in the same color panel as 

MUMmer [75]. However, even though Mashmap [76] is faster, as compared with 

MUMmer [75], it will only provide the full sequence of unique regions that are estimated 

to be different between the two investigated sequences. Thus, this tool was only used to 

refer to unique sequence in the future when exploring a region suspected to be involved 

in the evolutionary development of CCDD species. Therefore, my study focused on 

MUMmer output, for it provided a more informative structural variants list. 

As a pilot study using MUMmer [75], I analyzed the structural variation landscape of 

chromosome 5 for all three CCDD genome species by comparing the sub-genomes of 

different CCDD species and individual species sub-genomes (Figure 7-12). Chromosome 

5 was selected since it is one of the best completely aligned chromosomes across all three 

accessions, which allowed me to capture reliable SVs involved in CCDD genome 

evolution. For this, I have identified the total number of inversions and Indels found in 

(Table 7) for CCDD species.  

As shown in the results section, several interesting SVs were detected. However, the 

genome assemblies investigated are still draft genomes, and thus, inconsistencies are 

possibly due to the low quality of the reference genomes, especially the O. officinalis CC 

genome. Even though the assemblies I used are not platinum standard grade, the large 

SVs observed may point to a species-specific evolutionary event as I found between O. 

latifolia_DD compared with O. alta_DD and O. grandiglumis_DD at (10 – 13) Mbp, 

with an average size of ~ 290 Kbp (Figure 10 B, and 11). 
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Furthermore, the O. alta _CC sub-genome exhibited the lowest number of indels 

when mapped to the O. grandiglumis_CC sub-genome, with 57,501 total indels, and the 

lowest number of inversions, with only 276 total number of inversions, when mapped to 

the O. latifolia_CC sub-genome. Those two differences indicate the close relationship 

between the three species’ CC sub-genome. 

In short, all the SVs identified so far on chromosome 5 demonstrate that the CCDD 

genomes of these three species are in constant flux over time. In the future, I plan to carry 

out a complete SV analysis of all three genomes, and once combined with RNASeq and a 

detailed gene annotation using MAKER [86], I will be able to unravel the evolutionary 

history of these species, that will hopefully lead to clues as to how these species have 

adapted to different environments across Central and South America. 

5.3 Abundance of Major Transposable Elements in CCDD Oryza Species 

Up until now, the TE content of the CCDD genome type of the Oryza species has yet to 

be comprehensively described, primarily due to the absence of high-quality reference 

genome sequences. Thus, the two new assemblies I produced allowed me to determine 

the abundance of specific classes of TEs to a particular species or sub-genome by: first 

using RepeatMasker (repeatmasker.org) (Table 8) using the EDTA output as a TE 

library; second, performing a tBlastn [79] search to compare significant TE coding 

domains, consisting of CACTA_TP, MUDR_TP, hAT_DIM, COPIA_RT, GYPSY_RT, 

and LINE_RT (Table 9); and finally generating phylogenetic trees for CACTA, Ty3-

gypsy, and Ty1-copia to investigate their genome and sub-genome distributions (Figure 

13-20). 
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Significant findings for all three analyses were: 

1. CACTA TEs are found to be the most abundant in the CC sub-genomes. 

2. MUDR TEs are associated with the DD sub-genome in CCDD genome species. 

3. No significant abundance differences were observed for hAT TEs. 

4. Ty1-copia TEs are more abundant in the DD sub-genomes. 

5. Ty3-gypsy TEs are the most prominent in number in all three genomes across 

both sub-genomes. 

6. LINE TEs are DD sub-genome dominant. 

All three analyses demonstrated the presence of a large number of LTR-RTs TE, 

specifically Ty3-gypsy, for all three species in both sub-genomes. This was expected 

since Ty3-gypsy has been found in large amounts in O. sativa and other plant systems 

previously [87]. For example, by analyzing the phylogenetic trees of both Ty3-gypsy and 

Ty1-copia with respect to major rice TE families, specific families were identified to be 

associated with a particular sub-genome (Table 10). This research field is receiving a lot 

of attention recently, for it provides insights into the regulatory mechanism of gene 

expression, genome evolutionary changes during development, and the process of 

transposition [88]. Previously, Piegu et al. (2006) found that some retro-transpositional 

bursts have led to large increases in O. australiensis and O. granulata [88]. In this regard, 

I discovered that the ATLANTYS family, a major rice family Ty3-Gypsy element, was 

abundant in the CC sub-genomes (Table 10) of all three CCDD genome species. The 

Atlantys family has been found to have a significant contribution to genome size variation 

across the Oryza genus [88]. Hence, the availability of the ATLANTYS family could 

play a role in the large genome size found in the CCDD species, as compared to O. 
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minuta where the family was not detected [88]. In addition, proliferation of Atlantys is 

believed to have occurred after respective speciation events and were found previously in 

O. australiensis and O. alta [88]. This information, combined with my results that 

revealed an abundance of the ATLANTYS family in the CC sub-genome, can support the 

evolutionary study of the relationship between O. australiensis and CC sub-genome [88]. 

In a similar manner, different Ty3-gypsy and Ty1-copia TEs of major rice families 

can be explored for their abundance for a specific sub-genome to study both evolution 

and heterogeneity. Thus, this work can be used in future research to investigate the 

relationship and consequences of these TE families on the evolution of the CCDD 

genome species of Central and South America. 
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6. CONCLUSION 

6.1 Summary 

In this project, I assembled two CCDD draft genomes from O. grandiglumis and O. 

latifolia and performed analyses on structural variant and transposable elements content. 

Even though the achieved genome assemblies need additional editing to close gaps and 

complete chromosomal alignments, the assemblies obtained could be used as a base for 

different types of analyses. Consequently, the assembled CCDD genomes have shown 

distinct structural variations that include sequence inversions, to be involved in the 

evolution of the Oryza CCDD genome species. Also, transposable elements were divided 

based on their sub-genome abundance thereby revealing the uniqueness of each sub-

genome. 

6.2 Future Directions  

In the future I will first use Genome Puzzle Master [84] to edit the O. grandiglumis, and 

O. latifolia CCDD genome assemblies in combination with both the polished Canu and 

Flye assemblies to fill gaps. Once edited, I will validate these assemblies with Bionano 

optical map data, as has been done for all other Oryza genome assemblies generated in 

the Wing lab. After finalizing these assemblies, I will first perform a detailed baseline 

annotation using RNA Seq data from leaves, roots, and mixed stage panicles using 

MAKER [86], a genome annotation pipeline. Once completed, both genomes and their 

annotations will be submitted to GenBank for publication. In the future, I plan to study 

the biology of these species with particular attention to the study of flooding stress 

tolerance and the translation of that information to improve cultivated rice and/or the neo-

domestication of these important wild species.   
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