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At the start of the 21st century sequencing the genomes of most eukaryotes was 

expensive and laborious. Hence, early genome projects were restricted to species of 

commercial interest or model organisms.  Recent improvements in sequencing 

technology have increased throughput and lowered cost, enabling researchers to 

sequence genomes of non-model species. Until now, extensive genetic and physical 

maps have been required to direct the sequencing and assembly for species with large 

and complex genomes. As these resources are unavailable for most species, especially 

for non-model species, assembling high-quality and nearly finished genome sequences 

from next-generation sequencing (NGS) data remains challenging.  However, despite 

the existence of only sparse genetic and genomic resources, I was successful in 

generating a high-quality reference genome sequence for Amborella trichopoda, a non-

model species that is crucial for understanding flowering plant evolution.  The strategy 

involves a whole-genome shotgun (WGS) sequence assembly including a combination 

of FISH (fluorescent in situ hybridization), computational sequence assemblers, and 

whole-genome restriction maps (derived from OpGen Inc.’s Whole Genome Mapping 

technology).  An Amborella genome sequence can then be compared to other 
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sequenced angiosperm genomes enabling the investigation of the evolution of key 

lineage-specific innovations within angiosperms such as well-differentiated flower 

structures.  Comparative genomic analysis will also facilitate the reconstruction of the 

ancestral genomic features of the most recent common ancestor (MRCA) of all extant 

flowering plants, and the characterization of genomic differences between 

gymnosperms and angiosperms. Another important characteristic of Amborella is that it 

has not undergone any recent lineage-specific genome duplications like all other 

sequenced angiosperm genomes. Therefore, the Amborella genome can be used to 

study genome, gene, and epigenetic changes that happened after whole-genome 

duplication(s) in various angiosperm lineages. In this dissertation the Amborella genome 

is compared to seven eudicot species and one monocot species to examine 

conservation and evolution of alternative splicing (AS) across angiosperms (flowering 

plants).  This study identified 27,120 AS events that are conserved between at least two 

angiosperms, 9,129 putative ancestral AS events of angiosperms, high rates of lineage-

specific AS events, and preferential retention of AS events in certain gene classes. 
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CHAPTER 1 
INTRODUCTION 

Significance of the Amborella trichopoda Genome 

Angiosperms (flowering plants) occupy nearly every habitable terrestrial 

environment and many aquatic ones. They have diversified to include 250,000 - 

400,000 species in a relatively short period of time estimated to be just over 130 million 

years (Soltis et al. 2008). They are the sources for the majority of human food and 

animal feed and generate other important human necessities like wood, medicine, fiber, 

and fuel. They also account for a huge proportion of land-based photosynthesis and 

carbon sequestration (Soltis et al. 2008). Consequently, angiosperm genetics is an 

important research focus, and several angiosperm sequencing projects have been 

undertaken in the past few years.  These projects have focused on plants of economic 

(e.g. Populus, Vitis, Oryza, Zea) and/or model organism (e.g. Arabidopsis) importance 

and are mostly from two of the major groups of angiosperms: eudicots (like rosids and 

asterids) and monocots (e.g. grasses).  However, reconstructing the ancestral state of 

various traits and characteristics specific to angiosperms, including flowers and fruits, 

diverse pollination systems, double fertilization, large water-conducting vessel elements, 

and diverse biochemical pathways, requires the genome sequence of a species 

belonging to a lineage branching from the most basal node of the angiosperm tree 

(Williams and Friedman 2002; Soltis et al. 2002, 2005, 2008).  

Current estimates of phylogenetic studies place Amborella trichopoda 

(Amborellaceae), an understory shrub endemic to New Caledonia, as the single sister 

species to all other extant angiosperms – that is between the two extant seed plant 

lineages, gymnosperms and the remaining angiosperms (Figure 1-1) (Soltis et al. 1999; 
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Stefanović et al. 2004; Leebens-Mack et al. 2005; Jansen et al. 2007; Moore et al. 

2007; Soltis et al. 2008; Zuccolo et al. 2011; Goremykin et al. 2013; Drew et al. 2014) .  

This makes the Amborella genome a pivotal reference for, (i) studying evolution of key 

lineage specific innovations within angiosperms, (ii) reconstructing ancestral genomic 

features of the most recent common ancestor (MRCA) of all extant flowering plants, and 

(iii) characterizing the differences between the two extant seed plant lineages (Soltis et 

al. 2008).  The Amborella genome will add resolution to angiosperm evolution in a 

similar fashion as the duck-billed platypus (Ornithorhynchus anatinus), which is the 

sister group of all other extant mammals (Warren et al. 2008; Zuccolo et al. 2011), did 

for mammalian genome evolution. 

Initially there was no strong evidence for whole-genome duplication (WGD) in 

Amborella (Cui et al. 2006); this view has changed with deeper sequencing and gene 

family analyses (Jiao et al. 2011).  Using ESTs as well as complete genome sequence 

data for several taxa, Jiao et al. (2011) have shown that many genes were apparently 

duplicated just before the origin of the angiosperms, which suggests a common causal 

factor, namely ancient polyploidy. However, this hypothesis remains to be tested more 

rigorously at the genome level, which is a question that a whole-genome sequence of 

Amborella can help address. 

Amborella is typical of the large majority of plants and animals that may be of 

exceptional biological interest but have either sparse or no genetic resources (e.g., 

genetic map) or genome sequence. The published estimate of the genome size of 

Amborella based on flow cytometry is approximately 870 Mb (Leitch and Hanson 2002). 

This is over 6X the size of Arabidopsis thaliana’s genome, making it complicated to 
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assemble a high-quality genome. Although NGS provides deep genomic sequence 

coverage at low cost, assembly of large contiguous segments remains difficult, and 

assessing assembly accuracy is problematic in the absence of independently derived 

genomic maps.  Since one major application of the Amborella genome sequence is in 

comparative genomic studies a comprehensive and correctly assembled genome is 

necessary to support accurate comparisons. To generate a high-quality reference 

genome for Amborella a novel whole-genome assembly strategy was employed.  This 

strategy combined computational WGS assembly and whole-genome restriction maps 

(derived from OpGen Inc.’s Whole Genome Mapping technology) for assembly and 

scaffolding, and fluorescent in situ hybridization (FISH) for evaluation. This sequencing 

strategy will be presented and discussed in detail in the next chapters. Once equipped 

with an assembled and annotated genome sequence for Amborella, this genome will be 

used to study alternative splicing (AS) conservation and evolution across eudicot 

lineages of angiosperms. 

Pre-messenger RNA Splicing 

Eukaryotic genes often contain introns, which are spliced out, and neighboring 

exons are ligated during pre-messenger RNA (pre-mRNA) processing to produce a 

mature mRNA.  This process of intron removal and exon ligation is called pre-mRNA 

splicing or RNA splicing (Kornblihtt et al. 2013). This process happens within the 

nucleus, either simultaneously with, or after, transcription (Kornblihtt et al. 2013).  Some 

exons are always included during RNA splicing, while others are included sometimes 

and excluded other times. Regulated inclusion of exons generates multiple mRNAs for a 

single gene, a phenomenon known as AS (Kornblihtt et al. 2013).   
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Basic Intron Splicing Mechanism 

The spliceosome (reviewed by De Conti et al. 2012) is a ribonucleoprotein 

complex that plays a major role in splicing of pre-mRNA. The spliceosome machinery is 

made up of hundreds of particles and exhibits dynamic interactions RNA-RNA, RNA-

protein, and protein-protein interactions.  Major components of the spliceosome include 

five uridine-rich small nuclear ribonucleoprotein particles (snRNPs – U1, U2, U4, U5, 

and U6) and a large number of non-snRNP protein factors such as splicing factor 1 

(SF1) and U2 auxiliary factor (U2AF).  The stepwise interaction of spliceosome 

machinery with basic pre-mRNA features like 5’ splice site (ss), branch point/site (BS), 

polypyrimidine tract, and 3’ ss will initiate the splicing process. Some of the major 

events in splicing include (i) U1 snRNA base pairs to the 5’ ss whose exon-intron 

junction consensus sequence is CAG/GURAGU, (ii) SF1 will bind to the branch 

point/site (BS), which is a loosely conserved sequence present upstream of 5’ ss and is 

usually close to the 3’ ss, (iii) U2AF is recruited to the polypyrimidine tract, which is 

located between the BS and 3’ ss, and this step brings splice sites together, (iv) U2 

snRNA will displace SF1 and stabilize the interaction between itself, U1 snRNA, and 

U2AF, (v) U4, U5, and U6 snRNAs bind to the 5’ss,  and (vi)  U1 and U4 snRNAs will be 

displaced after recruiting the Prp19/CDC5L complex, which is followed by two 

transestererificaiton reactions to excise the intron and splice together adjacent exons 

(De Conti et al. 2012). 

Alternative Splicing 

In addition to basic cis-acting motifs (5’ss, BS, polypyrimidine tract, and 3’ss), cis-

enhancers, cis-silencers and trans-acting regulatory proteins may be required to avoid 

pseudo-splice sites.  These signals are responsible for determining alternative 
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inclusion/exclusion of introns/exons, resulting in alternative mRNA isoforms.  The 

predominant AS events are exon skipping (ExonS), alternative 5’ splice site or 

alternative donor (AltD), alternative 3’ splice site or alternative acceptor (AltA), and 

intron retention (IntronR) (Wang and Brendel 2006; Kornblihtt et al. 2013). 

Enhancer and silencer elements are cis-regulatory sequences, which include 

exonic splicing enhancers (ESEs), exonic splicing silencers (ESSs), intronic splicing 

enhancers (ISEs), and intronic splicing silencers (ISSs). As the names suggest, ESEs 

and ESSs reside on exons, whereas ISSs and ISEs reside on introns.  ESEs and ISEs 

will enhance the exon inclusion, whereas ESSs and ISSs will repress exon inclusion. 

Overall, enhancers and silencers have positive or negative impacts on spliceosome 

formation efficiency (De Conti et al. 2012). Trans-acting regulatory proteins will regulate 

exon recognition either positively or negatively through their interactions with cis-

regulatory enhancer and silencer motifs.  Well-characterized trans-acting regulatory 

protein members that bind to ESEs/ISEs are members of the serine/arginine-rich protein 

family (SR).  Likewise, members of the heterogeneous nuclear ribonucleoprotein 

(hnRNP) protein family interact with ESSs/ISSs sites (Chen and Manley 2009). There 

are also tissue-specific splicing factors, which include nPTB and PTB, NOVA, and FOX 

(Chen and Manley 2009). 

AS is one of the mechanisms eukaryotes use to generate transcriptome and 

proteome diversity, as well regulate gene expression and protein abundance (Nilsen 

and Graveley 2010). For example, the Dscam gene in D. melanogaster can potentially 

produce up to 38,016 splice variants or isoform mRNAs, far exceeding its total number 

of genes (about 14,500) (Nilsen and Graveley 2010; Schmucker et al. 2000).  
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Alternative Splicing in Plants 

Due to the availability of transcriptome sequences and well-annotated gene 

models in metazoans (for example, human, mouse, and fruit fly), AS on a global scale 

has been well catalogued in these organisms.  In contrast, cataloguing AS events in 

plant genomes are not as advanced.  New high-throughput sequencing technologies 

are providing more comprehensive studies of splicing to identify novel AS events. For 

example, in the early 1990s,  <5% of human genes were thought to undergo AS events 

(Sharp 1997), but this number increased to >90% as more and more transcriptome 

sequences were analyzed (Wang et al. 2008b).  Similarly, AS events were thought to be 

rare in plants, but a recent comprehensive study in Arabidopsis using high-throughput 

transcriptome sequencing suggests that at least ~61% of intron-containing genes exhibit 

AS (Marquez et al. 2012).  One possible reason that fewer AS events have been 

discovered in plants compared to metazoans is that animals rely on AS to generate 

transcriptome and proteome diversity, while plants are thought to achieve this through 

whole or partial genome duplication, a process that is common in plant lineages but has 

not occurred frequently during the evolutionary history of metazoans (Otto and Whitton 

2000; Barbazuk et al. 2008; Jiang et al. 2013; Cañestro et al. 2013) 

There is increasing evidence suggesting that AS is important in plant processes 

such as photosynthesis, defense response, flowering, and cereal grain quality (Reddy 

2007; Barbazuk et al. 2008; Staiger and Brown 2013; Reddy et al. 2013).  Despite the 

important role of AS in plants, the evolution and conservation of AS events across 

plants is understudied (Barbazuk et al. 2008; Darracq and Adams 2013). This is largely 

due to lack of abundant transcriptome sequence data sampled from multiple tissues 

(Barbazuk et al. 2008; Syed et al. 2012). This limitation is largely mitigated via the 
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availability of high-throughput sequencing technologies, which have led to large 

collections of plant transcriptome sequences in public databases, and the sequencing of 

several plant genomes at various phylogenetic distances. Using both public and in-

house transcriptome and genomic sequence resources Chapter 3 examines the global 

conservation of AS events across large and short evolutionary distances in nine 

angiosperm taxa (with bold font in Figure 1-2), constituting seven species from the 

eudicot lineage, one monocot, and Amborella, which shares a common ancestor with all 

other extant angiosperms (Figure 1-2), 

Whole-genome Duplication 

Evolutionary Fates of Duplicated Gene Copies 

After gene duplication, either one of the gene copies may be lost or both copies 

may be retained. In the case of duplicate gene loss, one of the gene copies can be 

physically lost or become non-functional (or pseudogenized) due to detrimental 

mutation accumulation while the other copy maintains the function of the ancestral 

gene.  Loss of duplicate gene copy might be the most common fate of duplicate genes 

(Cañestro et al. 2013). On the other hand, when both copies are retained they could be 

functionally redundant, sub-functionalized, or one of the gene copies may become neo-

functionalized (Cañestro et al. 2013). 

In the case of functional redundancy, both copies of a duplicated gene are 

maintained and continue to express and function in the same manner as the ancestral 

gene. This may be due to selection for increased gene product, where both copies are 

subjected to purifying selection for maintaining ancestral function (McGrath and Lynch 

2012; Cañestro et al. 2013). An example of this is ribosomal 5S gene copies in fishes 
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that have been expanded through WGD events and maintained through intense 

purifying selection (Pinhal et al. 2011; McGrath and Lynch 2012). 

In the case of sub-functionalization, ancestral gene function is partitioned 

between duplicated copies, and these copies are maintained under purifying selection 

(Ka/Ks < 1) (Cusack and Wolfe 2007; Roulin et al. 2012). This could be due to mutations 

in cis-regulatory sequences. There are two types of sub-functionalization, qualitative 

and quantitative (McGrath and Lynch 2012).  In qualitative sub-functionalization, gene 

duplicates show tissue-, developmental-, or time-specific expression(McGrath and 

Lynch 2012). For example, although the small cytoplasmic adaptor proteins CASP and 

GRASP in vertebrates share highly similar gene and protein structures, CASP is 

exclusively expressed in immune systems, while GRASP is expressed only in nervous 

systems (MacNeil et al. 2008). In quantitative sub-functionalization, both duplicated 

copies are subjected to partial loss-of-function mutations, i.e., the expression of both 

gene copies is required to compensate for the original gene function (McGrath and 

Lynch 2012). Substantial decreases in the levels of gene expression after duplication in 

yeasts and mammals are linked to quantitative sub-functionalization (Qian et al. 2010). 

In neo-functionalization, one of the gene copies maintains the function of the 

ancestral copy, while the other copy adopts a novel function as the result of 

advantageous mutation(s) and is maintained by positive selection (Ka/Ks >1) (Blanc and 

Wolfe 2004b; Roulin et al. 2012; Cañestro et al. 2013). The neo-functionalization 

phenomenon is well illustrated by ABS and GOA paralogs in Arabidopsis (Erdmann et 

al. 2010).  ABS and GOA paralogs originated from a duplication event during 

Brassicaceae diversification (Erdmann et al. 2010). ABS is known to have function in 
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the regulation of endothelium development (Nesi et al. 2002; Kaufmann et al. 2005) 

while GOA acquired a new function involving fruit size control (Prasad et al. 2010) due 

to modification of a protein domain (Erdmann et al. 2010).  

Biased Gene Content Retention Following Whole-genome Duplication 

Recently acquired whole-genome and transcriptome sequences from several 

angiosperms suggest that WGD is common (Jiao et al. 2011; Van de Peer et al. 2009), 

which is followed by gene loss and diploidization (Jiao et al. 2011; Xu et al. 2012).  

Irrespective of whether a gene duplication is locally (tandem duplication) or globally 

(WGD) derived, the fate of duplicated gene copies is one of the four scenarios 

previously discussed.  However, comparative genomics data provide increasing 

evidence that there is retention bias in gene families specific to the mode of duplication, 

either tandem duplication or WGD, suggesting different evolutionary constraints on each 

(Freeling 2009; Conant et al. 2014). Dosage-dependent genes like those encoding 

transcription factors, protein kinases, and ribosomal proteins are preferentially retained 

in genes duplicated by WGD and are under-retained in gene copies derived from 

tandem duplication gene copies (Freeling 2009) because loss of one of the duplicate 

copies relative to its interacting partners may result in negative fitness (Conant et al. 

2014). Another outcome of WGD is that all the genes involved in certain pathways or 

networks are duplicated, which might lead to neo or sub-functionalization of the 

ancestral network (McGrath and Lynch 2012). Thus, WGD could contribute to the 

evolution of new traits resulting in increased fitness (Roulin et al. 2012). Also, WGD is 

thought to be the key mechanism through which angiosperms attained rapid 

diversification (within the last ∼140–150 MYA) (Van de Peer et al. 2009; Soltis et al. 



 

23 

2009), providing a possible answer to Charles Darwin’s ‘abominable mystery’ (Friedman 

2009). 

Evolutionary Fates of AS in WGD Gene Copies 

Investigation of WGD have been focused at the gene level including, gene 

collinearity (Tang et al. 2008), gene family expansion (Veron et al. 2007), bias in 

parental genome retentions (Buggs et al. 2010; Schnable and Freeling 2012), and 

changes in gene expression (Roulin et al. 2012). However, advances in high-throughput 

sequencing technologies have facilitated the availability of several plant genome 

sequences and large RNA-seq data collections from diverse plant tissue types, and 

these are enabling investigations into the impact WGD has on AS.  High rates of WGDs 

in angiosperms (Jiao et al. 2011) make them good model systems for studying the 

changes in AS events after WGD. There is only one study in plants that investigated the 

evolutionary conservation and divergence of AS patterns in genes duplicated by 

polyploidy during the evolutionary history of the Arabidopsis thaliana (Zhang et al. 

2010), but this analysis was limited to only 52 WGD duplicate gene pairs (Blanc et al. 

2003) and relied on AS evidence available within a legacy database 

(http://www.plantgdb.org/ASIP/) of plant alternative splicing (Wang and Brendel 2006)  

constructed from sparse transcriptome resources. 

Along with an examination of global AS conservation in angiosperms, Chapter 3 

will also examine the genome-wide conservation of AS events in duplicated genes after 

WGD using soybean (Glycine max) as a model system.  Soybean underwent a recent 

lineage-specific WGD about 5-10 MYA (Roulin et al. 2012). I use Phaseolus vulgaris 

(common bean) as an outgroup for comparison because there is no evidence of it 

undergoing a WGD since its divergence from soybean about 19 MYA (McClean et al. 

http://www.plantgdb.org/ASIP/
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2010). To overcome the limitations of the Zhang et al. (2010) study, in this analysis I 

collected uniform and deep transcriptome data for both common bean and soybean 

from similar tissue types and examined 14,759 gene pairs derived from WGD for AS 

(data provided by Scott Jackson, University of Georgia, USA) (Schmutz et al. 2014). 

 



 

25 

 

 
 
Figure 1-1.  Amborella trichopoda. It is endemic to New Caledonia and sister to all other 

extant angiosperms.  A) Overview of angiosperm phylogeny showing the 
sister-group position of Amborella to all other extant angiosperms, B) 
Amborella inflorescence, C) Map showing isolated location of New Caledonia 
(circled) (Amborella Genome Project 2013).

B 
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Figure 1-2.  Phylogenetic tree of plant genomes used in this study. Species of interest are marked in bold. Branch lengths 
are not proportional to length. Divergence of clades and WGD event timings are in MYA and are italicized, 
these are based on the following (Roulin et al. 2012; Jiao et al. 2011; Amborella Genome Project 2013; Fawcett 
et al. 2009; Young et al. 2011; Tuskan et al. 2006; McClean et al. 2010; Paterson et al. 2012; Woodhouse et al. 
2011).  
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CHAPTER 2 
GENOME ASSEMBLY AND VALIDATION OF THE NON-MODEL BASAL 

ANGIOSPERM AMBORELLA TRICHOPODA  

Background 

Amborella trichopoda (Amborellaceae) is an understory shrub endemic to New 

Caledonia that diverged from all other extant angiosperms (flowering plants) ca. 160 

million years ago (Amborella Genome Project 2013). This species holds a pivotal 

phylogenetic position as the single sister to all other extant angiosperms (Amborella 

Genome Project 2013).  Generating a complete genome sequence of Amborella and 

comparing it to other sequenced angiosperm genomes enables the study of molecular 

changes that led to the innovation of key angiosperm traits (e.g., well-differentiated 

flower organs and vessel elements). Another important characteristic of Amborella is 

that unlike all other angiosperms with sequenced genomes, it has not undergone any 

recent lineage-specific genome duplications. Therefore the Amborella genome can be 

used to identify and study genome, gene, and epigenetic changes that occurred after 

whole genome duplication(s) in various angiosperm lineages.  

Genome Sequencing Strategies 

There are two whole-genome sequencing strategies, Hierarchical Shotgun 

Sequencing (HSS) and Whole Genome Shotgun Sequencing (WGSS) (Waterston et al. 

2002). HSS requires fragmentation of target genomic DNA that is cloned into large 

fragment vector libraries (e.g., BACs and Fosmids) (International Human Genome 

Sequencing Consortium 2004).  These libraries are fingerprinted and used to build a 

                                            
Contents of this chapter are published in the following peer-reviewed journal articles: 
S. Chamala et al Science 342, 1516 (2013); Amborella Genome Project, Science 342, 1241089 (2013). 
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physical map, which is consulted to organize the sequencing process.  A minimally 

redundant set of overlapping large insert clones that span the length of the physical 

map is identified and individually sequenced and assembled thus reconstructing the 

genome sequence (International Human Genome Sequencing Consortium 2004). This 

method has three main advantages, (i) it uses fewer computational resources in terms 

of computer memory and hardware, and requires less-complex assembly algorithms, (ii) 

it generates fewer misassembles due to repetitive sequences, and (iii) the sequence 

contigs and scaffolds are large and accurately assembled. The aforementioned 

advantages are due to localized genome assemblies (individual clones) and the 

advance knowledge of clone position with respect to each other at the chromosome 

scale (physical maps). Although HSS can reconstruct high quality genome sequences, 

constructing the clone resources and a comprehensive physical map is both time-

consuming and expensive (Waterston et al. 2002). 

The alternative whole-genome sequencing strategy to HSS is WGSS.  WGSS 

requires shearing the genomic DNA into smaller fragments that are randomly 

sequenced and assembled without the aid of a physical map (Pop et al. 2002; Miller et 

al. 2010).  While already faster and less expensive than HSS, the cost of WGSS has 

been greatly reduced with high-volume next-generation sequencing (NGS) technologies 

that do not require clone libraries.  However, WGSS requires a large amount of 

sequence reads that are complicated to assemble. Large genomes with complex 

repeats and genome structure require large amounts of computer hardware including 

hard disk space and memory. Also, sophisticated computational algorithms are required 

to resolve the repeat structures accurately and assemble large sequence data sets in a 
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timely manner (Pop et al. 2002; Miller et al. 2010). Developments in storage capacity, 

better assembly algorithms (Miller et al. 2010) and declining costs of computer 

hardware have reduced many of the original limitations of WGSS  

Based on the above comparisons between HSS and WGSS genome assembly 

strategies, I chose WGSS using NGS data as a strategy to generate a draft Amborella 

genome sequence. Briefly, WGSS using NGS data involves sequencing and 

assembling single or short-insert paired end DNA reads into contigs, then building the 

genome sequence scaffolds by linking together contigs based on evidence from long-

insert (e.g. 3-Kb, 8-Kb, 20-Kb, 120-Kb) paired-end reads (Figure 2-1 A and 2-1 B) 

(Miller et al. 2010).  

Genome Validation and Super-scaffolding Strategies 

As mentioned above, reconstruction of a genome via WGSS using NGS data is 

fast and has relatively low-cost. However, the reconstructed genome is often 

fragmented. Another potential drawback of these draft genomes is that the accuracy of 

the assembled scaffolds is unknown, so conclusions drawn from comparative genomic 

studies involving draft genome sequences assembled from NGS may not be reliable.  

Traditionally resources like physical or genetic maps were used to identify the 

relative positions of draft genome scaffolds with respect to each other (super-

scaffolding) and assign them to chromosomes.  Also, these resources were used to 

assess the overall accuracy of the assembled scaffolds (Anantharaman et al. 1999; 

Zhou et al. 2009)  Often these resources are unavailable for non-model species and 

generating them is prohibitive.  A cost effective alternative is an optical map (Dong et al. 

2012), which is a high-resolution, genome scale ordered restriction map.  Optical maps 

are made by (i) digesting immobilized single molecules of DNA on open glass surfaces 
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using restriction enzymes to preserve the order of the digested fragments, (ii) staining 

the fragments with a fluorescent dye and visualizing them with fluorescence microscopy 

to estimate fragment length, and (iii) identifying common restriction map patterns 

between various single molecules and assembling these into a consensus optical map. 

These optical maps can represent large regions of the genome spanning even large 

repeat regions (Anantharaman et al. 1999; Dong et al. 2012).  Once optical maps are 

ready, in silico maps generated from the draft genome scaffold sequences are used to 

anchor scaffolds on to optical maps, hence the relative positions of scaffolds with 

respect to each other are resolved, and scaffolds are built into super-scaffolds 

(Anantharaman et al., 1999). Optical maps have been routinely used for finishing 

bacterial genomes (Latreille et al. 2007; Nagarajan et al. 2008), but have only recently 

been applied to complex genomes of model eukaryotic organisms (Zhou et al. 2009; 

Young et al. 2011; Dong et al. 2011; Chamala et al. 2013)  to assist with scaffolding and 

correction of well-advanced genome assemblies. The aforementioned complex genome 

assembly projects used optical maps and required extensive manual intervention, which 

could be a tedious and laborious task.  However, OpGen, Inc., which markets optical 

map technology as Whole Genome Maps (WGM), has automated the optical mapping 

and super-scaffold building steps (http://www.opgen.com/mapit).  At the time of this 

project only the super-scaffolding step was automated and error correction within 

scaffolds still remained laborious. Hence in the context of the Amborella Genome 

Project, WGM was used only to improve the contiguity of whole-genome assembly 

generated from NGS data, making the Amborella whole-genome sequencing project a 

pilot to for the application of WGM on large and complex genomes. 
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Scaffolds generated by Newbler and Opgen super-scaffolds were evaluated 

using fluorescence in situ hybridization (FISH). FISH has a wide range of applications, 

including detection of karyotypic alterations, and mapping of single cloned or PCR-

amplified sequences to chromosomes (reviewed in Chester et al. 2010).  The ability of 

FISH to map sequences onto chromosomes can be applied to evaluate the fidelity of a 

genome assembly, which has obvious advantages for non-model organisms like 

Amborella with sparse genetic resources. The basic idea is to map FISH probes 

designed from distinct sections of the scaffold to chromosomes.  Detecting probe 

signals in close proximity on a single chromosome suggests scaffold assembly is 

correct. In contrast, probe signals that fall relatively far apart on the same chromosome 

or on different chromosomes flag scaffolds as misassembled. The application of FISH to 

evaluate the fidelity of genome assembly was tested and evaluated during Amborella 

whole-genome assembly, which includes scaffolds from NGS genome assembly and 

super-scaffolds from WGM.  FISH was also used to assign genome scaffolds to 

individual chromosomes. 

This chapter contains two objectives.  The first is the generation of a draft 

genome sequence of Amborella using NGS-mediated WGSS and includes a discussion 

of the deficiencies of NGS data and the methods to identify and resolve them. The 

second objective is to assess completeness of the Amborella assembly, validate it, and, 

improve contiguity of the draft whole-genome assembly. Additionally, the potential for 

using WGM-based super-scaffolding as a replacement for large insert paired-end 

libraries will be examined. 
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Results 

DNA Sequencing 

Whole-genome shotgun sequencing of Amborella was undertaken using a 

combination of NGS technologies, leveraging the strengths of each technology to 

extend and improve the accuracy of our assembly. The sequence data (Table 2-1) were 

generated primarily on the Roche 454 GS FLX Titanium and FLX+ platforms, which 

provided the longest accurate reads of NGS technologies available at the time.  Longer 

reads help genome assemblers to resolve short repeats and result in larger contigs. 

Single–end reads included 14 Gb of 454-GS FLX Titanium and 12 Gb 454 FLX+. Often 

large eukaryotic genomes have numerous and large repeat structures that limit an 

assemblers ability to reconstruct continuous genome sequence.  These result in a 

fragmented assembly consisting of several small un-ordered islands of assembled 

sequence, or contigs. One of the main resources that help assemble contigs into 

scaffolds is large insert paired end sequence data.  For this project, 2 Gb of 11-Kb insert 

paired-end 454-GLS FLX Titanium sequences, and over 19 Gb of 3-kb insert Illumina 

paired-end reads was obtained. A collection of end sequences (48 Mb) derived from an 

5.5X coverage Amborella BAC library with an average insert size of 123 Kb (Zuccolo et 

al. 2011) was also included. Also 20-Kb insert paired-end 454-GLS FLX Titanium 

sequences were sequenced but discarded these due to their chimeric nature. Overall 

the total raw sequences constitute 262 M reads representing 48 Gb, providing a 

theoretical coverage of 64.1X based on a genome size estimate of 870 Mb (Table 2-1). 
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Quality Filtering of DNA Sequence Data  

Several quality, length, and contaminant filters (see below) were applied to 

ensure high-quality data for assembly. The results of filtering are presented in Table 2-

2.  Quality filtering reduced the total size of the data set by >51%, to 23 Gb. 

454 sequence data 

A minimum 454 read-length threshold was established for our assembly by 

examining the effect that inclusion of short reads of various size ranges had on contig 

N50 and L50 values.  This procedure amounts to empirically determining the point of 

diminishing returns for inclusion of short reads of various sizes. Based on this analysis, 

single-end reads shorter than 100 bp were discarded. To be retained for assembly, 

paired-end reads had to have a combined length of at least 150 bp, and one member of 

the read pair had to be greater than or equal to 100 bp, while the other member was 

required to be a minimum of 50 bp. This resulted in discarding 5.44%, 3.77%, and 

7.34% of the reads corresponding to 454-GS FLX Titanium, 454 FLX+, and 454 paired-

ends (11 Kb) respectively (Table 2-2). 

Tissue for DNA extractions was limited so no attempt was made to enrich 454 

libraries for nuclear genomic DNA. Therefore, our reads included organelle sequences 

that needed to be identified and removed before assembly. I identified potential 

organelle contamination by aligning the 454 reads to Amborella mitochondrial (Rice et 

al. 2013) and chloroplast (NCBI Accession Number: NC_005086.1) genome sequences 

with MosaikAligner v1.1.0020 (Hillier et al. 2008). These alignments resulted in 

identifying 14.87%, 6.01%, and 9.22% organelle reads corresponding to 454-GS FLX 

Titanium, 454 FLX+, and 454 paired-ends (11 Kb) (Table 2-2). 
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Artificial duplicate reads are sequencing artifacts where some reads share the 

same start position and have exactly the same sequence suggesting that they are 

duplicate DNA fragments. Recently, several studies reported the presence of artificial 

duplicate reads in 454 sequencing runs (Dong et al. 2011; Gomez-Alvarez et al. 2009; 

Niu et al. 2010; You et al. 2011). Gomez-Alvarez et al. (2009) reported that 11-35% of 

sequences in 454 metagenomic libraries are artificially replicated sequences. Two 

primary sources of these artificially replicated duplicates are (a) transfer and 

amplification of genomic templates from amplified emulsion droplets into other emulsion 

droplets with empty beads during the emulsion PCR step, and (b) bleeding of the optical 

signal during sequencing into the space of an adjacent empty well (Gomez-Alvarez et 

al. 2009).  Approximately 12.94% and 10.36% of the reads corresponding to 454 

Titanium and 454 Titanium plus libraries were identified as artificial duplicates (Table 2-

2) using the clustering program CD-HIT-454 (Fu et al. 2012), these values are within the 

range of previously reported artificial duplicates percentages (Gomez-Alvarez et al. 

2009).  

There is an additional source through which 454-long insert paired-end reads 

acquire artificial duplicates, resulting in a high rate of artificial duplicates reads 

compared to 454 unpaired reads.  As the insert size increases the ratio of DNA 

fragments becoming circularized decreases rapidly (see Materials and Methods). This 

means with increases in insert size, the number of paired-end fragments, which get 

passed on to the amplification step, will decrease, resulting in amplification bias. Thus 

sequencing will result in a high number of duplicate reads. For example, the amount of 

duplicate reads in libraries with an insert size of 5 Kb > 8 Kb > 20 Kb. 
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For generating high-quality scaffolding, it is crucial to thoroughly remove artificial 

duplicates, especially ones originating from long-insert paired-end reads. To 

differentiate between legitimate vs. spurious/chimeric contig joins genome assemblers 

evaluate the number of paired-end reads supporting a join. High-quality joins will 

minimally have a threshold amount of paired-end reads support compared to 

spurious/chimeric joins. Having paired-end read duplicates, especially from a poor-

quality or chimeric library, will give false contig join support and result in either 

misassembled scaffolds or poor contiguity. Using CD-HIT-454 (Fu et al. 2012) I 

identified 38.94%  of reads from the 11 Kb 454 paired-ends library to be artificial 

duplicates (Table 2-2), with almost four times more compared to artificial duplicates in 

454-unpaired libraries. 

 Another potential problem with large paired-end libraries that I noticed is the 

formation of chimeric reads.  Chimeric-rich libraries pose serious problem for sequence 

assembly and would result in generation of misassembled genome sequence scaffolds.  

The chimeric nature of paired-end libraries was flagged by examining the effect of 

scaffold length N-statistics from assemblies produced with incremental addition of 

paired-end libraries. In the case of non-chimeric paired-end libraries the expectation is 

that scaffold length N-statistics for incremental paired-end assemblies should continue 

to increase because adding more paired-end reads will join more contigs. After a certain 

number of incremental additions the increase will plateau suggesting that additional 

paired-end libraries of the same insert size is not helpful in improving the continuity of 

scaffold sizes.  However in the case of chimera-rich paired-end libraries scaffold 

contiguity of the incremental assemblies does not increase and may even decrease. 
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This is due to the inability of the genome assembler to resolve confounding evidence 

from chimeric and true joins between contigs and thus resulting in broken scaffolds.  

Using this strategy I was able to identify that 20-kb insert paired-end libraries are of 

chimeric nature, and I then excluded them from genome assembly. Figure 2-2 illustrates 

that average scaffold size N-statistics growth of incremental assemblies of 454 20-kb 

insert paired-end data diminishes, clearly suggesting the chimeric or poor quality of 

these libraries. 

Illumina 3-kb mate-pair data  

Illumina 3-kb mate-pair data were trimmed and quality filtered based to retain 

only high confidence sequence data. Out of 97,665,053 pairs of raw reads, 72,993,916 

(74.74%) passed the filtering criteria and are further subjected to organelle contaminant 

screening. Approximately 3.18% and 0.53% of reads correspond to mitochondrial and 

chloroplast genome sequences, respectively, and these sequences were eliminated 

from further analysis. 

Generation of 2-5 Kb mate-pair data using the standard protocol of Illumina 

mate-pair library construction is inexpensive compared to the 454 long insert paired-end 

data generation protocol. However, the former methodology produces junction and 

inward-facing artifact reads.  Ideally during Illumina mate-pair library construction all the 

size-selected fragments should be biotin labeled with proper mate-pair orientations 

(reads facing outwards) and of approximately 3-kb insert sizes. However, it is known 

that some non-biotin labeled fragments whose reads have insert size of ~400bp and 

inward facing read orientation will also be selected (Illumina 2009). Another artifact is a 

junction read. A read is classified as a junction read when a sequenced read passes 

through the junction of the two joined ends. Position of biotin labeling on the 400bp size 
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selected fragments is normally distributed and represents the junction point between 

two joined ends of 3-kb fragments (see Material and Methods).  Sequencing of 

fragments with biotin labeling present within 100bp of either end using Illumina HiSeq  

(2 x 100bp) will result in sequencing through the junction. Inward facing and junction 

read artifacts need to be removed prior to assembly. Junction and inward-facing read 

filtering was performed on the reads that remained after quality trimming and organelle 

contaminant screening, by aligning all mate-pair reads to contigs produced by 

assembling all clean 454 unpaired data (Table 2-1).  Out of 70,867,732 pairs of reads 

that passed quality and organelle screening steps, 14,653,624 (20.68%) passed 

junction and inward-facing read filtering criteria (see Material and Methods). Further 

these 14,653,624 sequences (2.2X coverage) were subjected to duplicate filtering, 40% 

were identified as duplicate reads, while the remaining 8,865,354 were used for 

assembly. This high rate of duplicate reads is due to the PCR enrichment step during 

Illumina mate-pair library construction (see Materials and Methods). 

Genome Assembly and Size Estimate 

All cleaned sequences (Table 2-1) were assembled using the Newbler 

Assembler (Margulies et al. 2005) Our decision to use Newbler was influenced by the 

large proportion of 454 sequences used and the ability for Newbler to handle multiple 

sequence data types, which allowed BACends, Illumina, and 454 data to be combined. 

Our current assembly consists of 43,234 contigs with an average size of 15,456 bp 

(min= 436 bp; max=287,935 bp), an N50 size of 29,456 bp, and an N50 count of 6,448.  

Scaffolding by virtue of the cleaned paired-end reads resulted in 5,745 scaffolds, with 

an average size of 123 kb (min= 1,732 bp; max= 15.98 Mb), an N50 size of 4.93 Mb, 

and an N50 count of 50. Based on the N90 statistics, 90% of our assembled sequence 
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resides in155 scaffolds with.16 Mb or larger. This assembly is named as version 1.0, 

and assembly metrics details are provided in Table 2-3. 

Flow cytometry estimated the genome size of Amborella to be approximately 870 

Mb (Leitch and Hanson 2002). According to this estimate, 82% of the Amborella 

genome is recovered in the current Newbler assembly.  Additional genome size 

estimates were obtained from sequence based methods. These genome size estimation 

methods are based on, k-mer frequencies, expanding putative repeat regions, and 

sequence coverage across finished regions, which suggested the genome size to be 

793 Mb, 713 Mb, and 736 Mb, respectively. These results unanimously suggest that the 

genome size estimated via flow cytometry is an overestimate. This overestimation may 

be due to variability associated with flow cytometry based estimation of absolute DNA 

amounts (Dolezel and Bartoš 2005; Praça-Fontes et al. 2011).  Thus I predict that the 

genome size of Amborella to be close to an average of the three sequence-based 

methods, which is 748 Mb. Based on input data size and a 748 Mb genome, the high-

quality sequence represents an average depth of coverage of approximately 31x, and 

the scaffolds cover >94% of the genome. 

Assessment of Data Saturation and Assembly Completeness 

Incremental assemblies 

To assess data saturation and assembly completeness, I monitored contig and 

scaffold growth as a function of total input bases (Figure 2-3, 2-4, 2-5, and 2-6).  

Examination of contig length statistics and genome coverage from assemblies produced 

with progressively larger sequence collections provides indication of data saturation and 

assembly completeness (Table 2-4, Figure 2-3, 2-4, 2-5, and 2-6). Plateaus in contig 

length (Figure 2-3), genome coverage (Figure 2-4), and contig N50 sizes (Figure 2-5) 
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suggest that the maximum contig coverage and contiguity attainable with single-end 

sequence reads has been reached and that additional single-end sequence data offer 

little or no improvement. In addition to indicating when our assembly was saturated for 

single-end reads (indicating that contig growth was maximized), this process monitored 

the effectiveness of the paired-end (PE) data to make contig joins. This in turn enabled 

us to determine when further addition of PE sequences, which are generally expensive 

and of variable complexity, were unlikely to improve assembly substantially (Figure 2-6, 

Table 2-4).  Scaffold sizes are likely to increase with the further addition of long-range 

mate-pair sequence (Table 2-4, Figure 2-6).  Rather than constructing additional PE 

libraries to improve contiguity, a gap closure method based on whole-genome (formerly 

optical) mapping technology was undertaken in collaboration with OpGen, Inc. 

(Gaithersburg, MD, USA) (see below). 

Representation of BAC-end sequences and Amborella unigene sequences within 
the WGS assembly 

Available BAC-end sequences (Zuccolo et al. 2011) and an Amborella unigene 

collection (http://ancangio.uga.edu/content/amborella-trichopoda) were aligned to the 

assembled contigs with WU-BLASTN (version 2.0) to determine the proportion of each 

sequence collection represented within the assembled contig collection. BAC-end and 

unigene sequences were required to align over a minimum of 90% of their length, with 

greater than 95% identity. Over 98% of the 63,924 BAC-end sequences could be 

aligned, while greater than 70% of the 49,356 Amborella unigenes (with length at least 

600 bp) can be aligned along their lengths to the current assemblies. Of the remaining 

30% of Amborella unigenes that failed these filtering criteria, 8.68% have partial 

alignments to the Amborella genome, 9.15% appear to be contaminant sequences 

http://ancangio.uga.edu/content/amborella-trichopoda
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based on top hits to insect species when queried against NCBI’s non-redundant (nr) 

protein database, while the remaining 11.66% did not have any significant alignments to 

sequences in the NCBI non-redundant protein database, suggestive of misassembled 

unigenes or novel transcripts. After excluding the above-mentioned insect contaminants 

and putative misassemblies, 88% of the remaining 39,804 unigenes align with high 

confidence (90% coverage along the length and 95% identity), while 11% align partially 

to the Amborella genome. Overall, the current Amborella assembly is unable to account 

for 1% of the unigenes. 

Assessment of Assembly Based on Pre-existing Genomic Resources 

Coverage of contig assemblies across finished sequence contigs 

Two finished BAC contigs (IDs 431 and 1003), that together represent 

approximately 1 Mb of the Amborella genome (Zuccolo et al. 2011), can be used to 

assess the accuracy of contig assembly. All assembled contigs were aligned to these 

reference sequences with Mummer (Kurtz et al. 2004). Over 93% of the bases in these 

BAC contigs are covered by our assembled contigs, which were expected to align over 

at least 95% of their length, and with greater than 95% identity. The depth of contigs 

coverage along each BAC was illustrated (Figure 2-7 and 2-8).  

Comparison of the scaffolded assemblies against the available physical map 
contigs 

The position and order of those BACend sequences that were incorporated into 

the Amborella scaffolded assembly were compared to the position of their parent BACs 

within the available physical map BAC fingerprinted contigs (Zuccolo et al. 2011). Those 

BACs associated with one another in a BAC fingerprint FPC physical map contig should 

be incorporated into the same Newbler-generated scaffold. Conversely, BACs from a 
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single FPC contig incorporated into several Newbler scaffolds could be an indication of 

misassembly. The Amborella physical map consisted of 3,106 FPC contigs (Zuccolo et 

al. 2011). Of these, 2,941 had at least one BAC that was incorporated into a Newbler 

scaffold. A “congruent contig” is defined as one where 100% of the FPC contig’s BACs 

that are in Newbler scaffolds were incorporated exclusively into one scaffold.  Custom 

Python scripts were developed to match BACs from FPC scaffolds to the BACs 

incorporated in our Newbler-assembled scaffolds. The vast majority of FPC contigs, 

2,906 (99%), meet that congruent contig definition. Thirty-five FPC contigs map to two 

or more scaffolds. Thirty-three of these map to two scaffolds, one maps to three, and 

the remaining (ctg4047) maps to over 50 scaffolds (Table 2-5), which is consistent with 

evidence that this contig is composed of BACs containing repeat elements (Zuccolo et 

al. 2011). This implies that our assembly supports nearly all BAC fingerprint-assembled 

contigs representing the physical map. 

Assessment of whole-genome assembly using FISH 

The accuracy of the genome assembly was further assessed by FISH analysis. 

BACs assembled in 104 scaffolds containing 430 Mb (68%) of the genome assembly 

were cytogenetically localized by FISH to assess scaffold integrity (Figure 2-9 and Table 

2-6).  For each scaffold, the distance between positional coordinates of co-assembled 

pairs of BACs (“FISH-assessed bp”) were reported, and whether assembly is FISH-

supported if probes are co-localized, FISH-inconclusive when co-localization is 

ambiguous (often one or both probes are stain centromeres of all chromosomes), and 

misassembled when probes localize to different chromosomes or chromosome arms. 

For example, AT_SBa0003J06 and AT_SBa0003J19 are two BACs co-assembled in 

scaffold 23 at a distance of 1.3 Mb and co-localized by FISH (Figure 2-9). 
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This analysis confirmed contiguity across major regions (56%) of 66 scaffolds 

containing 306 Mb (44%) of the genome assembly. Significantly, co-assembled BACs 

that were cytogenetically mapped to different chromosomes indicated potential 

misassemblies in only two scaffolds (Table 2-6).  However, multiple BACs from 38 

scaffolds containing 154 Mb produced inconclusive genome-wide centromeric signals 

(Table 2-6).  Sequence alignments associated with the promiscuous probes indicate 

extensive sequence similarity and the presence of tandem. 

Assessment of OpGen Whole Genome Maps and Assembly Improvement 
Facilitated by GenomeBuilder™ Super-scaffolding 

GenomeBuilder™ super-scaffolding of version 1.0 assembly 

Amborella assembly version 1.0 scaffolds from Newbler whose lengths are 

greater than 200 kb (219 scaffolds) are long enough to be potentially mapped and are 

joined by OpGen’s Genome-Builder™ (GB). In all, 110 joins were made, resulting in 

further super-scaffolding of 163 assembly scaffolds (Table 2-7).  This process improved 

the contiguity of the assembly substantially, increasing the assembly N50 approximately 

2 fold (4.9 Mb to 9.3 Mb) and increasing the N90 approximately 2.4 fold (1.2 Mb to 2.9 

Mb), while increasing the size of the largest scaffold 23 Mb (Table 2-7, Table 2-8). The 

fidelity of the joins made by OpGen in building super-scaffolds was evaluated using 

FISH and by comparing the Whole Genome Map to a preliminary new assembly that 

incorporated additional read filtering and a modest increase in 454 paired-end data (see 

below). Twenty pairs of version 1.0 scaffolds that were joined by GenomeBuilder™ 

were shown to be co-localized by FISH (Table 2-7). 
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Comparison of version 1.0 scaffold joins made by GenomeBuilder™ to a new 
assembly (V1.1) incorporating additional mate-pair sequences 

A second assembly was constructed after including additional mate-pair 

sequences and experimenting with improved data filtering. The original collection of 

paired-end 11-kb insert libraries used in assembly version 1.0 was pooled by library 

(rather than plate) and screened for duplicates with CD-HIT-454 (Fu et al. 2012) . This 

resulted in the removal of an additional 302,740 pairs (105 Mb) of mate-paired 

sequence data from the 11-kb insert libraries relative to that used in version 1.0. 

Additionally, three plates of 454 mate-pair sequence data were generated from three 8-

kb insert libraries, and one plate of 454 mate-pair sequence data was generated from a 

6-kb insert libraries. Sequence filtering and duplicate removal resulted in 324,421 8-kb-

insert library sequence mate pairs (122 Mb) with a mean read size of 374 bp, and 

195,085 6-kb-insert library sequence mate pairs (74 Mb) with mean read size of 378 bp.  

These sequence data were included in a re-assembly using the same Newbler 

assembler parameters described for version 1.0. 

 Amborella assembly 1.0 scaffolds (219 scaffolds, length > 200 kb) were aligned 

against the scaffolds resulting from the new assembly (hereafter referred to as V1.1) 

using the Assembly To Assembly Comparison (ATAC) software (Istrail et al. 2004) with 

default parameters. Version 1.0 scaffolds that aligned along a minimum of 80% of their 

lengths were examined to determine their relative order and orientation with respect to 

the V1.1 assembly scaffolds, and putative joins were made between adjacent version 

1.0 scaffolds.  The joins between version 1.0 scaffolds that were suggested by V1.1 

were compared to the joins between version 1.0 scaffolds that were suggested by 

OpGen GenomeBuilder™. Forty-two joins between 71 version 1.0 scaffolds were 
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identified within V1.1. Of these 42 joins, 30 agree with joins made by GenomeBuilder™ 

(Table 2-7), while the remaining 12 were unique to the V1.1 assembly. 

BAC-free Version 1.0 Assembly and Genome-Builder™ Super-scaffolding  

A BAC-free version 1.0 assembly was produced by assembling all data used for 

the version 1.0 assembly in the absence of the BAC-end sequences with Newbler 

assembler with parameters identical to those used for the version 1.0 assembly. BAC-

free version 1.0 assembly metrics are presented in Table 2-9. GenomeBuilder™ was 

run using the BAC-free version 1.0 scaffold sequences as described for the version 1.0 

assembly (see above), resulting in 237 joins between 325 out of the 381 scaffolds 

(lengths > 200 kb) that represented the BAC-free assembly (Table 2-9, Table 2-10). The 

GenomeBuilder™ super-scaffolded, BAC-free version 1.0 assembly has an N50 and 

N90 of 7,665,886 bp (32 scaffolds) and 1,493,879 bp (95 scaffolds), respectively, which 

is superior to the version 1.0 assembly (including BAC-end sequences). This result 

demonstrates that GenomeBuilder™ super-scaffolding yields assemblies with greater 

contiguity than sequence assembly alone and also suggests that GenomeBuilder™ can 

substitute for assembling with BAC-end sequences. This is particularly important 

because comprehensive BAC resources and BAC-end sequences are costly, low-

throughput and not presently available for most evolutionary model organisms.  

Comparisons of assembly metrics between Amborella (w/wo BAC-ends) and other 

recently reported NGS-based whole-genome assemblies were reported in Table 2-11. 

Discussion  

De novo genome assembly of NGS data “as is” might result in poor quality 

genome reconstruction. I illustrate potential pitfalls associated with assembling NGS 
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data “as is”, and also present methodologies to identify and resolve these pitfalls by 

successfully applying them in generation of a high quality draft genome of Amborella.  

NGS data filtering for de novo genome assembly involves removal of low quality, 

duplicate, contaminant, and chimeric reads. The first three filtering steps may result in a 

drastic reduction of the data size, which in turn reduces the genome assembly 

complexity.  The Amborella NGS data filtering resulted in loss of about 50% of the raw 

data i.e., data coverage went from 64.1X to 30.7X coverage after filtering (Table 2-1). 

Chimeric filtering minimizes mis-joined contigs during assembly, it is clear from Figure 

2-2 that addition of chimeric 20 kb insert paired-end 454 libraries results in inferior 

scaffold N-statistics and thus were flagged as chimeric. The strategy I employed to 

identify poor quality data is to generate several incremental assemblies and construct 

contiguity curves, which are examined for inflections that indicate the addition of poor 

quality sequence data. Once identified, the poor quality data should be eliminated, and 

only high quality and non-ambiguous data should be supplied to the genome assembler 

to minimize misassembles in genome reconstruction, suggesting that the generation of 

a high quality genome assembly using WGSS is not yet a completely automated 

process. Rather, the assembly process requires a good understanding of potential 

artifacts associated with NGS technologies and the ability to build bioinformatics 

pipelines tailored to identify and remove artifacts before feeding NGS data to the 

genome assembly software. This point is demonstrated by the fact that 454 long insert 

paired-end and Illumina 3-kb mate-pair data are associated with unique artifacts. For 

example, inward facing and junction reads artifacts are unique to Illumina 3-kb mate-

pairs and processed differently compared to 454 long insert paired-end data. 
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Using draft genome sequencing of Amborella, I further demonstrate the 

importance of performing genome size estimation in addition to that of a traditional 

genome estimation via flow cytometry. Based on the flow cytometry method, the 

Amborella genome size is estimated to be ~870 Mb (Leitch and Hanson 2002), which is  

~100 Mb greater than sequence based genome size estimations, including k-mer 

frequencies (793 Mb), expanding putative repeat regions (713 Mb), and sequence 

coverage across finished regions (736 Mb). Over-estimation of the genome undermines 

the amount of overall genome reconstructed by genome assembler. Dolezel and Bartoš 

(2005) suggested that variability in genome size estimations via flow cytometry may be 

influenced by the following factors: “(1) the need for fresh tissues complicates the 

transfer of samples from field to the laboratory and/or their storage; (2) the role of 

cytosolic compounds interfering with quantitative DNA staining is not well understood; 

and (3) the use of a set of internationally agreed DNA reference standards still remains 

an unrealized goal” (Dolezel and Bartoš 2005). 

To my knowledge, Amborella is the first large plant genome for which a highly 

contiguous genome assembly was obtained using a combination of FISH (fluorescent in 

situ hybridization), and whole-genome restriction maps (derived from OpGen Inc.’s 

Whole Genome Mapping technology) to assess assembly accuracy. Successful 

implementation of this strategy in a typical non-model organism like Amborella 

demonstrates its future potential of being routinely used in genome sequencing projects 

of many other organisms with limited genomic resources, and this multi-faceted 

approach may also extend to genomes with a more complex repeat structure than that 

of Amborella.  
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The long super-scaffolds generated after the Genome-Builder™ super-

scaffolding step are long enough to accommodate large portions of the chromosome 

arms. Also, these long super-scaffolds of Amborella will be useful for synteny 

comparisons with other sequenced angiosperm genomes to investigate angiosperm 

wide genome duplications, and in reconstructing ancestral gene order of angiosperms.  

Assembling genomes solely from NGS data often results in several hundreds or 

even thousands of scaffolds, which is especially true for complex genomes like 

Amborella. For example, in a BAC-free assembly, 90% of the assembled Amborella 

genome is represented in 293 of the largest scaffolds (referred to as the N90 count in 

Table 2-3). While genome assembly with BAC-end paired library results in a N90 

scaffold count of 155 (Table 2-3), increasing contiguity by 50%.  However, generation of 

BAC-end paired libraries is a laborious and expensive task. In contrast, procuring long 

insert paired end reads via next generation library preparation protocols is relatively 

cheap but may result in chimeric data sets as mentioned above for 20 Kb insert 454 

paired-end libraries.  High throughput whole-genome restriction maps such as from 

OpGen may help bypass preparation of long insert libraries.  The value of this approach 

was illustrated by comparing the Amborella version 1.0 assembly containing BAC-end 

paired sequences to the Genome-Builder™ super-scaffolding of BAC-free version 1.0 

assembly using genome restriction maps, whereas the latter produced greater 

contiguity (Table 2-9 and Table 2-10). These results suggest that Genome-Builder™ 

super-scaffolding of genome restriction maps can act as a surrogate for very long (>150 

kb) PE libraries (e.g., BAC-end sequences), which are expensive and time-consuming 

to construct. 
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Genome-Builder™ super-scaffolding of de novo assembled scaffolds using 

genome restriction maps resulted in great improvements in the assembly contiguity of 

Amborella draft genome. However, the scale of improvement depends on the number of 

scaffolds that are eligible to enter into the Genome-Builder™ super-scaffolding step.  

For Amborella genome sequencing project, only de novo assembled scaffolds that were 

a minimum of 200 kb were considered long enough to be potentially mapped to single-

molecule maps (generated from OpGen Inc.’s Whole Genome Mapping technology) and 

these were used for scaffold joining by OpGen’s GB. GB first converts de novo 

sequence assembly scaffold sequences into restriction maps by in silico restriction 

enzyme digestion and these maps are extended iteratively by overlapping single-

molecule maps, thus building super-scaffolds (Chamala et al. 2013; Dong et al. 2012). 

In general, the larger the de novo assembled scaffold, the greater the number of 

restriction sites it will contain, which can be identified by in silico restriction enzyme 

digestion.  In turn, larger numbers of in silico detected restriction sites are more likely to 

unambiguously map the de novo assembled contig to overlapping single-molecule 

(Dong et al. 2012). The minimum de novo assembled scaffold length suggested by 

OpGen Inc is 200 Kb. NGS-based whole-genome assemblies (Table 2-11) like Brassica 

rapa (Wang et al. 2011) and potato (Xu et al. 2011) have 159 and 622 scaffolds 

respectively with over 200 kb size representing more than 90% of the assembled 

genome.  Like Amborella, these genome assemblies would have easily gained 

significant improvements in assembly contiguities had these projects employed a whole-

genome optical map. However, not all de novo genome assemblies may yield highly 

contiguous scaffolds such as that of Amborella, especially in the absence of large insert 
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paired-end libraries. In such cases, the GB super-scaffolding approach may have 

limited use. For example, in Cajanus cajan’s (pigeonpea) BAC-free de novo genome 

assembly (Varshney et al. 2012) (Table 2-11) only about 50% of assembled genome is 

present in scaffolds with about 200 kb or more, suggesting only 50% of assembled 

genome would benefit from additional GB super-scaffolding. In contrast, over 90% of 

Amborella’s assembled genome is present in scaffolds greater than 200 Kb (Table 2-

11). Relatively poor BAC-free contiguity in pigeonpea compared to Amborella may be 

due to a more complex genome repeat structure in the former. Poor contiguity can also 

arise from differences in the quality and insert sizes of the NGS datasets used.  The 

Amborella genome assembly is dominated by long 454 Titanium reads (~365-533 bp) 

which is almost double the combined read length of the Illumina paired-end data (2X100 

bp) used in piegeonpea (Varshney et al. 2012). The bottom line is that the quality of the 

de novo assembly must be adequate to assemble much of the genome into scaffolds 

greater than 200 Kb to benefit from Opgen super-scaffolding.   

Assembling the complete Amborella genome sequence also successfully 

demonstrated the application of FISH for evaluating the accuracy of a draft genome 

assembly and super-scaffolds generated from Genome-Builder™.  The assemblies of 

scaffolds with at least two BAC-end sequences derived from independent BACS can 

potentially be evaluated with FISH.  FISH probes are constructed from the parent BAC 

clones and hydridized to chromosome preparations. A scaffold is flagged as properly 

assembled if signals from the FISH probes are seen adjacent to each other.  In contrast, 

signals that appear on different chromosomes or are much farther apart from one 

another than expected based on estimates of their distance within the assembly indicate 
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misassembly (Figure 2-9 and Table 2-6). One limitation of employing FISH is 

encountered when BAC clones used to construct labeled probes contain repetitive 

sequences.  In these cases the probe signal will be detected at multiple locations in the 

genome and cannot be interpreted conclusively.  As discussed previously, constructing 

BAC resources is a relatively expensive.  In this project I was able to take advantage of 

the availability of pre-existing Amborella BAC clones for a FISH based assembly 

validation (Zuccolo et al. 2011).  An alternative for whole-genome projects without BAC 

resources would be synthesizing FISH probes using long-range polymerase chain 

reaction from primers designed in various portions of assembled scaffold and then 

testing for validity of genome assembly similar to that of using BAC clones. In this 

manner FISH strategy could still be used for cytogenetic validation of an assembly even 

without generating BAC resources.  

Genome assembly strategies discussed above were successful in generating a 

high quality, contiguous, genome assembly for Amborella. These methodologies were 

conceived and implemented during 2010 to 2012.  However several advances in 

sequencing technologies have been made subsequent to this project and these should 

be evaluated and incorporated in future WGS projects. As mentioned, the Amborella 

genome sequencing heavily relied on 454 sequence data for building contigs. The main 

reason behind choosing 454 sequencing technology was its superior read-length in 

comparison to other NGS technologies available at the time. Currently, the Illumina Mi-

Seq can generate 2X300bp paired-end reads (http://www.illumina.com) that can be 

constructed to overlap and generate sequence fragments of >350bp.  These are more 

accurate in terms of base calling than 454 and approximately two orders of magnitude 

http://www.illumina.com/
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cheaper.  Today, 454 sequence data could easily have replaced with MiSeq with only a 

modest difference in mean sequence read length but with a major reduction in cost. 

Additionally, in October of 2013, Roche announced the shutdown of 454 Life Sciences 

and will end support for 454 instruments by mid-2016 (http://www.bio-

itworld.com/BioIT_Article.aspx?id=131053).  Thus, using the 454 sequencing 

technology is not an option for future sequencing projects. 

Recent improvements in read lengths of the PacBio SMRT sequencing 

technology have great potential in generating high quality de novo assemblies of 

eukaryotic genomes. While most NGS platforms generate read lengths of a few 

hundred base pairs, PacBio SMRT sequencing with the P5-C3 chemistry have the 

potential to generate >300Mb of sequence in reads with an average read length of ~8.5 

kb, and maximum read size exceeding 30 Kb 

(http://files.pacb.com/pdf/PacBio_RS_II_Brochure.pdf). Clearly such reads could span 

large repeat regions, dispense with the need for paired-end libraries and potentially 

simplify assembly.  Additionally, the long reads can be used to scaffold between contigs 

generated with shorter-read technology. Although, PacBio SMRT sequencing is low 

throughput compared to the Illumina platforms (~375 Mb and 50k reads vs. 10-600Gb) it 

is significantly less expensive than generating 454 paired-end libraries.  The main 

drawback to PacBio sequence is its high per-base error rates (~14%).  Sequence errors 

need to be corrected before reads are assembled into contigs. There are two common 

methods for PacBio error correction and assembling genomes.  The first is a non-hybrid 

approach that error corrects by generating a consensus sequence derived from PacBio 

SMRT sequences collected at sufficient sequence redundancy, which are then 

http://www.bio-itworld.com/BioIT_Article.aspx?id=131053
http://www.bio-itworld.com/BioIT_Article.aspx?id=131053
http://files.pacb.com/pdf/PacBio_RS_II_Brochure.pdf
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assembled into contigs (Chin et al. 2013).  Until recently this approach was routinely 

applied to small genomes such as bacteria (Roberts et al. 2013), but recently the 

Arabidopsis thaliana (Ler-0) genome was sequenced and assembled solely with  P5-C3 

chemistry by PacBio scientists. The assembly contiguity is very impressive with an N50 

contig size of 6.36 Mb and maximum length of 13.21 Mb at 18.74X assembly coverage 

(http://files.pacb.com/pdf/CS_SMRTApproach_FinishingPlantAnimalGenomes.pdf). The 

second methodology is a hybrid approach where sequence from short read platforms 

are mapped to PacBio sequences and errors are corrected based on alignment 

consensus (Koren et al. 2012).  The genome assembly strategy of the hybrid approach 

is to use the Illumina reads to both correct PacBio reads and to de novo assemble 

short-read contigs, which can be scaffolded with the error corrected PacBio reads. This 

strategy requires much shallower genome coverage by PacBio sequence relative to 

adopting the non-hybrid approach.   

Another interesting sequencing technology that can produce long fragments is 

Illumina Long-Read Sequencing Technology  (formerly marketed as Moleculo). This 

technology can generate up to 10 Kb synthetic long-reads derived from local 

assemblies of standard Illumina reads (http://www.illumina.com). 

PacBio SMRT and Illumina Long-Read sequencing technologies will play an 

important role in future whole-genome sequencing projects. These technologies can 

compliment each other and even may be used in conjunction with traditional NGS 

based de novo assemblies for improving genome assembly contiguity without a need 

for large insert (>10kb) paired-end read libraries. Whether such technologies obviate the 

need for BAC or Fosmid end sequences remains to be determined.  However, these 

http://files.pacb.com/pdf/CS_SMRTApproach_FinishingPlantAnimalGenomes.pdf
http://www.illumina.com/
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technologies will certainly increase contig/scaffold contiguity to a point where addition of 

a high-throughput whole-genome map from OpGen In. (http://www.opgen.com/mapit) or 

comparable technologies (BioNano Genomics; http://www.bionanogenomics.com/) will 

rapidly and cost-effectively lead to highly contiguous de novo genome assemblies. In 

addition to super-scaffolding, whole-genome optical maps can be used to identify and 

correct contig and scaffold mis-assemblies, which will minimize the need for FISH 

beyond anchoring large contiguous scaffolds to an organisms karyotype. 

Materials and Methods  

Sequencing 

Reference genome sequence plant material was obtained from a single plant and 

its clones located in the University of California at Santa Cruz Botanical Garden, the 

Atlanta Botanic Garden and the University of Florida (Amborella Genome Project 2013). 

Single end genomic 454-FLX and SE 454-FLX+, 11-Kb paired-end 454-FLX, and 3-Kb 

PE Illumina HiSeq reads were generated using standard protocols respectively at 

Pennsylvania State University by Dr.Stephan C. Schuster’s group (Amborella Genome 

Project 2013). Sanger sequenced BAC end sequence reads were downloaded from 

NCBI (Zuccolo et al. 2011). The sequence data is summarized in Table 2-1. 

454 Long Insert Paired-end Library Protocol 

Standard 454/Roche long insert paired-end library preparation protocol (Roche 

2009) involves DNA fragmentation and size selection of appropriate insert size, DNA 

circulation, fragmentation of circularized DNA, ligation of sequencing adaptors to paired-

end library constructs, and amplification of paired-end library constructs (personal 

communication with Dr.Stephan C. Schuster’s group, PSU, USA). 

http://www.opgen.com/mapit
http://www.bionanogenomics.com/
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454 Sequence Data Quality Filtering 

Identification of short reads 

The criteria used to designate a read as short-read, single-end reads should be 

at least100 bp and paired-end reads with combined length should be at least 150 bp, 

and one member of the read pair had to be greater than or equal to 100 bp, while the 

other member was required to be a minimum of 50 bp. The reads failing these criteria 

are discarded. 

Organelle contaminants 

454 reads were aligned to Amborella mitochondrial (Rice et al. 2013) and 

chloroplast (NCBI Accession Number: NC_005086.1) genome sequences with 

MosaikAligner (Hillier et al. 2008) using the banded Smith-Waterman algorithm with a 

hash-size of 15. Reads aligned with less than 5% mismatch over 95% of the aligned 

read length were considered to potentially originate from an organellar genome. In the 

case of single-end reads, these reads were discarded. Paired-end reads were 

examined more carefully, as a mate-pair with only one end matching an organellar 

genome could provide valuable information about gene transfer between the nuclear 

and organellar genomes. Reads were discarded if both paired-ends appeared to be of 

organellar origin. 

Identification and removal of artificial duplicate reads 

Clustering program CD-HIT-454 (Fu et al. 2012) was used to identify artificial 

duplicates. Reads with greater than 96% sequence identity, with no more than 1 

insertion or deletion, and sharing the same start position were gathered into artificial 

duplicate clusters. The representative sequence from each cluster was kept for 

assembly, and all other reads in the cluster were discarded. 
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Sanger BAC-end Data 

Quality trimming 

Amborella Sanger BAC-end sequences (Zuccolo et al. 2011) were quality 

trimmed with Lucy v1.2 (Chou and Holmes 2001) using the following parameters: -error 

0.025 0.9; -bracket 10 0.02; -window 50 0.07. This step resulted in the removal of 70 

low quality BAC-end sequences. 

Organelle contaminants 

All Amborella BAC-end sequences were aligned against the Amborella 

mitochondrial and chloroplast genome sequences using WU-BLASTN (version 2.0), and 

reads aligning with at least 90% identity and 90% along their length were classified as 

potential mitochondrial and chloroplastic contaminants, respectively. Reads were 

discarded only if both members of a BAC-end pair appeared to be of organellar genome 

origin. 

Illumina 3-Kb Mate-pair Library Protocol 

Illumina’s 2-5-Kb mate-pair protocol was used for generation of 3-Kb mate-pair 

data (Illumina 2009). This protocol involves following steps, (i) fragmentation of DNA, (ii) 

biotin labeling, (iii) size-select 3.5-Kb biotin end-labeled molecules, (iv) circularize 3.5-

Kb molecules, (v) shear 3.5-Kb molecule, (vi) capture and size select only biotin labeled 

~400 bp sheared fragments, (vii) ligate appropriate sequencing primers, and (viii) PCR 

enrichment of size selected fragments. 

Illumina 3-Kb Mate-pair Data 

Quality trimming 

Modules from the Fastx toolkit (version 0.0.13) 

(http://hannonlab.cshl.edu/fastx_toolkit/) were used to perform quality trimming of 

http://hannonlab.cshl.edu/fastx_toolkit/
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Illumina 3-Kb mate-pair data. First, fastq_quality_trimmer was run to trim nucleotides 

from the end of sequences that have quality values lower than 30, and sequences 

shorter than 85 bp were removed. The output was processed through the 

fastx_artifacts_filter module run with default parameters, which removes reads with all 

but three identical bases. Finally, the fastq_quality_filter module was run with the 

following parameters: -q (Minimum quality score to keep) 25; -p (minimum percent of 

bases that must have [-q] quality) 90.  

Organelle contaminants 

Illumina 3-Kb mate-pair data were aligned against the organellar genome 

sequences with MosaikAligner package version 1.1.0020 (Hillier et al. 2008) using the 

following program parameters: -hs (hash size) 15; -act (alignment candidate threshold) 

35; -mm (number of mismatches allowed) 5; -bw (uses the banded Smith-Waterman 

algorithm) 29; –mmal (uses the aligned read length instead of the original read length 

when counting errors); -minp (minimum percentage of the read length should be 

aligned) 0.90; -m (alignment mode) all; -a (alignment algorithm) all; -p (CPUs used) 8; -

mhp 100 (maximum number of hash positions to use). Only those read pairs whose 

individual ends both map to the organellar genome sequence were considered as 

organelle contaminants. 

Removal of junction and inward-facing reads from Illumina mate-pair libraries  

Identification of junction and inward-facing reads was performed on the reads 

that remained after quality trimming and organelle contaminant screening. All mate-pair 

reads were aligned using Mosaik (v1.1.0020) (Hillier et al. 2008) to contigs produced by 

assembling all clean 454 unpaired data (Table 2-1) with the Newbler assembler 

(Margulies et al. 2005). Mosaik aligner was run with the following parameters: -hs (hash 
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size) 15; -act (alignment candidate threshold) 35; -mm (number of mismatches allowed) 

5; -bw (uses the banded Smith-Waterman algorithm) 29; -m (alignment mode) unique; -

a (alignment algorithm) all; -p (CPUs used) 7; -mhp (maximum number of hash 

positions to use) 100. Paired-end reads were discarded as junction/inward reads unless 

(i) both read ends aligned completely, and (ii) when both reads aligned completely to 

the same contig, they were determined to be spaced at least 1000 bp, but not more 

than 5000 bp, from one another. 

Identification and removal of artificial duplicate reads 

Illumina read-pairs remaining after filtering for quality, organelle contaminants, 

junction reads and inward facing reads were checked for artificial duplicates. Read pairs 

were first concatenated, and the concatemers were processed through the CD-Hit-454 

(Fu et al. 2012) package using the same program parameters as described for removal 

of artificial duplicates from 454 data (above). 

Sequence Assembly 

All cleaned sequences were assembled using the Newbler Assembler (Margulies 

et al. 2005) v2.6 (build version 20110517_1502) with the following parameters “-scaffold 

-het -large -cpu 3 -siod -noinfo”. Assemblies were run on a 16-processor node with 256 

GB of RAM.  Assembly metrics of version 1.0 are detailed in Table 2-12. 

Coverage Analysis and Estimating the Size of the Amborella Genome Sequence  

An accurate estimate of sequencing depth in high-information content (i.e. non-

repeat) regions of our assembly is useful for a number of calculations, such as 

estimating genome size and completeness of sequencing coverage. Several methods to 

estimate sequencing depth in high-information content regions were used: alignment to 

fully-sequenced BAC contigs, alignment to ESTs, and k-mer frequency estimation. 



 

58 

Genome size estimate based on sequence coverage across finished regions 

Two finished BAC contigs (IDs 431 and 1003), together comprising 

approximately 1 Mb of the Amborella genome (Zuccolo et al. 2011), were used as 

proxies to represent the sequence composition of the entire genome. All clean 454 

unpaired reads were aligned to these contig sequences with Mosaik aligner (Hillier et al. 

2008) v1.1.0020, using the banded Smith-Waterman algorithm (-bw) and a hash-size (-

hs) of 15. Reads were required to align over a minimum of 95 % of their length, with 

greater that 95% identity. The depth of read-alignment coverage along each BAC is 

illustrated (Figure 2-10 and 2-11). The mean coverage depths across BAC contigs 431 

and 1003 were 32X and 32X, respectively (Table 2-12); the median coverage depth was 

29X for both contigs. Small gaps representing 1.30% of BAC contig 431 and 0.57% of 

BAC contig 1003 remained after read alignments. The median coverage depth of the 

454 sequence reads across these two assembled BAC contigs provides one estimate of 

genome size. Dividing 20.7 Gb of unpaired 454 sequences by the median depth of 29X 

gives an estimated genome size of 713 Mb. 

Estimating genome size using k-mer frequencies 

The Potato Genome Sequencing Consortium (Xu et al. 2011) described a 

method for estimating genome coverage, and thus genome size, based on the 

frequency of k-mers appearing in sequencing reads. Because this method uses only 

raw sequencing reads, the estimation provided is independent of any finished assembly. 

The choice of k-mer size (k) is made such that k should be large enough so that 4k is 

close to, but greater than, previous genome size estimates so that each k-mer 

theoretically appears once in the genome. For the Amborella genome, this suggests a 

minimum k of 15. The number of appearances for each distinct k-mer (n) within the 
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genome sequence is determined, and this is, in turn, multiplied by the number of distinct 

k-mer sequences appearing n times to yield the k-mer volume. Because each k-mer 

should appear once in a random DNA sequence, the n associated with the largest k-

mer volume is inferred to represent the true depth of coverage in high-information 

content regions of the genome. Two k-mer frequency analyses were performed using all 

clean 454 reads, one with k=15 and a second with k=17 (Figure 2-12, Table 2-13).  K-

mer estimates suggest a genome size of 793Mb. 

Genome size estimation by repeat expansion 

Repeats and other low-complexity genomic regions often assemble into deep 

contigs that inaccurately represent their distribution in the genome. Because highly 

repetitive sequences tend to assemble as overlapping fragments rather than extending 

contigs, these repeat-laden contigs are of higher depth than contigs representing non-

repetitive portions of the genome. The sequence depth in low-complexity contigs can be 

compared to the sequence depth of high-complexity contigs to estimate the amount of 

excess read overlap. Assuming that the excess-overlapped reads represent over-

collapsed repeat-laden regions of the genome enables a length estimate for the 

genomic region represented by the contig. Contigs were first partitioned into two 

classes: high-complexity and low-complexity. Figure 2-13 shows the frequency of contig 

depths.  There are two peaks, one at a depth of 18X and another at 36X, which likely 

represent high-complexity genomic regions and repeat-laden regions, respectively. 

Contigs with a read depth higher than 36 putatively represent low-complexity regions. 

The 95th percentile value for contig depth is 73X, which was selected as a conservative 

cutoff; contigs with a depth of 74X or greater are designated low-complexity. Assuming 

that depth in non-repeat-containing assembled contigs is 18X suggests that the genome 
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has been sampled 18-fold. This implies a scaling factor for the low-complexity of d/18, 

where d is the low-complexity contig’s depth. Multiplying each low-complexity contig’s 

length by its scaling factor approximates the length of the genome segment represented 

by the reads within the contig. All contig lengths summed together after scaling suggest 

that the length of the assembled contigs represents 736 Mb.  Based on these three 

independent assessments of genome size, the Amborella genome size was estimated 

to be mean value of ~748Mb. 

 Cytogenetics 

Details of methods and materials for this work are described in (Chamala et al. 

2013). 

OpGen Whole Genome Mapping 

OpGen was the service provider who generated the whole genome optical map 

for Amborella and performed super-scaffolding of Amborella scaffolds resulting from 

Newbler assembler (Margulies et al. 2005). Details of methods and materials for this 

work are described in (Chamala et al. 2013). 
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Figure 2-1.  Whole genome shotgun strategy. A) Single and short-insert paired end DNA reads are assembled into contigs 

based on single and short-insert paired read, B) Contigs are linked together into scaffolds based on evidence 
from long insert (3Kbp, 8 Kbp, 20 Kbp, 120 Kbp, etc) paired-end/mate pair reads, C) Scaffolds are further linked 
together to form super-contigs based on evidence from optical maps, physical maps, genetics maps and FISH. 

 



 

62 

 

 
 

Figure 2-2.  Incremental assemblies with 20 Kb paired-end libraries. Average scaffold size N-statistics growth of 
incremental assemblies of 454 20 Kb insert paired-end data, when added to 28.5 runs of singe-end 454 data, all 
8 Kb insert 454 paired-end data, and all BAC-end data 
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Figure 2-3.  Average contig length growth of incremental assemblies of single end data 
(Chamala et al. 2013). 

 



 

64 

 

 
 
Figure 2-4.  Genome coverage of incremental assemblies of single end data (Chamala 

et al. 2013). 
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Figure 2-5.  N statistics of incremental assemblies of single end data (Chamala et al. 

2013). 
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Figure 2-6.  Average scaffold size growth of incremental assemblies of 454 11 Kb 

inserts (Chamala et al. 2013). 
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Figure 2-7.  Coverage of assembled contigs across BAC contig 431.  Mummer plot of 

WGS assembled contigs aligned across Amborella BAC Sanger sequenced 
contig 431 (487 Kb).  Alignment position is represented along the X-axis, 
while the percent (%) identity of the alignment is represented by the Y-axis. 
Contigs that align along the forward strand are illustrated in red, reverse 
matches are illustrated in blue (Chamala et al. 2013). 
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Figure 2-8.  Coverage of assembled contigs across BAC contig 1003.  Mummer plot of 
WGS assembled contigs aligned across Amborella BAC Sanger sequenced 
contig 1003 (630 Kb).  Alignment position is represented along the X-axis, 
while the percent (%) identity of the alignment is represented by the Y-axis. 
Contigs that align along the forward strand are illustrated in red, reverse 
matches are illustrated in blue (Chamala et al. 2013). 
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Figure 2-9.  FISH co-localized signal.  Two BACs, AT_SBa0003J06 (green) and AT_SBa0003J19 (red), are co-assembled 
and separated by 1,298,028 bp in scaffold 23. The signals are co-localized, which supports the assembly that 
included the end sequence associated with these BACs (Chamala et al. 2013). 
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Figure 2-10.  Read coverage of BAC contig 431. Coverage of all 454 unpaired data across BAC contig 431 (red line 
indicates the median) (Chamala et al. 2013). 
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Figure 2-11.  Read coverage of BAC contig 1003. Coverage of all 454 unpaired data across BAC contig 1003 (red line 
indicates the median) (Chamala et al. 2013). 
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Figure 2-12.  K-mer volume plots. K-mer volume plots for Amborella k-mers of size 15 (A), and 17 (B) identified within 454 

WGS sequences (Chamala et al. 2013). 
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Figure 2-13.  Contig depth frequency plot. Frequency of contigs as a function of sequence depth (Chamala et al. 2013). 
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Table 2-1.  Sequenced genome library statistics. 

Library Type              
(Insert Size) 

Sequencing 
Information 

Raw Data (reads) Raw Data Size Mean Length 
Theoretical Depth 

of Coverage 

  Raw Clean Raw Clean Raw Clean Raw Clean 

454 Titanium 28.5 Plates 38.8 M 27.6 M 14.2 Gb 10.5 Gb 365 bp 381 bp 18.9X 13.9X 

454 Titanium plus 17 Plates 22.4 M 18.3 M 12 Gb 10.2 Gb 533 bp 557 bp 16X 13.6X 

454 paired-ends        
(11 Kb) 

5 Plates 6.1 M 1.92 M 2.2 Gb 0.699 Gb 348 bp 364 bp 2.9X 0.9X 

Illumina mate-pairs   
(3 Kb) 

Full lane 
HiSeq2000 

195 M 17.7 M 19.7 Gb 1.68 Gb 101 bp 95 bp 26.2X 2.2X 

Sanger BAC ends         
(130 Kb) 

5.2X Library 69466 63924 48 Mb 44 Mb 695 bp 689 bp 0.06X 0.06X 

Total 
 

262 M 66 M 48 Gb 23 Gb   64.1X 30.7X 
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Table 2-2.  Genome library contaminant statistics. 

Library Type 
(Insert Size) 

Mitochondrial Chloroplast 
Junction/Inward 
Facing Reads 

Artificial 
Duplicates 

Short Total 

454 Titanium 12.01% 2.86% N/A 12.94% 5.44% 33.25% 

454 Titanium plus 5.02% 99% N/A 10.36% 3.77% 20.14% 

454 paired-ends  
(11 Kb) 

7.34% 1.88% N/A 38.94% 7.34% 55.5% 

Illumina mate-pairs 
(3 Kb) 

3.18% 0.53% 57.56% 6% 25.26 92.53% 

Sanger BAC ends 
(130 Kb) 

1.09% 2.89% N/A N/A N/A 3.98% 
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Table 2-3.  Contig and scaffold assembly metrics for the Amborella assembly version 1. 

 
BAC Free Version 1.0 Version 1.0 

Contigs Scaffolds Contigs Scaffolds 

Number 44,402 5,688 43,234 5,745 

Total Size (bp) 668,207,383 703,384,731 668,257,121 706,332,648 

Genome Covered (%) 88.9 93.5 88.9 93.9 

Largest Size (bp) 242,004 9,633,646 287,935 15,980,527 

Mean Size (bp) 15,049 123,661 15,456 122,947 

N10 Size (bp) 80,951 6,023,163 85,018 9,414,115 

N10 Count 619 10 579 7 

N25 Size (bp) 51,130 4,504,398 52,723 6,874,971 

N25 Count 2,226 30 2,129 20 

N50 Size (bp) 28,655 2,766,685 29,456 4,927,027 

N50 Count 6,685 81 6,448 50 

N75 Size (bp) 14,435 1,292,119 14,812 2,820,768 

N75 Count 14,860 176 14,404 97 

N90 Size (bp) 6,963 508,366 7,108 1,154,593 

N90 Count 24,624 293 23,962 155 
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Table 2-4.  Scaffold metrics for incremental assemblies of 454 paired end 11 Kb libraries. 

454 Paired Reads 
(11 Kb insert size) 

0 323,174 646,349 969,524 1,292,699 1,615,874 

N50 Scaffold Size (bp) 30,008 489,143 1,430,625 2,399,258 3,450,317 3,987,348 

N50 Scaffold Count 3935 395 157 96 67 58 

N90 Scaffold Size (bp) 6,933 12,644 30,888 76,499 365,895 676,301 

N90 Scaffold Count 24755 5483 1431 444 260 198 
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Table 2-5.  FPC contigs mapping to more than one assembled scaffold, determined by 
alignment of end-sequenced BACs. 

FPC Contig ID v1.0 Scaffold 

ctg2 scaffold00040 
ctg2 scaffold00105 
ctg25 scaffold00041 
ctg25 scaffold00043 
ctg42 scaffold00049 
ctg42 scaffold00174 
ctg82 scaffold00031 
ctg82 scaffold00051 
ctg140 scaffold00039 
ctg140 scaffold00102 
ctg169 scaffold00173 
ctg169 scaffold00187 
ctg262 scaffold00076 
ctg262 scaffold00201 
ctg323 scaffold00078 
ctg323 scaffold00142 
ctg353 scaffold00015 
ctg353 scaffold00083 
ctg385 scaffold00063 
ctg385 scaffold00137 
ctg397 scaffold00110 
ctg397 scaffold00296 
ctg415 scaffold00041 
ctg415 scaffold00138 
ctg460 scaffold00015 
ctg460 scaffold00223 
ctg528 scaffold00055 
ctg528 scaffold00152 
ctg607 scaffold00005 
ctg607 scaffold00020 
ctg609 scaffold00048 
ctg609 scaffold00120 
ctg616 scaffold00004 
ctg616 scaffold00071 
ctg661 scaffold00033 
ctg661 scaffold00035 
ctg664 scaffold00054 
ctg664 scaffold00118 
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Table 2-5. Continued 

FPC Contig ID v1.0 Scaffold 

ctg786 scaffold00054 
ctg786 scaffold00270 
ctg835 scaffold00106 
ctg835 scaffold00111 
ctg839 scaffold00139 
ctg839 scaffold00195 
ctg870 scaffold00067 
ctg870 scaffold00148 
ctg895 scaffold00066 
ctg895 scaffold00106 
ctg895 scaffold00129 
ctg968 scaffold00019 
ctg968 scaffold00028 
ctg1223 scaffold00006 
ctg1223 scaffold00061 
ctg1242 scaffold00037 
ctg1242 scaffold00290 
ctg1789 scaffold00011 
ctg1789 scaffold00012 
ctg1879 scaffold00068 
ctg1879 scaffold00217 
ctg1981 scaffold00005 
ctg1981 scaffold00058 
ctg2758 scaffold00075 
ctg2758 scaffold00093 
ctg3317 scaffold00027 
ctg3317 scaffold00067 
ctg3620 scaffold00010 
ctg3620 scaffold00011 
ctg4047 scaffold00001 
ctg4047 scaffold00002 
ctg4047 scaffold00003 
ctg4047 scaffold00004 
ctg4047 scaffold00006 
ctg4047 scaffold00007 
ctg4047 scaffold00008 
ctg4047 scaffold00009 
ctg4047 scaffold00010 
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Table 2-5. Continued  

FPC Contig ID v1.0 Scaffold 

ctg4047 scaffold00011 
ctg4047 scaffold00014 
ctg4047 scaffold00015 
ctg4047 scaffold00016 
ctg4047 scaffold00018 
ctg4047 scaffold00019 
ctg4047 scaffold00021 
ctg4047 scaffold00022 
ctg4047 scaffold00023 
ctg4047 scaffold00024 
ctg4047 scaffold00028 
ctg4047 scaffold00029 
ctg4047 scaffold00033 
ctg4047 scaffold00036 
ctg4047 scaffold00038 
ctg4047 scaffold00041 
ctg4047 scaffold00044 
ctg4047 scaffold00045 
ctg4047 scaffold00046 
ctg4047 scaffold00049 
ctg4047 scaffold00050 
ctg4047 scaffold00053 
ctg4047 scaffold00056 
ctg4047 scaffold00057 
ctg4047 scaffold00058 
ctg4047 scaffold00060 
ctg4047 scaffold00062 
ctg4047 scaffold00066 
ctg4047 scaffold00077 
ctg4047 scaffold00080 
ctg4047 scaffold00092 
ctg4047 scaffold00094 
ctg4047 scaffold00095 
ctg4047 scaffold00099 
ctg4047 scaffold00108 
ctg4047 scaffold00131 
ctg4047 scaffold00132 
ctg4047 scaffold00140 
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Table 2-5. Continued  

FPC Contig ID v1.0 Scaffold 

ctg4047 scaffold00142 
ctg4047 scaffold00144 
ctg4047 scaffold00193 
ctg4048 scaffold00064 
ctg4048 scaffold00118 
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Table 2-6.  FISH assessments of assembly scaffolds. Supported inter-scaffold joins and 
chromosomal assignments are in superscript adjacent to scaffold IDs. 
AmTr_v1_Scaffold Length (bp) FISH Assessed (bp) FISH Result 

1 15980527 5830080 FISH-supported 

2 Chr2 and Chr4 11522362 1672153 Mis-assembled 

3 11085951 7368772 FISH-inconclusive 

4 10537363 8472629 FISH-inconclusive 

5 9585472 8322815 FISH-inconclusive 

6 Joined by pre-v1 assembly with 51 9414115 7997003 FISH-supported 

7 Chr12, Joined by post-v1 assembly with 131 9499498 8732041 FISH-supported 

8 9263929 1906165 FISH-supported 

9 Chr7 9389330 3978571 FISH-supported 

10 Chr4 9150321 4438029 FISH-supported 

11 Chr3, Joined by GB with 48 8972411 5340435 FISH-supported 

12 Chr3, Joined by GB with 165 8757819 5287502 FISH-supported 

13 Chr6 8123900 7655272 FISH-supported 

14 Chr2, Joined by GB and post-v1 assembly with 83 7564463 6900472 FISH-supported 

15 Chr1, Joined by GB with 93 7405751 806918 FISH-supported 

17 7341449 451981 FISH-supported 

19 7204098 1256816 FISH-supported 

20 Chr1 6874971 3668083 FISH-inconclusive 

21 Chr1, Joined by GB with 130 6860876 4889892 FISH-supported 

22 Chr2 6709877 4279745 FISH-supported 

23 Chr8, Joined by GB with 80 6666511 2709136 FISH-supported 

25 Chr1, joined by post-v1 assembly with 58 6368207 879552 FISH-supported 

26 6376714 3773156 FISH-inconclusive 

27 6196301 602662 FISH-inconclusive 

28 6207899 3913965 FISH-inconclusive 

29 Chr9, Joined by GB with 171 6285685 6258528 FISH-supported 

31 5744721 3913538 FISH-inconclusive 

32 Chr2 5900637 1025710 FISH-supported 

34 5737664 3602236 FISH-inconclusive 

35 5595234 3212839 FISH-inconclusive 
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Table 2-6.  Continued 
AmTr_v1_Scaffold Length (bp) FISH Assessed (bp) FISH Result 

36 Chr5, Joined by GB with 136 5613473 1691021 FISH-supported 

38 Chr1 and Chr4 5499001 1754441 Mis-assembled 

39 Chr7, Joined by GB with 148 5379737 5376191 FISH-supported 

41 Joined by GB with 69 5369156 3213423 FISH-supported 

42 Chr2, Joined by GB and post-v1 assembly with 81 5115746 3652447 FISH-inconclusive 

43 5098829 519832 FISH-supported 

44 Chr9, Joined by pre-v1 assembly with 29 5106096 2335861 FISH-supported 

45 Chr2, Joined by GB with 57 5143656 2775735 FISH-supported 

47 Joined by post-v1 assembly with 154 4990407 3239634 FISH-supported 

48 Chr3, Joined by GB with 11 5155698 2714625 FISH-supported 

49 5090928 4133956 FISH-inconclusive 

50 4903570 3264385 FISH-inconclusive 

51 Joined by pre-v1 assembly with 6 4861392 3968201 FISH-supported 

52 4904977 1895828 FISH-inconclusive 

53 4927027 2136024 FISH-inconclusive 

54 4818897 2839825 FISH-inconclusive 

56 Chr5, Joined by GB with 109 4878105 4033512 FISH-supported 

57 Chr2, Joined by GB with 45 4629110 2838279 FISH-supported 

58 Chr1, joined by post-v1 assembly with 25 4552514 4098607 FISH-supported 

62 Joined by GB and post-v1 assembly with 183 4280439 1496033 FISH-supported 

64 4206236 4206236 FISH-inconclusive 

66 Chr6 3926670 590740 FISH-supported 

67 Chr7, Joined by GB with 39 and 148 3941259 3941259 FISH-supported 

68 Chr3 3967838 2240720 FISH-supported 

69 Joined by GB with 41 3857696 3537964 FISH-supported 

70 3733942 1175646 FISH-inconclusive 

71 Joined by GB with 99 3793322 3679799 FISH-supported 

72 Chr7 3666727 1285937 FISH-supported 
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Table 2-6.  Continued 
AmTr_v1_Scaffold Length (bp) FISH Assessed (bp) FISH Result 

73 3630538 511445 FISH-inconclusive 

74 Chr10 3745557 2883669 FISH-inconclusive 

75 3588453 1421167 FISH-inconclusive 

79 Joined by post-v1 assembly with 105 3533628 1139225 FISH-supported 

80 Chr8, Joined by GB with 23 3254339 1973746 FISH-supported 

81 Chr2, Joined by GB and post-v1 assembly with 42 3248084 1821599 FISH-supported 

82 3173775 2105734 FISH-inconclusive 

83 Chr2, Joined by GB and post-v1 assembly with 14 3070426 162792 FISH-supported 

84 3047370 759770 FISH-inconclusive 

85 Joined by GB with 133 3064904 869025 FISH-supported 

86 3105707 1696234 FISH-inconclusive 

88 Joined by GB with 6 3069342 1892510 FISH-supported 

89 Joined with 163 3118961 3036489 FISH-supported 

91 2884017 865352 FISH-inconclusive 

92 2989607 2694932 FISH-inconclusive 

93 Chr1, Joined by GB with 15 2935351 959176 FISH-inconclusive 

94 2857628 2687213 FISH-inconclusive 

98 2832988 496625 FISH-supported 

99 Joined by GB with 71 2678520 2673888 FISH-supported 

100 2599581 568151 FISH-inconclusive 

104 Joined by GB with 146 2532649 2380108 FISH-supported 

105 Joined by post-v1 assembly with 79 2420675 1055552 FISH-inconclusive 

106 Joined by GB and post-v1 assembly with 111 2366178 2093324 FISH-supported 

109 Chr5, Joined by GB with 56 2285430 1117883 FISH-supported 

111 Joined by GB and post-v1 assembly with 106 2315763 750695 FISH-supported 

113 2159203 1008658 FISH-inconclusive 

116 2180460 1040602 FISH-inconclusive 

118 2047860 267622 FISH-inconclusive 
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Table 2-6.  Continued 
AmTr_v1_Scaffold Length (bp) FISH Assessed (bp) FISH Result 

122 Joined by GB and post-v1 assembly with 146 2074012 1972182 FISH-supported 

124 1772254 706657 FISH-inconclusive 

125 1713774 646126 FISH-inconclusive 

130 Chr1, Joined by GB with 21 1605649 1540314 FISH-supported 

131 Chr12, Joined by post-v1 assembly with 7 1574043 1484394 FISH-supported 

133 Joined by GB with 85 1531399 479603 FISH-supported 

136 Chr5, Joined by GB with 36 1544621 637800 FISH-supported 

139 1453393 970569 FISH-inconclusive 

142 1470113 1341322 FISH-inconclusive 

146 1311389 1311389 FISH-supported 

148 Chr7, Joined by GB with 39 1337138 341640 FISH-supported 

154 Joined by post-v1 assembly with 47 1210621 1038426 FISH-supported 

160 Joined by GB and post-v1 assembly with 62 945152 436863 FISH-supported 

163 Joined with 89 887276 678958 FISH-supported 

165 Chr8, Joined by GB with 12 914386 470684 FISH-supported 

171 Chr9, Joined by GB with 29 763677 101951 FISH-supported 

183 Chr9, Joined by GB with 62 and 160 543613 543613 FISH-supported 

207 257758 171682 FISH-inconclusive 
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Table 2-7.  Amborella version 1.0 scaffolds joined by Opgen’s Genome Builder and their support status by FISH and/or 
Amborella V1.1 assembly. 

Opgen Super-
scaffold 

Estimated 
Opgen 
Super-
scaffold  
Length 
(Kb) 

Order (left-to-right) and 
Orientation (1=forward strand, 
-1=reverse complement) of 
Amborella Version1.0 
Scaffolds making up the 
OpGen GB Super-scaffolds 

Support from FISH and/or the Amborella V1.1 Assembly 

1 23365.04 AmTr_v1.0_scaffold00007(-1), 
AmTr_v1.0_scaffold00153(1), 
AmTr_v1.0_scaffold00023(1), 
AmTr_v1.0_scaffold00080(1), 
AmTr_v1.0_scaffold00108(-1), 
AmTr_v1.0_scaffold00206(-1) 

AmTr_v1.0_scaffold00023,AmTr_v1.0_scaffold00080:FISH-supported;  
AmTr_v1.0_scaffold00080,AmTr_v1.0_scaffold00108:FISH-supported; 
AmTr_v1.0_scaffold00108, AmTr_v1.0_scaffold00206:FISH-inconclusive;  
AmTr_v1.0_scaffold00007,AmTr_v1.0_scaffold00153:V1.1-supported;  
AmTr_v1.0_scaffold00153,AmTr_v1.0_scaffold00023:V1.1-supported;  
AmTr_v1.0_scaffold00023,AmTr_v1.0_scaffold00080:V1.1-supported;  
AmTr_v1.0_scaffold00080,AmTr_v1.0_scaffold00108:V1.1-supported;  
AmTr_v1.0_scaffold00108,AmTr_v1.0_scaffold00206:V1.1-supported; 
 

2 20002.526 AmTr_v1.0_scaffold00020(-1), 
AmTr_v1.0_scaffold00005(1), 
AmTr_v1.0_scaffold00079(1) 

AmTr_v1.0_scaffold00005,AmTr_v1.0_scaffold00079:FISH-inconclusive; 
AmTr_v1.0_scaffold00020,AmTr_v1.0_scaffold00005:FISH-inconclusive; 
AmTr_v1.0_scaffold00020,AmTr_v1.0_scaffold00005:V1.1-supported; 
 

3 18405.535 AmTr_v1.0_scaffold00186(-1), 
AmTr_v1.0_scaffold00017(-1), 
AmTr_v1.0_scaffold00180(1), 
AmTr_v1.0_scaffold00070(-1), 
AmTr_v1.0_scaffold00046(1), 
AmTr_v1.0_scaffold00184(-1) 

AmTr_v1.0_scaffold00186,AmTr_v1.0_scaffold00017:FISH-supported; 
AmTr_v1.0_scaffold00017,AmTr_v1.0_scaffold00180:FISH-supported;  
AmTr_v1.0_scaffold00180, AmTr_v1.0_scaffold00070:FISH-inconclusive; 
AmTr_v1.0_scaffold00070,AmTr_v1.0_scaffold00046:FISH-inconclusive;  
AmTr_v1.0_scaffold00180,AmTr_v1.0_scaffold00070: V1.1-supported; 
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Table 2-7.  Continued 

Opgen Super-
scaffold 

Estimated 
Opgen 
Super-
scaffold  
Length  
(Kb) 

 Order (left-to-right) and 
Orientation (1=forward strand, -
1=reverse complement) of 
Amborella Version1.0 Scaffolds 
making up the OpGen GB 
Super-scaffolds  

Support from FISH and/or the Amborella V1.1 Assembly 

4 17768.939 AmTr_v1.0_scaffold00176(-1), 
AmTr_v1.0_scaffold00138(1), 
AmTr_v1.0_scaffold00173(1), 
AmTr_v1.0_scaffold00187(1), 
AmTr_v1.0_scaffold00011(1), 
AmTr_v1.0_scaffold00048(-1) 
 

AmTr_v1.0_scaffold00011,AmTr_v1.0_scaffold00048:FISH-supported; 

5 17344.301 AmTr_v1.0_scaffold00143(1), 
AmTr_v1.0_scaffold00001(-1) 
 

N/A 

6 17239.462 AmTr_v1.0_scaffold00036(-1), 
AmTr_v1.0_scaffold00136(1), 
AmTr_v1.0_scaffold00064(1), 
AmTr_v1.0_scaffold00052(1) 
 

AmTr_v1.0_scaffold00036,AmTr_v1.0_scaffold00136:FISH-supported;  
AmTr_v1.0_scaffold00136,AmTr_v1.0_scaffold00064:FISH-supported; 
AmTr_v1.0_scaffold00064,AmTr_v1.0_scaffold00052:FISH-inconclusive; 

7 15893.422 AmTr_v1.0_scaffold00037(-1), 
AmTr_v1.0_scaffold00035(1), 
AmTr_v1.0_scaffold00051(1) 

AmTr_v1.0_scaffold00037,AmTr_v1.0_scaffold00035:FISH-inconclusive; 
AmTr_v1.0_scaffold00035,AmTr_v1.0_scaffold00051:FISH-inconclusive;  
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Table 2-7.  Continued 

Opgen Super-
scaffold 

Estimated 
Opgen 
Super-
scaffold  
Length  
(Kb) 

 Order (left-to-right) and 
Orientation (1=forward strand, -
1=reverse complement) of 
Amborella Version1.0 Scaffolds 
making up the OpGen GB 
Super-scaffolds  

Support from FISH and/or the Amborella V1.1 Assembly 

8 15196.57 AmTr_v1.0_scaffold00112(-1), 
AmTr_v1.0_scaffold00151(-1), 
AmTr_v1.0_scaffold00074(1), 
AmTr_v1.0_scaffold00090(1), 
AmTr_v1.0_scaffold00055(-1 
) 

AmTr_v1.0_scaffold00074,AmTr_v1.0_scaffold00090:FISH-inconclusive; 
AmTr_v1.0_scaffold00090,AmTr_v1.0_scaffold00055:FISH-inconclusive;  

9 15047.096 AmTr_v1.0_scaffold00216(1), 
AmTr_v1.0_scaffold00008(1), 
AmTr_v1.0_scaffold00073(1), 
AmTr_v1.0_scaffold00128(-1) 
 

AmTr_v1.0_scaffold00008,AmTr_v1.0_scaffold00073:FISH-inconclusive;,  
AmTr_v1.0_scaffold00073,AmTr_v1.0_scaffold00128:FISH-inconclusive; 

10 14269.722 AmTr_v1.0_scaffold00102(1), 
AmTr_v1.0_scaffold00039(1), 
AmTr_v1.0_scaffold00067(-1), 
AmTr_v1.0_scaffold00148(-1), 
AmTr_v1.0_scaffold00175(-1) 
 

AmTr_v1.0_scaffold00039,AmTr_v1.0_scaffold00067:FISH-supported;  
AmTr_v1.0_scaffold00067,AmTr_v1.0_scaffold00148:FISH-supported; 
AmTr_v1.0_scaffold00067,AmTr_v1.0_scaffold00148:V1.1-supported; 
 

11 14187.169 AmTr_v1.0_scaffold00002(-1), 
AmTr_v1.0_scaffold00135(1), 
AmTr_v1.0_scaffold00156(-1) 

AmTr_v1.0_scaffold00002,AmTr_v1.0_scaffold00135:V1.1-supported; 
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Table 2-7.  Continued 

Opgen Super-
scaffold 

Estimated 
Opgen 
Super-
scaffold  
Length  
(Kb) 

 Order (left-to-right) and 
Orientation (1=forward strand, 
-1=reverse complement) of 
Amborella Version1.0 
Scaffolds making up the 
OpGen GB Super-scaffolds  

Support from FISH and/or the Amborella V1.1 Assembly 

12 13805.303 AmTr_v1.0_scaffold00013(1), 
AmTr_v1.0_scaffold00117(-1), 
AmTr_v1.0_scaffold00214(1), 
AmTr_v1.0_scaffold00087(1) 
 

AmTr_v1.0_scaffold00013,AmTr_v1.0_scaffold00117:FISH-supported; 
AmTr_v1.0_scaffold00013,AmTr_v1.0_scaffold00117:V1.1-supported; 

13 13155.091 AmTr_v1.0_scaffold00047(-1), 
AmTr_v1.0_scaffold00028(1), 
AmTr_v1.0_scaffold00123(1) 

AmTr_v1.0_scaffold00047,AmTr_v1.0_scaffold00028:FISH-inconclusive; 
AmTr_v1.0_scaffold00028,AmTr_v1.0_scaffold00123:FISH-inconclusive;  

14 12483.457 AmTr_v1.0_scaffold00006(1), 
AmTr_v1.0_scaffold00088(1) 
 

AmTr_v1.0_scaffold00006,AmTr_v1.0_scaffold00088:FISH-supported; 

15 12309.208 AmTr_v1.0_scaffold00125(1), 
AmTr_v1.0_scaffold00004(-1) 
 

AmTr_v1.0_scaffold00125,AmTr_v1.0_scaffold00004:FISH-inconclusive; 

16 11941.797 AmTr_v1.0_scaffold00078(1), 
AmTr_v1.0_scaffold00142(1), 
AmTr_v1.0_scaffold00122(1), 
AmTr_v1.0_scaffold00146(-1), 
AmTr_v1.0_scaffold00104(1), 
AmTr_v1.0_scaffold00188(1) 

AmTr_v1.0_scaffold00104,AmTr_v1.0_scaffold00188:FISH-inconclusive; 
AmTr_v1.0_scaffold00078,AmTr_v1.0_scaffold00142:V1.1-supported; 
AmTr_v1.0_scaffold00146,AmTr_v1.0_scaffold00104:V1.1-supported; 
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Table 2-7.  Continued 

Opgen Super-
scaffold 

Estimated 
Opgen 
Super-
scaffold  
Length  
(Kb) 

 Order (left-to-right) and 
Orientation (1=forward strand, 
-1=reverse complement) of 
Amborella Version1.0 
Scaffolds making up the 
OpGen GB Super-scaffolds  

Support from FISH and/or the Amborella V1.1 Assembly 

17 11620.888 AmTr_v1.0_scaffold00164(-1), 
AmTr_v1.0_scaffold00086(1), 
AmTr_v1.0_scaffold00150(1), 
AmTr_v1.0_scaffold00026(1) 
 

AmTr_v1.0_scaffold00164,AmTr_v1.0_scaffold00086,:FISH-inconclusive; 
AmTr_v1.0_scaffold00086,AmTr_v1.0_scaffold00150:FISH-inconclusive;  
AmTr_v1.0_scaffold00086,AmTr_v1.0_scaffold00150:V1.1-supported; 

18 11419.074 AmTr_v1.0_scaffold00178(1), 
AmTr_v1.0_scaffold00168(1), 
AmTr_v1.0_scaffold00012(1), 
AmTr_v1.0_scaffold00165(-1) 
 

N/A 

19 10989.949 AmTr_v1.0_scaffold00140(1), 
AmTr_v1.0_scaffold00009(1) 
 

N/A 

20 10637.059 AmTr_v1.0_scaffold00014(1), 
AmTr_v1.0_scaffold00083(1) 
 

AmTr_v1.0_scaffold00014,AmTr_v1.0_scaffold00083:FISH-supported; 
AmTr_v1.0_scaffold00014,AmTr_v1.0_scaffold00083:V1.1-supported; 

21 10276.242 AmTr_v1.0_scaffold00038(-1), 
AmTr_v1.0_scaffold00190(1), 
AmTr_v1.0_scaffold00063(-1) 

AmTr_v1.0_scaffold00190,AmTr_v1.0_scaffold00063:V1.1-supported; 
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Table 2-7.  Continued 

Opgen Super-
scaffold 

Estimated 
Opgen 
Super-
scaffold  
Length  
(Kb) 

 Order (left-to-right) and 
Orientation (1=forward 
strand, -1=reverse 
complement) of Amborella 
Version1.0 Scaffolds making 
up the OpGen GB Super-
scaffolds  

Support from FISH and/or the Amborella V1.1 Assembly 

22 10037.555 AmTr_v1.0_scaffold00092(-
1), 
AmTr_v1.0_scaffold00155(-
1), 
AmTr_v1.0_scaffold00032(1) 
 

N/A 

23 9772.766 AmTr_v1.0_scaffold00045(1)
, AmTr_v1.0_scaffold00057(-
1) 

AmTr_v1.0_scaffold00045,AmTr_v1.0_scaffold00057:FISH-supported; 

24 9385.578 AmTr_v1.0_scaffold00162(-
1), 
AmTr_v1.0_scaffold00159(1)
, 
AmTr_v1.0_scaffold00053(1)
, 
AmTr_v1.0_scaffold00107(1) 
 

AmTr_v1.0_scaffold00053,AmTr_v1.0_scaffold00107:FISH-inconclusive; 

25 9308.884 AmTr_v1.0_scaffold00170(-
1), 
AmTr_v1.0_scaffold00130(1)
, 
AmTr_v1.0_scaffold00021(1) 
 

AmTr_v1.0_scaffold00130,AmTr_v1.0_scaffold00021:FISH-supported; 
AmTr_v1.0_scaffold00170, AmTr_v1.0_scaffold00130:V1.1-supported; 

26 9250.07 AmTr_v1.0_scaffold00069(1)
, 
AmTr_v1.0_scaffold00041(1) 

N/A 
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Table 2-7.  Continued 

Opgen 
Super-
scaffold 

Estimated 
Opgen 
Super-
scaffold  
Length  
(Kb) 

 Order (left-to-right) and 
Orientation (1=forward 
strand, -1=reverse 
complement) of Amborella 
Version1.0 Scaffolds making 
up the OpGen GB Super-
scaffolds  

Support from FISH and/or the Amborella V1.1 Assembly 

27 9024.01 AmTr_v1.0_scaffold00043(1), 
AmTr_v1.0_scaffold00072(1) 
 

AmTr_v1.0_scaffold00043,AmTr_v1.0_scaffold00072:FISH-supported; 

28 9017.598 AmTr_v1.0_scaffold00066(1), 
AmTr_v1.0_scaffold00049(1) 
 

N/A 

29 8942.766 AmTr_v1.0_scaffold00081(-
1), 
AmTr_v1.0_scaffold00042(1), 
AmTr_v1.0_scaffold00192(-1) 
 

AmTr_v1.0_scaffold00081,AmTr_v1.0_scaffold00042:FISH-inconclusive;  
AmTr_v1.0_scaffold00042,AmTr_v1.0_scaffold00192:FISH-inconclusive; 

30 8892.648 AmTr_v1.0_scaffold00141(1), 
AmTr_v1.0_scaffold00096(-
1), 
AmTr_v1.0_scaffold00085(-
1), 
AmTr_v1.0_scaffold00133(1) 
 

AmTr_v1.0_scaffold00096,AmTr_v1.0_scaffold00085,:FISH-supported; 
AmTr_v1.0_scaffold00085,AmTr_v1.0_scaffold00133:FISH-supported; 
AmTr_v1.0_scaffold00141,AmTr_v1.0_scaffold00096:V1.1-supported; 
AmTr_v1.0_scaffold00085,AmTr_v1.0_scaffold00133: V1.1-supported; 

31 8496.213 AmTr_v1.0_scaffold00030(1), 
AmTr_v1.0_scaffold00114(-1) 
 

N/A 
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Table 2-7 Continued 

Opgen Super-
scaffold 

Estimated 
Opgen 
Super-
scaffold  
Length  
(Kb) 

 Order (left-to-right) and 
Orientation (1=forward strand, 
-1=reverse complement) of 
Amborella Version1.0 
Scaffolds making up the 
OpGen GB Super-scaffolds  

Support from FISH and/or the Amborella V1.1 Assembly 

32 8192.277 AmTr_v1.0_scaffold00179(-1), 
AmTr_v1.0_scaffold00015(1) 
 

N/A 

33 8128.639 AmTr_v1.0_scaffold00027(-1), 
AmTr_v1.0_scaffold00121(1) 
 

AmTr_v1.0_scaffold00027,AmTr_v1.0_scaffold00121:FISH-inconclusive; 

34 7905.272 AmTr_v1.0_scaffold00094(1), 
AmTr_v1.0_scaffold00115(1), 
AmTr_v1.0_scaffold00098(1) 
 

AmTr_v1.0_scaffold00094,AmTr_v1.0_scaffold00115:FISH-inconclusive; 

35 7785.495 AmTr_v1.0_scaffold00119(1), 
AmTr_v1.0_scaffold00101(1), 
AmTr_v1.0_scaffold00095(1) 
 

AmTr_v1.0_scaffold00119,AmTr_v1.0_scaffold00101:V1.1-supported; 
AmTr_v1.0_scaffold00101,AmTr_v1.0_scaffold00095:V1.1-supported; 

36 7591.775 AmTr_v1.0_scaffold00031(1), 
AmTr_v1.0_scaffold00195(1), 
AmTr_v1.0_scaffold00139(-1) 

AmTr_v1.0_scaffold00031,AmTr_v1.0_scaffold00195:FISH-inconclusive; 
AmTr_v1.0_scaffold00195,AmTr_v1.0_scaffold00139:V1.1-supported; 



 

94 

Table 2-7 Continued 

Opgen 
Super-
scaffol
d 

Estimated 
Opgen 
Super-
scaffold  
Length  
(Kb) 

 Order (left-to-right) and 
Orientation (1=forward strand, 
-1=reverse complement) of 
Amborella Version1.0 
Scaffolds making up the 
OpGen GB Super-scaffolds  

Support from FISH and/or the Amborella V1.1 Assembly 

37 7586.109 AmTr_v1.0_scaffold00019(1), 
AmTr_v1.0_scaffold00197(-1) 
 

N/A 

38 7379.052 AmTr_v1.0_scaffold00193(1), 
AmTr_v1.0_scaffold00169(-1), 
AmTr_v1.0_scaffold00033(-1) 
 

N/A 

39 7256.435 AmTr_v1.0_scaffold00202(-1), 
AmTr_v1.0_scaffold00203(1), 
AmTr_v1.0_scaffold00071(1), 
AmTr_v1.0_scaffold00099(1) 
 

AmTr_v1.0_scaffold00202,AmTr_v1.0_scaffold00203:V1.1-supported; 
AmTr_v1.0_scaffold00071,AmTr_v1.0_scaffold00099:V1.1-supported; 

40 7188.826 AmTr_v1.0_scaffold00109(1), 
AmTr_v1.0_scaffold00056(1) 
 

AmTr_v1.0_scaffold00109,AmTr_v1.0_scaffold00056:FISH-supported; 

41 7091.808 AmTr_v1.0_scaffold00034(1), 
AmTr_v1.0_scaffold00145(1) 

AmTr_v1.0_scaffold00034,AmTr_v1.0_scaffold00145:FISH-inconclusive; 
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Table 2-7 Continued 

Opgen Super-
scaffold 

Estimated 
Opgen 
Super-
scaffold  
Length  
(Kb) 

 Order (left-to-right) and 
Orientation (1=forward strand, -
1=reverse complement) of 
Amborella Version1.0 
Scaffolds making up the 
OpGen GB Super-scaffolds  

Support from FISH and/or the Amborella V1.1 Assembly 

42 7062.332 AmTr_v1.0_scaffold00171(1), 
AmTr_v1.0_scaffold00029(1) 
 

N/A 

43 6308.672 AmTr_v1.0_scaffold00157(-1), 
AmTr_v1.0_scaffold00054(1) 
 

N/A 

44 6238.16 AmTr_v1.0_scaffold00126(1), 
AmTr_v1.0_scaffold00060(1) 
 

AmTr_v1.0_scaffold00126,AmTr_v1.0_scaffold00060:V1.1-supported; 

45 6132.406 AmTr_v1.0_scaffold00161(1), 
AmTr_v1.0_scaffold00076(-1), 
AmTr_v1.0_scaffold00127(1) 
 

N/A 

46 5964.405 AmTr_v1.0_scaffold00149(1), 
AmTr_v1.0_scaffold00111(-1), 
AmTr_v1.0_scaffold00106(-1) 
 

AmTr_v1.0_scaffold00111,AmTr_v1.0_scaffold00106:FISH-supported; 
AmTr_v1.0_scaffold00149, AmTr_v1.0_scaffold00111:V1.1-supported; 
AmTr_v1.0_scaffold00111, AmTr_v1.0_scaffold00106:V1.1-supported; 
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Table 2-7.  Continued 

Opgen 
Super-
scaffold 

Estimated 
Opgen 
Super-
scaffold  
Length  
(Kb) 

 Order (left-to-right) and 
Orientation (1=forward strand, 
-1=reverse complement) of 
Amborella Version1.0 
Scaffolds making up the 
OpGen GB Super-scaffolds  

Support from FISH and/or the Amborella V1.1 Assembly 

47 5955.251 AmTr_v1.0_scaffold00152(-1), 
AmTr_v1.0_scaffold00113(1), 
AmTr_v1.0_scaffold00100(1) 
 

AmTr_v1.0_scaffold00152,AmTr_v1.0_scaffold00113:FISH-inconclusive; 
AmTr_v1.0_scaffold00113,AmTr_v1.0_scaffold00100:FISH-inconclusive;  
AmTr_v1.0_scaffold00113,AmTr_v1.0_scaffold00100:V1.1-supported; 

48 5781.993 AmTr_v1.0_scaffold00058(-1), 
AmTr_v1.0_scaffold00154(1) 
 

N/A 

49 5775.402 AmTr_v1.0_scaffold00062(1), 
AmTr_v1.0_scaffold00183(-1), 
AmTr_v1.0_scaffold00160(1) 
 

AmTr_v1.0_scaffold00062,AmTr_v1.0_scaffold00183:FISH-inconclusive; 
AmTr_v1.0_scaffold00062, AmTr_v1.0_scaffold00183:V1.1-supported; 
AmTr_v1.0_scaffold00183,AmTr_v1.0_scaffold00160:V1.1-supported; 

50 5567.43 AmTr_v1.0_scaffold00181(1), 
AmTr_v1.0_scaffold00166(-1), 
AmTr_v1.0_scaffold00089(1), 
AmTr_v1.0_scaffold00163(1) 
 

AmTr_v1.0_scaffold00089,AmTr_v1.0_scaffold00163:FISH-supported; 
AmTr_v1.0_scaffold00181,AmTr_v1.0_scaffold00166:V1.1-supported; 
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Table 2-7.  Continued 

Opgen 
Super-
scaffold 

Estimated 
Opgen 
Super-
scaffold  
Length  
(Kb) 

 Order (left-to-right) and 
Orientation (1=forward strand, 
-1=reverse complement) of 
Amborella Version1.0 
Scaffolds making up the 
OpGen GB Super-scaffolds  

Support from FISH and/or the Amborella V1.1 Assembly 

51 4960.867 AmTr_v1.0_scaffold00132(1), 
AmTr_v1.0_scaffold00091(-
1), 
AmTr_v1.0_scaffold00207(1) 
 

AmTr_v1.0_scaffold00091,AmTr_v1.0_scaffold00207:FISH-inconclusive; 

52 4946.029 AmTr_v1.0_scaffold00124(1), 
AmTr_v1.0_scaffold00082(-1) 
 

AmTr_v1.0_scaffold00124,AmTr_v1.0_scaffold00082:FISH-inconclusive; 

53 4676.467 AmTr_v1.0_scaffold00158(1), 
AmTr_v1.0_scaffold00075(1) 
 

N/A 
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Table 2-8.  Contig and scaffold assembly metrics for the Amborella assembly version 1. 

 
Version 1.0 

Contigs Scaffolds 
After GB 
Super-scaffolding 

Number 43,234 5,745 5,635 

Total Size (bp) 668,257,121 706,332,648 712,382,144 

Genome Covered (%) 88.9 93.9 94.7 

Largest Size (bp) 287,935 15,980,527 23,365,040 

Mean Size (bp) 15,456 122,947 126,409 

N10 Size (bp) 85,018 9,414,115 17,768,939 

N10 Count 579 7 4 

N25 Size (bp) 52,723 6,874,971 14,187,169 

N25 Count 2,129 20 11 

N50 Size (bp) 29,456 4,927,027 9,308,884 

N50 Count 6,448 50 26 

N75 Size (bp) 14,812 2,820,768 6,368,207 

N75 Count 14,404 97 49 

N90 Size (bp) 7,108 1,154,593 2,935,351 

N90 Count 23,962 155 70 
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Table 2-9.  Contig and scaffold assembly metrics for the BAC-Free Amborella assembly. 

 

BAC Free Version 1.0 

Contigs Scaffolds 
After GB 
Super-scaffolding 

Number 44,402 5,688 5,451 

Total Size (bp) 668,207,383 703,384,731 720,156,913 

Genome Covered (%) 88.9 93.5 95.8 

Largest Size (bp) 242,004 9,633,646 22,812,226 

Mean Size (bp) 15,049 123,661 132,114 

N10 Size (bp) 80,951 6,023,163 17,828,228 

N10 Count 619 10 4 

N25 Size (bp) 51,130 4,504,398 10,603,805 

N25 Count 2,226 30 12 

N50 Size (bp) 28,655 2,766,685 7,665,886 

N50 Count 6,685 81 32 

N75 Size (bp) 14,435 1,292,119 4,645,926 

N75 Count 14,860 176 62 

N90 Size (bp) 6,963 508,366 1,493,879 

N90 Count 24,624 293 95 
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Table 2-10.  Amborella version 1.0 BAC-free scaffold joins by Opgen’s Genome Builder. 

Opgen 
Superscaffold 

Estimated Opgen 
Superscaffold 
Length 
(bp) 

Order (left-to-right) and Orientation 
(1=forward strand, -1=reverse 
complement) of Amborella BAC-Free 
Scaffolds making up the OpGen GB 
Super-scaffolds 

1 9788841 AmTr_v1.0_BacFree_scaffold00177 (1) ,  
AmTr_v1.0_BacFree_scaffold00250 (1) ,  
AmTr_v1.0_BacFree_scaffold00255 (-1) ,  
AmTr_v1.0_BacFree_scaffold00280 (-1) ,  
AmTr_v1.0_BacFree_scaffold00150 (1) ,  
AmTr_v1.0_BacFree_scaffold00092 (-1) ,  
AmTr_v1.0_BacFree_scaffold00097 (-1) 
 

2 10243434 AmTr_v1.0_BacFree_scaffold00222 (-1) ,  
AmTr_v1.0_BacFree_scaffold00140 (1) ,  
AmTr_v1.0_BacFree_scaffold00019 (-1) ,  
AmTr_v1.0_BacFree_scaffold00095 (1) ,  
AmTr_v1.0_BacFree_scaffold00372 (1) 
 

3 8366568 AmTr_v1.0_BacFree_scaffold00116 (-1) ,  
AmTr_v1.0_BacFree_scaffold00009 (1) ,  
AmTr_v1.0_BacFree_scaffold00322 (1) 
 

4 10676310 AmTr_v1.0_BacFree_scaffold00004 (1) ,  
AmTr_v1.0_BacFree_scaffold00082 (1) ,  
AmTr_v1.0_BacFree_scaffold00351 (-1) 
 

5 5115448 AmTr_v1.0_BacFree_scaffold00214 (1) ,  
AmTr_v1.0_BacFree_scaffold00200 (1) ,  
AmTr_v1.0_BacFree_scaffold00324 (-1) ,  
AmTr_v1.0_BacFree_scaffold00239 (1) ,  
AmTr_v1.0_BacFree_scaffold00226 (-1) 
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Table 2-10.  Continued 

Opgen 
Superscaffold 

Estimated Opgen 
Superscaffold 
Length 
(bp) 

Order (left-to-right) and Orientation 
(1=forward strand, -1=reverse 
complement) of Amborella BAC-Free 
Scaffolds making up the OpGen GB 
Super-scaffolds 

6 20992142 AmTr_v1.0_BacFree_scaffold00260 (1) ,  
AmTr_v1.0_BacFree_scaffold00132 (-1) ,  
AmTr_v1.0_BacFree_scaffold00058 (-1) ,  
AmTr_v1.0_BacFree_scaffold00047 (1) ,  
AmTr_v1.0_BacFree_scaffold00338 (1) ,  
AmTr_v1.0_BacFree_scaffold00359 (1) ,  
AmTr_v1.0_BacFree_scaffold00371 (1) ,  
AmTr_v1.0_BacFree_scaffold00300 (1) ,  
AmTr_v1.0_BacFree_scaffold00170 (1) ,  
AmTr_v1.0_BacFree_scaffold00035 (1) ,  
AmTr_v1.0_BacFree_scaffold00173 (-1) ,  
AmTr_v1.0_BacFree_scaffold00114 (1) ,  
AmTr_v1.0_BacFree_scaffold00281 (-1) 
 

7 8939617 AmTr_v1.0_BacFree_scaffold00146 (-1) ,  
AmTr_v1.0_BacFree_scaffold00162 (1) ,  
AmTr_v1.0_BacFree_scaffold00131 (-1) ,  
AmTr_v1.0_BacFree_scaffold00227 (-1) ,  
AmTr_v1.0_BacFree_scaffold00347 (1) ,  
AmTr_v1.0_BacFree_scaffold00139 (1) ,  
AmTr_v1.0_BacFree_scaffold00157 (-1) 
 

8 17828228 AmTr_v1.0_BacFree_scaffold00154 (1) ,  
AmTr_v1.0_BacFree_scaffold00236 (1) ,  
AmTr_v1.0_BacFree_scaffold00144 (1) ,  
AmTr_v1.0_BacFree_scaffold00103 (-1) ,  
AmTr_v1.0_BacFree_scaffold00031 (1) ,  
AmTr_v1.0_BacFree_scaffold00007 (1) 
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 Table 2-10.  Continued 

Opgen 
Superscaffold 

Estimated Opgen 
Superscaffold 
Length 
(bp) 

Order (left-to-right) and Orientation 
(1=forward strand, -1=reverse 
complement) of Amborella BAC-Free 
Scaffolds making up the OpGen GB 
Super-scaffolds 

9 12390468 AmTr_v1.0_BacFree_scaffold00006 (-1) ,  
AmTr_v1.0_BacFree_scaffold00051 (1) ,  
AmTr_v1.0_BacFree_scaffold00136 (-1) 
 

10 6038567 AmTr_v1.0_BacFree_scaffold00354 (-1) ,  
AmTr_v1.0_BacFree_scaffold00104 (-1) ,  
AmTr_v1.0_BacFree_scaffold00091 (1) ,  
AmTr_v1.0_BacFree_scaffold00256 (1) ,  
AmTr_v1.0_BacFree_scaffold00301 (1) 
 

11 12154529 AmTr_v1.0_BacFree_scaffold00311 (1) ,  
AmTr_v1.0_BacFree_scaffold00307 (1) ,  
AmTr_v1.0_BacFree_scaffold00059 (1) ,  
AmTr_v1.0_BacFree_scaffold00036 (-1) ,  
AmTr_v1.0_BacFree_scaffold00054 (-1) 
 

12 15500291 AmTr_v1.0_BacFree_scaffold00023 (-1) ,  
AmTr_v1.0_BacFree_scaffold00026 (1) ,  
AmTr_v1.0_BacFree_scaffold00241 (1) ,  
AmTr_v1.0_BacFree_scaffold00050 (1) ,  
AmTr_v1.0_BacFree_scaffold00178 (1) 
 

13 22812226 AmTr_v1.0_BacFree_scaffold00052 (1) ,  
AmTr_v1.0_BacFree_scaffold00012 (-1) ,  
AmTr_v1.0_BacFree_scaffold00209 (1) ,  
AmTr_v1.0_BacFree_scaffold00211 (1) ,  
AmTr_v1.0_BacFree_scaffold00057 (1) ,  
AmTr_v1.0_BacFree_scaffold00176 (1) ,  
AmTr_v1.0_BacFree_scaffold00063 (-1) ,  
AmTr_v1.0_BacFree_scaffold00093 (-1) ,  
AmTr_v1.0_BacFree_scaffold00348 (1) 
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Table 2-10.  Continued 

Opgen 
Superscaffold 

Estimated Opgen 
Superscaffold 
Length 
(bp) 

Order (left-to-right) and Orientation 
(1=forward strand, -1=reverse 
complement) of Amborella BAC-Free 
Scaffolds making up the OpGen GB 
Super-scaffolds 

14 7951732 AmTr_v1.0_BacFree_scaffold00210 (1) ,  
AmTr_v1.0_BacFree_scaffold00385 (1) ,  
AmTr_v1.0_BacFree_scaffold00118 (1) ,  
AmTr_v1.0_BacFree_scaffold00053 (1) 
 

15 6110994 AmTr_v1.0_BacFree_scaffold00115 (-1) ,  
AmTr_v1.0_BacFree_scaffold00141 (1) ,  
AmTr_v1.0_BacFree_scaffold00272 (-1) ,  
AmTr_v1.0_BacFree_scaffold00276 (-1) ,  
AmTr_v1.0_BacFree_scaffold00244 (1) 
 

16 7201724 AmTr_v1.0_BacFree_scaffold00219 (1) ,  
AmTr_v1.0_BacFree_scaffold00048 (1) ,  
AmTr_v1.0_BacFree_scaffold00086 (-1) 
 

17 19271728 AmTr_v1.0_BacFree_scaffold00288 (-1) ,  
AmTr_v1.0_BacFree_scaffold00124 (1) ,  
AmTr_v1.0_BacFree_scaffold00094 (-1) ,  
AmTr_v1.0_BacFree_scaffold00286 (1) ,  
AmTr_v1.0_BacFree_scaffold00022 (1) ,  
AmTr_v1.0_BacFree_scaffold00167 (-1) ,  
AmTr_v1.0_BacFree_scaffold00005 (1) 
 

18 16157896 AmTr_v1.0_BacFree_scaffold00309 (-1) ,  
AmTr_v1.0_BacFree_scaffold00102 (-1) ,  
AmTr_v1.0_BacFree_scaffold00072 (-1) ,  
AmTr_v1.0_BacFree_scaffold00045 (1) ,  
AmTr_v1.0_BacFree_scaffold00282 (-1) ,  
AmTr_v1.0_BacFree_scaffold00013 (1) 
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Table 2-10.  Continued 

Opgen 
Superscaffold 

Estimated Opgen 
Superscaffold 
Length 
(bp) 

Order (left-to-right) and Orientation 
(1=forward strand, -1=reverse 
complement) of Amborella BAC-Free 
Scaffolds making up the OpGen GB 
Super-scaffolds 

19 8783149 AmTr_v1.0_BacFree_scaffold00010 (1) ,  
AmTr_v1.0_BacFree_scaffold00096 (1) ,  
AmTr_v1.0_BacFree_scaffold00341 (1) 
 

20 9091300 AmTr_v1.0_BacFree_scaffold00081 (-1) ,  
AmTr_v1.0_BacFree_scaffold00089 (1) ,  
AmTr_v1.0_BacFree_scaffold00336 (-1) ,  
AmTr_v1.0_BacFree_scaffold00117 (-1) ,  
AmTr_v1.0_BacFree_scaffold00203 (1) 
 

21 9121032 AmTr_v1.0_BacFree_scaffold00062 (1) ,  
AmTr_v1.0_BacFree_scaffold00128 (-1) ,  
AmTr_v1.0_BacFree_scaffold00274 (-1) ,  
AmTr_v1.0_BacFree_scaffold00069 (-1) ,  
AmTr_v1.0_BacFree_scaffold00314 (-1) 
 

22 9377256 AmTr_v1.0_BacFree_scaffold00046 (1) ,  
AmTr_v1.0_BacFree_scaffold00099 (1) ,  
AmTr_v1.0_BacFree_scaffold00213 (1) ,  
AmTr_v1.0_BacFree_scaffold00217 (-1) ,  
AmTr_v1.0_BacFree_scaffold00317 (1) ,  
AmTr_v1.0_BacFree_scaffold00337 (1) 
 

23 11616674 AmTr_v1.0_BacFree_scaffold00151 (-1) ,  
AmTr_v1.0_BacFree_scaffold00262 (-1) ,  
AmTr_v1.0_BacFree_scaffold00184 (1) ,  
AmTr_v1.0_BacFree_scaffold00083 (-1) ,  
AmTr_v1.0_BacFree_scaffold00075 (-1) ,  
AmTr_v1.0_BacFree_scaffold00240 (-1) ,  
AmTr_v1.0_BacFree_scaffold00370 (-1) ,  
AmTr_v1.0_BacFree_scaffold00181 (-1) 
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Table 2-10.  Continued 

Opgen 
Superscaffold 

Estimated Opgen 
Superscaffold 
Length 
(bp) 

Order (left-to-right) and Orientation 
(1=forward strand, -1=reverse 
complement) of Amborella BAC-Free 
Scaffolds making up the OpGen GB 
Super-scaffolds 

24 4992265 AmTr_v1.0_BacFree_scaffold00055 (-1) ,  
AmTr_v1.0_BacFree_scaffold00159 (1) 
 

25 5001242 AmTr_v1.0_BacFree_scaffold00271 (-1) ,  
AmTr_v1.0_BacFree_scaffold00032 (1) 
 

26 5216086 AmTr_v1.0_BacFree_scaffold00279 (1) ,  
AmTr_v1.0_BacFree_scaffold00247 (1) ,  
AmTr_v1.0_BacFree_scaffold00110 (-1) ,  
AmTr_v1.0_BacFree_scaffold00138 (-1) 
 

27 4318825 AmTr_v1.0_BacFree_scaffold00125 (1) ,  
AmTr_v1.0_BacFree_scaffold00259 (1) ,  
AmTr_v1.0_BacFree_scaffold00361 (-1) ,  
AmTr_v1.0_BacFree_scaffold00266 (1) ,  
AmTr_v1.0_BacFree_scaffold00232 (-1) 
 

28 6498479 AmTr_v1.0_BacFree_scaffold00342 (1) ,  
AmTr_v1.0_BacFree_scaffold00018 (-1) ,  
AmTr_v1.0_BacFree_scaffold00253 (1) 
 

29 8991354 AmTr_v1.0_BacFree_scaffold00268 (-1) ,  
AmTr_v1.0_BacFree_scaffold00346 (1) ,  
AmTr_v1.0_BacFree_scaffold00216 (1) ,  
AmTr_v1.0_BacFree_scaffold00040 (-1) ,  
AmTr_v1.0_BacFree_scaffold00206 (-1) ,  
AmTr_v1.0_BacFree_scaffold00123 (1) 
 

30 7154171 AmTr_v1.0_BacFree_scaffold00254 (1) ,  
AmTr_v1.0_BacFree_scaffold00011 (1) ,  
AmTr_v1.0_BacFree_scaffold00330 (1) 
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Table 2-10.  Continued 

Opgen 
Superscaffold 

Estimated Opgen 
Superscaffold 
Length 
(bp) 

Order (left-to-right) and Orientation 
(1=forward strand, -1=reverse 
complement) of Amborella BAC-Free 
Scaffolds making up the OpGen GB 
Super-scaffolds 

31 3045208 AmTr_v1.0_BacFree_scaffold00166 (1) ,  
AmTr_v1.0_BacFree_scaffold00133 (1) 
 

32 2251194 AmTr_v1.0_BacFree_scaffold00153 (1) ,  
AmTr_v1.0_BacFree_scaffold00267 (-1) 
 

33 9696895 AmTr_v1.0_BacFree_scaffold00039 (1) ,  
AmTr_v1.0_BacFree_scaffold00308 (1) ,  
AmTr_v1.0_BacFree_scaffold00038 (1) ,  
AmTr_v1.0_BacFree_scaffold00164 (1) 
 

34 6701897 AmTr_v1.0_BacFree_scaffold00212 (1) ,  
AmTr_v1.0_BacFree_scaffold00237 (1) ,  
AmTr_v1.0_BacFree_scaffold00148 (1) ,  
AmTr_v1.0_BacFree_scaffold00224 (1) ,  
AmTr_v1.0_BacFree_scaffold00218 (-1) ,  
AmTr_v1.0_BacFree_scaffold00223 (1) 
 

35 6008646 AmTr_v1.0_BacFree_scaffold00065 (1) ,  
AmTr_v1.0_BacFree_scaffold00087 (1) ,  
AmTr_v1.0_BacFree_scaffold00349 (-1) 
 

36 4475323 AmTr_v1.0_BacFree_scaffold00265 (1) ,  
AmTr_v1.0_BacFree_scaffold00122 (-1) ,  
AmTr_v1.0_BacFree_scaffold00367 (1) ,  
AmTr_v1.0_BacFree_scaffold00129 (1) 
 

37 7563973 AmTr_v1.0_BacFree_scaffold00017 (-1) ,  
AmTr_v1.0_BacFree_scaffold00246 (1) ,  
AmTr_v1.0_BacFree_scaffold00290 (1) ,  
AmTr_v1.0_BacFree_scaffold00245 (-1) 
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Table 2-10.  Continued 

Opgen 
Superscaffold 

Estimated Opgen 
Superscaffold 
Length 
(bp) 

Order (left-to-right) and Orientation 
(1=forward strand, -1=reverse complement) 
of Amborella BAC-Free Scaffolds making 
up the OpGen GB Super-scaffolds 

38 8863753 AmTr_v1.0_BacFree_scaffold00008 (-1) ,  
AmTr_v1.0_BacFree_scaffold00198 (-1) ,  
AmTr_v1.0_BacFree_scaffold00215 (1) 
 

39 7777885 AmTr_v1.0_BacFree_scaffold00060 (-1) ,  
AmTr_v1.0_BacFree_scaffold00183 (1) ,  
AmTr_v1.0_BacFree_scaffold00156 (1) ,  
AmTr_v1.0_BacFree_scaffold00189 (1) ,  
AmTr_v1.0_BacFree_scaffold00312 (-1) 
 

40 2962569 AmTr_v1.0_BacFree_scaffold00257 (1) ,  
AmTr_v1.0_BacFree_scaffold00294 (1) ,  
AmTr_v1.0_BacFree_scaffold00297 (1) ,  
AmTr_v1.0_BacFree_scaffold00221 (1) 
 

41 6292435 AmTr_v1.0_BacFree_scaffold00302 (-1) ,  
AmTr_v1.0_BacFree_scaffold00225 (1) ,  
AmTr_v1.0_BacFree_scaffold00079 (1) ,  
AmTr_v1.0_BacFree_scaffold00289 (1) ,  
AmTr_v1.0_BacFree_scaffold00158 (-1) 
 

42 10603805 AmTr_v1.0_BacFree_scaffold00352 (-1) ,  
AmTr_v1.0_BacFree_scaffold00085 (-1) ,  
AmTr_v1.0_BacFree_scaffold00328 (1) ,  
AmTr_v1.0_BacFree_scaffold00108 (1) ,  
AmTr_v1.0_BacFree_scaffold00195 (1) ,  
AmTr_v1.0_BacFree_scaffold00080 (1) ,  
AmTr_v1.0_BacFree_scaffold00192 (1) 
 

43 1310215 AmTr_v1.0_BacFree_scaffold00318 (1) ,  
AmTr_v1.0_BacFree_scaffold00235 (1) 
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Table 2-10.  Continued 

Opgen 
Superscaffold 

Estimated Opgen 
Superscaffold 
Length 
(bp) 

Order (left-to-right) and Orientation 
(1=forward strand, -1=reverse 
complement) of Amborella BAC-Free 
Scaffolds making up the OpGen GB 
Super-scaffolds 

44 13518648 AmTr_v1.0_BacFree_scaffold00027 (1) ,  
AmTr_v1.0_BacFree_scaffold00024 (-1) ,  
AmTr_v1.0_BacFree_scaffold00149 (1) ,  
AmTr_v1.0_BacFree_scaffold00113 (1) 
 

45 9935816 AmTr_v1.0_BacFree_scaffold00362 (-1) ,  
AmTr_v1.0_BacFree_scaffold00001 (1) 
 

46 7227707 AmTr_v1.0_BacFree_scaffold00199 (-1) ,  
AmTr_v1.0_BacFree_scaffold00030 (1) ,  
AmTr_v1.0_BacFree_scaffold00180 (-1) 
 

47 3574620 AmTr_v1.0_BacFree_scaffold00208 (1) ,  
AmTr_v1.0_BacFree_scaffold00145 (1) ,  
AmTr_v1.0_BacFree_scaffold00228 (1) 
 

48 6515449 AmTr_v1.0_BacFree_scaffold00169 (-1) ,  
AmTr_v1.0_BacFree_scaffold00329 (1) ,  
AmTr_v1.0_BacFree_scaffold00175 (-1) ,  
AmTr_v1.0_BacFree_scaffold00090 (1) ,  
AmTr_v1.0_BacFree_scaffold00278 (-1) 
 

49 3547691 AmTr_v1.0_BacFree_scaffold00067 (1) ,  
AmTr_v1.0_BacFree_scaffold00316 (1) 
 

50 2337805 AmTr_v1.0_BacFree_scaffold00120 (-1) ,  
AmTr_v1.0_BacFree_scaffold00293 (1) 
 

51 6969014 AmTr_v1.0_BacFree_scaffold00285 (1) ,  
AmTr_v1.0_BacFree_scaffold00339 (1) ,  
AmTr_v1.0_BacFree_scaffold00016 (-1) ,  
AmTr_v1.0_BacFree_scaffold00270 (1) 
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Table 2-10.  Continued 

Opgen 
Superscaffold 

Estimated Opgen 
Superscaffold 
Length 
(bp) 

Order (left-to-right) and Orientation 
(1=forward strand, -1=reverse 
complement) of Amborella BAC-Free 
Scaffolds making up the OpGen GB 
Super-scaffolds 

52 6271825 AmTr_v1.0_BacFree_scaffold00242 (1) ,  
AmTr_v1.0_BacFree_scaffold00101 (-1) ,  
AmTr_v1.0_BacFree_scaffold00201 (-1) ,  
AmTr_v1.0_BacFree_scaffold00152 (1) 
 

53 947801 AmTr_v1.0_BacFree_scaffold00298 (1) ,  
AmTr_v1.0_BacFree_scaffold00340 (1) 
 

54 7065739 AmTr_v1.0_BacFree_scaffold00220 (1) ,  
AmTr_v1.0_BacFree_scaffold00042 (-1) ,  
AmTr_v1.0_BacFree_scaffold00147 (1) ,  
AmTr_v1.0_BacFree_scaffold00313 (1) 
 

55 4762426 AmTr_v1.0_BacFree_scaffold00171 (1) ,  
AmTr_v1.0_BacFree_scaffold00165 (1) ,  
AmTr_v1.0_BacFree_scaffold00185 (1) 
 

56 2369116 AmTr_v1.0_BacFree_scaffold00234 (1) ,  
AmTr_v1.0_BacFree_scaffold00343 (-1) ,  
AmTr_v1.0_BacFree_scaffold00357 (1) ,  
AmTr_v1.0_BacFree_scaffold00263 (-1) ,  
AmTr_v1.0_BacFree_scaffold00364 (-1) 
 

57 1435513 AmTr_v1.0_BacFree_scaffold00283 (1) ,  
AmTr_v1.0_BacFree_scaffold00251 (1) 
 

58 2326677 AmTr_v1.0_BacFree_scaffold00204 (-1) ,  
AmTr_v1.0_BacFree_scaffold00190 (1) 
 

59 4214009 AmTr_v1.0_BacFree_scaffold00186 (1) ,  
AmTr_v1.0_BacFree_scaffold00376 (-1) ,  
AmTr_v1.0_BacFree_scaffold00107 (1) 
 



 

110 

Table 2-10.  Continued 

Opgen 
Superscaffold 

Estimated 
Opgen 
Superscaffold 
Length 
(bp) 

Order (left-to-right) and Orientation 
(1=forward strand, -1=reverse 
complement) of Amborella BAC-Free 
Scaffolds making up the OpGen GB 
Super-scaffolds 

60 6100407 AmTr_v1.0_BacFree_scaffold00014 (1) ,  
AmTr_v1.0_BacFree_scaffold00331 (1) 
 

61 1304948 AmTr_v1.0_BacFree_scaffold00284 (-1) ,  
AmTr_v1.0_BacFree_scaffold00368 (1) ,  
AmTr_v1.0_BacFree_scaffold00319 (1) 
 

62 4747816 AmTr_v1.0_BacFree_scaffold00310 (-1) ,  
AmTr_v1.0_BacFree_scaffold00350 (-1) ,  
AmTr_v1.0_BacFree_scaffold00037 (1) 
 

63 3875567 AmTr_v1.0_BacFree_scaffold00155 (1) ,  
AmTr_v1.0_BacFree_scaffold00098 (1) 
 

64 8341480 AmTr_v1.0_BacFree_scaffold00041 (1) ,  
AmTr_v1.0_BacFree_scaffold00111 (-1) ,  
AmTr_v1.0_BacFree_scaffold00305 (-1) ,  
AmTr_v1.0_BacFree_scaffold00127 (1) 
 

65 8642329 AmTr_v1.0_BacFree_scaffold00269 (1) ,  
AmTr_v1.0_BacFree_scaffold00194 (1) ,  
AmTr_v1.0_BacFree_scaffold00197 (1) ,  
AmTr_v1.0_BacFree_scaffold00043 (-1) ,  
AmTr_v1.0_BacFree_scaffold00137 (-1) 
 

66 7587208 AmTr_v1.0_BacFree_scaffold00231 (1) ,  
AmTr_v1.0_BacFree_scaffold00028 (-1) ,  
AmTr_v1.0_BacFree_scaffold00193 (1) ,  
AmTr_v1.0_BacFree_scaffold00292 (-1) 
 

67 6336093 AmTr_v1.0_BacFree_scaffold00174 (1) ,  
AmTr_v1.0_BacFree_scaffold00020 (-1) 
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Table 2-10.  Continued 

Opgen 
Superscaffold 

Estimated 
Opgen 
Superscaffold 
Length 
(bp) 

Order (left-to-right) and Orientation 
(1=forward strand, -1=reverse 
complement) of Amborella BAC-Free 
Scaffolds making up the OpGen GB 
Super-scaffolds 

68 4177843 AmTr_v1.0_BacFree_scaffold00182 (-1) ,  
AmTr_v1.0_BacFree_scaffold00261 (1) ,  
AmTr_v1.0_BacFree_scaffold00252 (1) ,  
AmTr_v1.0_BacFree_scaffold00172 (-1) 
 

69 1605499 AmTr_v1.0_BacFree_scaffold00168 (-1) ,  
AmTr_v1.0_BacFree_scaffold00356 (1) 
 

70 5805660 AmTr_v1.0_BacFree_scaffold00088 (-1) ,  
AmTr_v1.0_BacFree_scaffold00061 (1) 
 

71 1493879 AmTr_v1.0_BacFree_scaffold00303 (1) ,  
AmTr_v1.0_BacFree_scaffold00243 (1) 
 

72 3956102 AmTr_v1.0_BacFree_scaffold00163 (1) ,  
AmTr_v1.0_BacFree_scaffold00084 (-1) 
 

73 9011683 AmTr_v1.0_BacFree_scaffold00034 (-1) ,  
AmTr_v1.0_BacFree_scaffold00025 (1) 
 

74 4391510 AmTr_v1.0_BacFree_scaffold00238 (-1) ,  
AmTr_v1.0_BacFree_scaffold00056 (1) 
 

75 1274295 AmTr_v1.0_BacFree_scaffold00299 (1) ,  
AmTr_v1.0_BacFree_scaffold00295 (1) 
 

76 3684854 AmTr_v1.0_BacFree_scaffold00249 (1) ,  
AmTr_v1.0_BacFree_scaffold00077 (-1) 
 

77 4645926 AmTr_v1.0_BacFree_scaffold00179 (1) ,  
AmTr_v1.0_BacFree_scaffold00100 (1) ,  
AmTr_v1.0_BacFree_scaffold00355 (1) 
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Table 2-10.  Continued 

Opgen 
Superscaffold 

Estimated 
Opgen 
Superscaffold 
Length 
(bp) 

Order (left-to-right) and Orientation 
(1=forward strand, -1=reverse 
complement) of Amborella BAC-Free 
Scaffolds making up the OpGen GB 
Super-scaffolds 

78 3441583 AmTr_v1.0_BacFree_scaffold00126 (1) ,  
AmTr_v1.0_BacFree_scaffold00130 (1) 
 

79 6595486 AmTr_v1.0_BacFree_scaffold00068 (-1) 
,  AmTr_v1.0_BacFree_scaffold00134 
(1) ,  
AmTr_v1.0_BacFree_scaffold00135 (-1) 
 

80 5623082 AmTr_v1.0_BacFree_scaffold00207 (1) ,  
AmTr_v1.0_BacFree_scaffold00029 (1) 
 

81 887146 AmTr_v1.0_BacFree_scaffold00273 (1) ,  
AmTr_v1.0_BacFree_scaffold00360 (1) 
 

82 3616908 AmTr_v1.0_BacFree_scaffold00076 (1) ,  
AmTr_v1.0_BacFree_scaffold00296 (-1) 
 

83 3053442 AmTr_v1.0_BacFree_scaffold00119 (1) ,  
AmTr_v1.0_BacFree_scaffold00229 (-1) 
 

84 5995047 AmTr_v1.0_BacFree_scaffold00078 (1) ,  
AmTr_v1.0_BacFree_scaffold00106 (-1) 
 

85 7665886 AmTr_v1.0_BacFree_scaffold00015 (1) ,  
AmTr_v1.0_BacFree_scaffold00105 (1) 
 

86 3139223 AmTr_v1.0_BacFree_scaffold00230 (1) ,  
AmTr_v1.0_BacFree_scaffold00109 (1) 
 

87 5365471 AmTr_v1.0_BacFree_scaffold00049 (1) ,  
AmTr_v1.0_BacFree_scaffold00142 (-1) 
 

88 1789638 AmTr_v1.0_BacFree_scaffold00381 (1) ,  
AmTr_v1.0_BacFree_scaffold00143 (1) 
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Table 2-11.  A comparison of assembly statistics between Amborella and other NGS-based whole-genome assemblies. 

Organism 
Sanger 
BAC Ends (BE) 
Fosmid Ends (FE) 

Genome  
Size (Mb) 

Bases in  
Contigs (Mb) 

Contig N50 (bp) 
[N50 (n)] 

Contig N90 (bp) 
[N90 (n)] 

Amborella BAC Free Assembly 0 730 668 28,655 [6,685] 6,963 [24,624] 
Amborella BAC Free Assembly + 
Genome Builder 

0 730 668 28,655 [6,685] 6,963 [24,624] 

Amborella Assembly With BAC Ends BE: 63,924 730 668 29,456 [6,448] 7108 [23962] 
Amborella Assembly With BAC Ends+ 
Genome Builder 

BE: 63,924 730 668 28,655 [6,685] 6,963 [24,624] 

Brassica  BE: 199,452 485 264 27,294 [2,778] 5,593 [10,564] 
Banana  BE: 90,542 523 390 43,122 [2,113] 5,831 [12,505] 
Potato  FE: 90,407 

BE: 71,375 
844 683 31,429  [6,446] 6,858 [23,392] 

Cacao BE: 84,547 430 291 19,800 [4,097] 4,800 [15,723] 
Cod BE: 78,034 830 536 2,778  [50,237] n.a 
Pigeonpea (BAC free) 0 833 606 21,954 [7,815] 4,494 [28,417] 
Pigeonpea BE: 82,604 833 606 21,954 [7,815] 4,494 [28,417] 
Melon BE: 53,203 450 n.a 18,200 [n.a] n.a 
Apple FE: 117,000 

BE: 34,000 
743 604 13,400 [16,171] n.a 

 



 

114 

Table 2-11.  Continued 

Organism 
Bases in 
Scaffolds 
(Mb) 

Scaffold 
N50 (bp) [N50 (n)] 

Scaffold 
N90 (bp)[N90 (n)] 

References 

Amborella BAC Free Assembly 703 2,766,685 [81] 508,366 [293] NA 
Amborella BAC Free Assembly + 
Genome Builder 

720 7,665,886 [32] 1,493,879 [95] NA 

Amborella Assembly With BAC Ends 706 4,927,027 [50] 1,154,593 [155] NA 
Amborella Assembly With BAC Ends+ 
Genome Builder 

712 9,308,884 [26] 2,935,351 [70] NA 

Brassica  284 1,971,137 [39] 357,979 [159] (Wang et al. 2011) 
Banana  472 1,311,088 [65] 54,335 [647] (D’hont et al. 2012) 
Potato  727 1,318,511 [167] 253,760 [622] (Xu et al. 2011) 
Cacao 327 473,800 [178] 75,500 [854] (Argout et al. 2011) 
Cod 611 687,709 [218] n.a (Star et al. 2011) 
Pigeonpea (BAC free) 606 247,882 [620] 23,693 [3,485] (Varshney et al. 2012) 
Pigeonpea 606 387,700 [380] 24,993 [2,743] (Varshney et al. 2012) 
Melon 375 4,677,790 [26] 1,485,533 [78] (Garcia-Mas et al. 2012) 
Apple 598 1,542,700 [102] n.a (Velasco et al. 2010) 
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Table 2-12.  Genome reads coverage across sequenced BAC contigs. 

Contig ID Contig Length (kb) Million Bases Aligned Mean Depth Median Depth 

431 487 15.6 32 29 
1003 630 19.9 31.6 29 
Total 1,117 35.5 31.7 29 
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Table 2-13.  K-mer frequencies for genome estimation. 

Read Library K-mer Size (k) Distinct k-mer at max. Volume (n) Total K-mers 
Estimated 
Size (MB) 

454 15 22 14,793,485,875 672 
454 17 19 15,057,519,382 793 
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CHAPTER 3 

GLOBAL CONSERVATION OF ALTERNATIVE SPLICING EVENTS ACROSS 
EUDICOTS USING AMBORELLA AS A REFERENCE 

Introduction 

Alternative splicing (AS) is a post-transcription mechanism involving differential 

processing of precursor mRNA (pre-mRNA) resulting in multiple distinct mRNAs from a 

single gene. This process is one of the mechanisms through which eukaryotes generate 

transcriptome and proteome diversity, and can also influence protein abundance 

(Barbazuk et al. 2008; Reddy 2007). There is increasing evidence suggesting a crucial 

role of AS in many essential plant functions such as photosynthesis, defense response, 

flowering, and cereal grain quality (Barbazuk et al. 2008). Despite the important roles 

AS plays in angiosperms (flowering plants), the evolution and conservation of AS events 

across plant species is not well understood (Barbazuk et al. 2008).  This is largely due 

to lack of abundant transcriptome sequence data sampled from multiple, and 

comparable tissues across diverse flowering plants (Barbazuk et al. 2008; Reddy 2007). 

Cross-species Alternative Splicing Comparisons in Plants  

Large-scale, cross-species, global-scale AS comparisons in plants have been 

limited to identifying conserved AS events using cDNA and expressed sequence tag 

(EST) sequences. Most previous comparative studies in plants reported fewer than 50 

conserved events between species (Wang and Brendel 2006; Baek et al. 2008; Wang 

et al. 2008a; Severing et al. 2009). A recent study comparing Brassica and Arabidopsis 

identified many more conserved AS events, i.e., 537 AS events in 485 genes (Darracq 

and Adams 2013). The increase in conservation of AS events is largely due to the 

inclusion of more cDNA and EST sequence data compared to previous studies.  
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However, the results provided in these studies may still be an underestimate because 

they used only cDNA and EST datasets that likely do not represent transcriptome 

diversity present in all tissues (Darracq and Adams 2013).  It is clear that high-

throughput technologies and multi-tissue sampling can result in significant increases in 

estimates of the frequency of AS events (Syed et al. 2012).  

During the past few years several plant genomes and transcriptomes (especially 

RNA-seq) spanning wide evolutionary distances were sequenced.  These resources 

allow the study of genome-wide AS event conservation and evolution in plants. 

Discovery of conserved events across phylogenetically diverse organisms implies a 

likely biological function and ‘short-lists’ the catalog of AS candidates for performing 

detailed transcriptomic and proteomic functional studies (Barbazuk et al. 2008; Reddy 

2007). 

Whole-genome Duplication and Alternative Splicing in Plants 

High frequency of whole genome duplications (WGDs) in angiosperms (Soltis et 

al. 2009; Jiao et al. 2011; Vanneste et al. 2014), makes them good model systems for 

studying the changes in AS events after WGD. In spite of this, there is only one study in 

plants that investigated the evolutionary conservation and divergence of AS patterns in 

genes duplicated by polyploidy during the evolutionary history of the Arabidopsis 

thaliana (Zhang et al. 2010).  Limitations of this study were that the authors used only 

52 WGD duplicate gene pairs in Aradidopsis, and the AS events of these duplicates 

were inferred based on a previous study (Wang and Brendel 2006), which reported that 

only 20% of genes in Arabidopsis undergo AS.  It is now clear that more than 61% of 

intron-containing genes exhibit AS in Arabidopsis (Marquez et al. 2012), suggesting that 

the findings of the previous study are not comprehensive. 
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In this chapter I investigated the conservation of AS patterns in genes duplicated 

by WGD events using the legume model systems common bean (Phaseolus vulgaris) 

and soybean (Glycine max). After their divergence from each other about 19 MYA 

(McClean et al. 2010), soybean underwent a lineage-specific WGD about 5-10 MYA 

(Roulin et al. 2012). Thus, a single gene in common bean should have at most two 

orthologs in soybean. There are about 14,759 orthologous gene sets, where one gene 

copy in common bean has two orthologs gene copies in soybean that presumably 

resulted from soybean’s recent WGD. Compared to the aforementioned investigation by 

Zhang et al. (2010) in Arabidopsis this study has two main advantages. First, low 

genome fractionation in common bean and soybean lineages after their divergence has 

led to a high retention of duplicate pairs in soybean, preserving the expected 1:2 ratio of 

common bean genes to orthologs in soybean.  Thus providing a large set of 1:2 ortholog 

gene pairs to examine AS changes in the context of WGD within soybean. In contrast, 

Arabidopsis has undergone at least two lineage-specific WGD events and relatively high 

genome fractionation (Blanc et al. 2003; Blanc and Wolfe 2004a) (Figure 3-1), leaving 

behind fewer ortholog pairs from recent WGD. The second strength of this study comes 

from the fact that genome sequence is available from both species and they also 

contain abundant and diverse sampling of transcriptomes from similar tissue types, 

which are essential pre-requisites for robust cross-species AS analysis. 

Previous Methods for Identifying Conserved AS Event Identification Methods 

Previous studies of cross-species AS event conservation primarily focused on 

two features: conserved position (CP) and conserved junction (CJ) events (Darracq and 

Adams 2013; Wang and Brendel 2006; Wang et al. 2008a). In CP AS events, the same 

types of events should be present at the same position between orthologous/paralogous 
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genes, while CJ AS events are a relaxed version of conservation where the same type 

of events should be present at orthologous intron-exon junctions. 

The first study involving CP AS events was conducted in legumes (Medicago 

truncatula and Lotus japonicas) by Wang et al. (2008) and identified 22 CP AS events. 

This was followed by Darracq and Adams (2013) who examined CP AS events in the 

Brassicaceae, resulting in 537 CP AS events (Wang et al. 2008a; Darracq and Adams 

2013). Both of these studies involve cross-species transcriptome alignments to identify 

CP AS events across up to three species.  Scalability of this approach for identifying CP 

AS events involving a large number of species would require the laborious task of 

performing all possible pairwise cross-species alignments for mining conserved AS 

events across all species, and between subsets of species in the study.  Another 

potential problem while looking at many species is in identifying orthologous 

relationships between species, which is complicated by lineage specific polyploidy in 

angiosperms (Soltis et al. 2009; Vanneste et al. 2014). 

In the previous studies for identifying CJ AS events, the first step was to identify 

conserved orthologous exon-intron junctions and then look for shared AS event types at 

these junctions (Wang and Brendel 2006; Wang et al. 2008a; Darracq and Adams 

2013).  Wang et al. (2006) mined CJ AS events between rice and Arabidopsis by first 

identifying potential orthologous gene pairs by performing reciprocal BLAST, then 

finding conserved intron-exon junctions by matching the intron plus 30-bp flanking 

sequences between orthologs and looking for shared AS event types at orthologous 

intron junctions (Wang and Brendel 2006).  On other hand, Wang et al. (2008) and 

Darracq and Adams (2013) used cross-species EST/transcript alignments to identify 
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conserved intron-exon junctions and looked for shared AS event types across species 

(Wang et al. 2008a; Darracq and Adams 2013).  Current CJ AS events identification 

methods also suffer from similar limitations as mentioned above for CP AS events. 

In this chapter three primary objectives are addressed using both public and in-

house transcriptome and genomic sequence resources. First, I examine the global 

conservation of AS events across nine angiosperms, including seven eudicot species, 

one monocot species, and the basal angiosperm Amborella as the outgroup (Figure 3-

1).  Second, I investigated conservation of AS events in WGD gene copies using the 

legume model systems common bean and soybean, which are part of the 

aforementioned eudicot clade. Third, I developed high-throughput computational 

pipelines and algorithms for identifying conserved AS events across taxa representing 

both short and large evolutionary distances. 

Results 

Global Transcriptome Alignment and Assembly 

Transcriptomic and genomic data were collected from nine angiosperm taxa 

constituting seven eudicots, one monocot (Oryza sativa – rice), and Amborella 

trichopoda a pivotal species that is sister to all other angiosperms (used here as an 

outgroup) (Table 3-1). Transcriptome collection includes data from ESTs, mRNAs, 454, 

and RNA-seq (Table 3-2) from diverse tissue types (Table 3-3), which were rigorously 

quality-filtered by removing low-quality and adapter regions (see Materials and 

Methods; Figure 3-2).  

PASA (Program to Assemble Spliced Alignments) (Haas et al. 2003), a software 

pipeline for reconstructing gene structures from spliced alignments of transcripts, was 

used to generate comprehensive transcript alignment assemblies for each taxon. 
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Directly feeding massive numbers of reads of 454 and Illumina RNA-seq data to PASA 

poses limitations due to the enormous complexity involved in clustering and assembling 

overlapping alignments resulting from these reads. To overcome this limitation, reads 

from 454 and Illumina were first assembled via de novo and genome-guided 

transcriptome assembly methodologies, reducing millions of transcriptome reads into 

few hundred thousand transcripts (Rhind et al. 2011; Haas et al. 2011). These 

assembled transcripts, along with ESTs and mRNA, were aligned using the splice-

aware aligners GMAP (Wu and Watanabe 2005) and BLAT (Kent 2002) against 

corresponding reference genomes, and were further assembled by PASA (Figure 3-2) 

(Rhind et al. 2011; Haas et al. 2011). 

Low-confidence PASA alignment assemblies were discarded based on junction 

read support, and the retained intron region’s median read coverage (Figure 3-2) (see 

Materials and Methods).  PASA transcripts not belonging to annotated protein-coding 

genes were discarded as well (Figure 3-2). For downstream AS analysis, only multi-

exonic protein-coding genes with support from PASA transcripts were considered and 

these genes are referred to as expressed mulit-exonic protein-coding genes (Table 3-1).  

Intron Retention is the Most Frequent AS Event 

Along with transcript alignment assemblies, PASA also generates an AS 

classification report. PASA AS classification output was processed using a custom 

software pipeline to obtain AS events (Figure 3-3) as defined in Wang and Brendel 

(2006). The four types of AS events examined in this study are: AltD (alternative donor 

site), AltA (alternative acceptor site), ExonS (exon skipping), and IntronR (intron 

retention).  As illustrated in Table 3-4 and Figure 3-4, IntronR is the most prevalent AS 

type among the seven species of eudicots, with Arabidopsis having the most abundant 



 

123 

IntronR event category (65.3%). On average more than half of the AS events are 

IntronR (56%), followed by AltA (21%), and AltD (14%), with ExonS (9%) being least 

frequent. These AS event frequencies are consistent with previous studies in plants 

(Wang and Brendel 2006; Wang et al. 2008a; Marquez et al. 2012). 

Up to 70 Percent of Expressed Multi-exonic Genes Exhibit AS 

Among all nine taxa, the fraction of intron-containing genes with at least one AS 

event is the highest in Amborella (70.4%), followed by Vitis vinifera  – grape (64.4%), 

Populus trichocarpa – poplar (53.2%), Arabidopsis thaliana (52.9%), Glycine max – 

soybean (50.2%), Oryza sativa – rice (46.4%), Phaseolus vulgaris – common bean 

(44.9%), Medicago truncatula (44.7%), and Solanum lycopersicum – tomato (39.1%) 

(Table 3-4 and Figure 3-5). These percentages are conservative estimates because our 

analysis is restricted to only four AS event types (AltA, AltD, ExonS, and IntronR). A 

previous comprehensive AS study in Arabidopsis reported that 61.2% of expressed 

multiexonic genes exhibit AS; however, the Arabidopsis study considered the top ten 

most frequent types of AS to estimate AS frequency (Marquez et al. 2012). 

High-throughput Pipeline for Identifying Conserved AS Events 

Identifying conserved positions of AS events requires the same type of event at 

the same position between orthologous/paralogous genes, and cross-species 

alignments for identifying the precise splice-junction positions.  Although CP AS events 

provide a strictly defined set of evolutionarily conserved AS events (Darracq and Adams 

2013), mining for these types of conserved events is troublesome between species 

separated by large evolutionary distances due to sequence divergence, which also 

degrades at the sequence and intron-exon boundary level and which complicates cross-
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species EST/transcript alignments. Thus CP is limiting its application to species 

separated by short evolutionary distances. 

To study the conservation of AS events across large evolutionary distances CJ 

AS events were chosen instead of CP AS events. Sequence conservation criteria for 

identifying CJ are relaxed relative to CP and require that same type of events must be 

present at orthologous intron-exon junctions.  A high-throughput software pipeline for 

identifying CJ AS events was developed and successfully implemented in nine species 

of angiosperms constituting various divergence times and lineage-specific WGD events 

(see Materials and Methods; Figure 3-6).  From this point on, conserved AS event refers 

to CJ AS events.  

More Than 5,000 Conserved AS Event Clusters between Common Bean and 
Soybean 

Conserved AS events between common bean and soybean were identified using 

pipeline described in Figure 3-6 (see Materials and Methods). There are 5,202 

conserved AS events conserved between 4,020 and 5,671 genes in common bean and 

soybean (Table 3-5), corresponding to 45% and 31% of multi-exon expressed genes, 

respectively. IntronR was the most abundant conserved AS event type, followed by 

AltA, AltD, and ExonS, which is in alignment with overall proportion of AS events. To the 

best of our knowledge, this is the largest number of conserved AS events reported to 

date between two species, far exceeding a recent study that reported only 694 

conserved AS events in 597 genes between Arabidopsis thaliana and Brassica 

(Darracq and Adams 2013). 
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Extensive Species-specific AS Events in WGD Orthologs 

Conserved AS events between a single gene in common bean and its orthologs 

resulting from a recent WGD in soybean were examined in 8,325 gene sets with 1 

common bean gene:2 soybean gene ortholog ratios. These 8,325 gene sets were 

chosen from the original14,759 ortholog gene sets with 1:2 ratios based on the following 

criteria: all genes should be expressed, and at least one gene should be multi-exonic 

and exhibit a minimum of one AS event.  AS events were assigned to five categories 

(1:2, 1:1, 0:2, 1:0, 0:1) based on their conservation status between orthologous gene 

copies of common bean and soybean. For example, placement into the 1:2 category 

means that an AS event is conserved in the one gene copy of common bean and its 

corresponding two orthologous gene copies in soybean.  Similar explanations are 

applicable for other gene copy ratios. There are 1,432 conserved AS events which are 

of category '1:2' in Table 3-6, which represents AS events that are conserved between 

one gene copy of common bean and the corresponding two orthologous copies 

resulting from the recent WGD in soybean.  In category '1:1' there are 2,230 AS events, 

which represent conserved AS events between one gene copy of common bean and at 

least one of the two orthologous copies resulting from recent WGD in soybean 

(category '1:1' in Table 3-6). There are 2,302 instances of AS events that are present in 

both copies of soybean but are absent in common bean (category '0:2' in Table 3-6). 

Two of the largest AS event categories are '1:0' (8,497 AS events only in common 

bean) and '0:1' (21,816 AS events only in soybean), which represent species specific  

More Than 27,000 Conserved AS Events among Nine Angiosperm Species  

Conserved AS events among nine angiosperm species were identified using a 

novel high-throughput strategy illustrated in Figure 3-7. There are 27,120 conserved AS 
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events that are conserved between at least two of the nine angiosperm taxa used in this 

study (Table 3-7). There are 101 AS events conserved across all nine taxa, followed by 

201 in eight taxa, 365 in seven taxa, 599 in six taxa, 1,168 in five taxa, 2,394 in four 

taxa, and 5,876 in three taxa.  The majority of conserved AS events (16,416; 60.5%) are 

conserved between only two species. Among the conserved AS events, the IntronR AS 

event type represents the highest proportion with 65.6% followed by 20.5% of AltA, and 

10.0% of AltD, while ExonS makes up only 3.9% of all events (Table 3-8). The 

proportion of expressed protein-coding multi-exonic genes with at least one conserved 

AS in at least one other species is highest for grape (36.2%), followed by Amborella 

(34.1%), poplar (29.4%), common bean (27.7%), soybean (26.7%), Arabidopsis (24%), 

Medicago (23.7%), tomato (17%), and rice (16.7%). 

The percentage of conserved AS events relative to the total number of conserved 

AS events was calculated for each pairwise comparison of the species studied  (Figure 

3-7).  Of all the conserved AS events identified in common bean that are conserved in 

one or more additional species, the largest fraction of these (68%) is conserved with 

soybean.  This also accounts for the single pairwise comparison among all nine taxa 

that has the highest level of conservation.  The pairwise comparison identifying the 

second highest fraction of conserved events occurs between Medicago and soybean, 

with 58% of the conserved AS events within Medicago conserved with soybean (Figure 

3-7). This is not unexpected owing in part to their close phylogenetic relationship (Figure 

3-1) and also the availability of deep transcriptome data (Table 3-3).  Interestingly, the 

majority of the species examined have the largest fraction of conserved AS events 

shared with grape (Figure 3-7).  One most likely explanation for this is that grape has a 
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superior transcriptome collection compared to all other species - 114.7 M 100 bp paired-

end RNA-seq reads (23 GB) generated by pooling RNA from 45 samples representing 

various developmental stages as detailed in Table 3-13 (Venturini et al. 2013).  Other 

possible explanations would be that AS fractionation in grape may be very low 

compared to other species.  Of all angiosperms in this study (Figure 3-1), Amborella is 

the only species that has not undergone any lineage-specific WGD events in addition to 

the ancient WGD shared by all angiosperms, while grape has undergone only one 

whole genome triplication (i.e., two WGDs in close succession) (Jiao et al. 2012), and 

the rest of the species have undergone at least two or three WGD events, which may 

have lead to high AS fractionation in these species compared to grape. 

Ancestral Angiosperm AS Events 

Ancestral AS events were estimated at each of the nodes within the species tree 

of the nine angiosperm species included in this study (Figure 3-1).  The ancestral AS 

event numbers reported in boxes at each node were calculated by requiring that each 

AS event be conserved between an outgroup species and at least one other ingroup 

species.  There are 9,219 CJ AS events that are conserved between Amborella and at 

least one other species in the study, indicating these events may have been present in 

the MRCA of angiosperms.  The highest number of conserved AS events (9,424) is 

seen at the node between grape and eurosids. This extent of conservation may reflect 

the comprehensive nature of the grape transcriptome sequence collection or it may 

suggest that the grape genome is evolving slowly and has maintained much of the AS 

events in common with its MRCA (with other rosids).  

All other nodes have fewer than 6,000 AS events. Because the rate of 

convergent evolution of AS events in plants is not known, I am not sure that all of these 
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events are strictly ancestral and what fraction actually represents convergent gains of 

AS.  To minimize interpreting convergently evolved AS events as the ancestral state of 

the MRCA for each node I employed a more stringent criterion where an AS event 

should be conserved in an outgroup species and at least two other ingroup species.  

Using this criterion, 4,922 events are conserved between Amborella and all other 

angiosperms in this study, thus reducing the number of conserved events by about half 

compared to our previous estimate. The number of conserved events at each of the 

other nodes was similarly reduced when using the more stringent classification criterion 

(Figure 3-1).  

Overrepresented GO Categories among Genes With Conserved AS 

GO category enrichment analysis was done using BLAST2GO’s Fisher’s exact 

test module with default parameters (Conesa et al. 2005) to determine whether any of 

the GO categories are overrepresented within the 1,099 genes in Arabidopsis 

(compared to all protein-coding genes ) that have conserved AS events across at least 

six angiosperms.  Genes representing the biological processes: cellular protein 

modification process, cell death, organic substance metabolism, primary metabolism, 

metabolism, regulation of cellular process, signaling, cellular process, biological 

regulation, and response to stimulus were overrepresented (Table 3-11; Figure 3-8).  

For the cellular component category: nucleus, cell periphery, membrane, plasma 

membrane, organelle, macromolecular complex, and protein complex were 

overrepresented (Table 3-11; Figure 3-9). For the molecular function category, kinase 

activity, catalytic activity, transferase activity, transporter activity, hydrolase activity, ion 

binding, and mRNA binding were overrepresented (Table 3-11; Figure 3-10). 

Overrepresentation of GO terms suggests that specific gene categories are retaining 



 

129 

the same AS events, and the apparent AS conservation observed between species may 

be partially due to selection of parallel events.  

I also did GO category enrichment analysis for 2,264 soybean genes where 

conserved AS events are present in two WGD paralogs of soybean and their 

corresponding ortholog in common bean (1:2 category; Table 3-6). The enrichment was 

done with respect to 8,325 soybean duplicate gene pairs derived from WGD (Table 3-

6).  For the biological process category, response to stimulus was overrepresented 

(Table 3-12; Figure 3-11).  For the cellular component category, nucleus (including 

intracellular membrane-bounded organelle and membrane bounded organelle) were 

overrepresented (Table 3-12; Figure 3-12). For the molecular function category, 

hydrolase activity and nuclear binding, which includes mRNA binding, were 

overrepresented (Table 3-12). Interestingly, all of these overrepresented GO categories 

are also part of the aforementioned GO enrichment observed in Arabidopsis genes with 

conserved AS events across at least six angiosperms.  This suggests that genes with 

AS events that tend to be conserved a cross species are also preferentially being 

retained in gene copies derived from WGD.  

Discussion 

Frequency of Genes With AS 

To our knowledge this study reports the largest collection of expressed multi-

exonic genes exhibiting AS in plants.  I computationally detected AS within genes of 9 

angiosperms whose annotations were supported by NGS data to enable an examination 

of AS conservation across plant species.  The proportion of multi-exonic genes 

exhibiting AS within Amborella and grape are 70.4% and 64.4%, respectively, both of 

which exceeds the current estimate in Arabidopsis (61.2%) (Marquez et al. 2012).  Our 
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AS frequency estimates are based on only the four basic and most frequent AS event 

types (Table 3-4 and Figure 3-3) while the Marquez et al. (2012) AS estimate for 

Arabidopsis includes an additional six AS event types that are combinations of these 

four basic AS event types. Therefore, it is likely that our analysis remains an 

underestimate, and the true extent of AS within Amborella, grape, and the other seven 

species examined could be even higher than the numbers reported here.  The fraction 

of expressed multi-exonic genes exhibiting AS within the nine angiosperm taxa 

examined ranges from approximately 40% to 70%.  One explanation for this range may 

be due to variation in trancriptome resources. For example, the Amborella RNA-seq 

reads are 2x100 bp paired-end sequences sampled from diverse tissue types with 

replicates (Table 3-2 and Table 3-3).  The read length and configuration promotes 

accurate mapping and AS event detection, while the diverse tissue sampling promotes 

identification of events that may be restricted to one or a small subset of tissues. In 

contrast, the majority of the tomato RNA-seq data constitutes 50 bp reads sampled from 

fruit tissue. These features make the transcripts sampled less diverse and transcriptome 

reconstruction more difficult, thus affecting AS identification. 

Advantages of our Conserved AS Event Identification Strategy 

Previous studies investigating genome-wide conserved AS events in plants are 

limited to at most three species (Darracq and Adams 2013; Baek et al. 2008). 

Methodologies used in these studies of conserved AS events utilized cross-species 

transcriptome alignments as described in the previous section, or they performed 

pairwise comparisons between close homologues, or potential orthologs, and searched 

for a conserved AS event between gene pairs (Wang and Brendel 2006).  
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The Darracq and Adams (2013) study aligned Arabidopsis thaliana and Brassica 

transcriptome data consisting mainly of ESTs to Arabidopsis genes, and conserved AS 

events were identified from these alignments (as described in Introduction). Same-

species alignments (i.e., Arabidopsis ESTs aligned to Arabidopsis genes) resulted in 

mapping ~70% of ESTs at high-stringency criteria with identity and coverage scores of 

≥0.95. In contrast, cross-species alignments (i.e., Brassica sequences aligned to 

Arabidopsis genes) resulted in mapping only ~40% of ESTs even at low stringency 

(identity and coverage scores of ≥0.80).  This is a 30% reduction in EST alignments. 

The failure to align many of the Brassica ESTs could be a result of higher sequence 

divergence between them and their orthologous Arabidopsis genes, or they may 

represent Brassica specific genes (i.e., genes are present in only Brassica but are 

absent in Arabidopsis). Most likely the inability to identify cross-species alignment is the 

result of sequence divergence because ~93% of gene families are common between 

Arabidopsis and Brassica rapa (Wang et al. 2011). Our AS conservation pipelines align 

transcriptome data directly against a reference genome of the same species rather than 

cross-species alignment of transcriptome data (Darracq and Adams 2013), thus 

increasing alignment accuracy and efficiency. 

 Additionally, performing pairwise comparisons of close homologs is not easily 

scalable to simultaneously assessing a large number of taxa for two reasons: (i) Plants 

often have lineage-specific WGD events in addition to shared ancient WGD, which 

means one gene copy of a species could have more than one potential homolog in 

another species i.e, co-orthologs (Gabaldón and Koonin 2013). Considering only one of 

several homologs as a potential ortholog for reciprocal BLAST based pair-wise 
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comparisons (Wang and Brendel 2006) will fail to capture conserved AS events with 

respect to other homologs.  (ii) The number of pairwise comparisons to perform 

between gene pairs grows exponentially as one increases the number of species 

included in the analysis. To overcome these limitations, our conserved AS event 

identification methodology first identifies AS splicing events for each species, creates a 

flanking exon sequence tag (FESTs) datasets from all species, and subdivides this into 

separate datasets for each AS event type.  FESTs AS event dataset were compared 

using TBLASTX and BLASTN to identify all possible events conserved between two or 

more species, which were placed into AS event clusters. TBLASTX alignments allow 

detection of alignments between orthologous sequences that have high sequence 

divergence at the nucleotide level but are conserved at the amino acid level.  These 

event clusters were recreated based on OrthoMCL gene clusters (see Methods and 

Materials and Figure 3-6), where all orthologous genes are searched for AS 

conservation. Overall, our method does not rely on either cross-species alignments or 

pair-wise gene comparisons. 

Conserved AS Events between Common Bean and Soybean 

This study reports 5,202 conserved AS event clusters between common bean 

and soybean, which is the largest number of conserved AS events between two species 

reported to date in plants.  This number is high in comparison to a recent study that 

reported only 694 conserved events between Arabidopsis thaliana and Brassica species 

(Darracq and Adams 2013), both belonging to Brassicaceae. The estimated time of 

divergence of common bean and soybean is 19 MYA (McClean et al. 2010), while that 

of Arabidopsis thaliana and Brassica species is 20 MYA (Yang et al. 1999).  These 

estimates are similar, suggesting that differences in divergence times are not likely to be 
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a major contributing factor to the number of AS conservation differences between our 

study and Darracq and Adams (2013). The high amount of conserved AS events in our 

study compared to Darracq and Adams (2013) could be explained by differences in 

transcriptome resources and in AS identification methodologies used in these studies. 

Darracq and Adams (2013) examined only ESTs, whereas our study includes, ESTs, 

mRNA, and high-depth RNA-seq data from diverse tissues, promoting the capture of 

even rare tissue-specific mRNA isoforms. Additionally, specific features of our 

conserved AS identification algorithms discussed above also affect the identification of 

conserved AS events. Despite having collections of RNA-seq data from similar tissue 

types from both common bean and soybean (Table 3-3), only about 21-33% and 11-

18% of AS events, respectively, are conserved (Table 3-5), which suggests that each 

species harbors substantial numbers of lineage-specific AS events. 

Conserved AS Events in WGD Orthologs 

This is the first study in plants to examine conserved AS events within gene pairs 

arising from WGD (soybean) with respect to their orthologous gene copies in an 

outgroup (common bean) without a lineage-specific WGD.  Conserved AS events were 

investigated using 8,325 orthologous gene sets between common bean and soybean, 

where single copy genes in common bean have two orthologous copies from WGD in 

soybean. Only 36% and 19% of AS events in common bean and soybean, respectively, 

are conserved between a common bean gene and at least one member of the 

homeologous gene pair representing the soybean co-orthologues (1:2 and 1:1 

categories of Table 3-6). These conserved AS event ratio categories represent the AS 

events that were likely present in the MRCA of common bean and soybean. Thus, the 

observation that ~65% of AS events (1:0 and 0:1 categories of Table 3-6) are 
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associated solely with common bean or soybean, respectively, suggests that there were 

rapid AS gains/losses within these species after their divergence from a MCRA, and 

some of this may reflect fractionation after the soybean WGD.  

Approximately 8% of the conserved AS events are absent in common bean but 

present in both homeologous gene copies of soybean (0:2 category; Table 3-6). There 

are four possible scenarios that could account for this: (i) AS events may have 

independently arisen in duplicate copies at the same position in soybean, (ii) AS events 

would have been present in the MRCA of common bean and soybean but were lost in 

common bean after its divergence from the soybean lineage, (iii) AS events are not 

present in the MRCA of common bean and soybean but were formed after their 

divergence within the soybean lineage but prior to the soybean specific WGD event, 

such that both homeologues have the event, and (iv) the AS event is actually conserved 

in common bean but was not recovered in our transcriptome dataset. Only the second 

of these four possible explanations is readily explained by our data and analysis.  The 

presence of these AS events in the MRCA of common bean and the soybean lineage 

can be examined by looking for their conservation in a close outgroup.  Approximately 

43% of these events (Table 3-10) are conserved within at least one other angiosperm 

examined in this study, suggesting that the second scenario is the most parsimonious 

explanation for these cases. However, any of the remaining three explanations could 

account for this observation for at least some AS events and none can be discounted at 

this point.  Indeed, by the same argument, the remaining events (57%) might well have 

arisen from the other scenarios, further underscoring that they may be active in the 

evolution of alternate splice isoforms.   



 

135 

Conserved AS Events among Nine Angiosperm Taxa  

There are 27,120 AS events (Table 3-7) found to be conserved between at least 

two of nine angiosperm taxa using the conserved AS event identification pipeline. This 

is the largest number of conserved AS events reported to-date, a ~38X increase relative 

to conserved AS events previously identified (Darracq and Adams 2013). Additionally, 

this is the first study to investigate genome-wide conserved AS events in plants across 

more than three species and includes plant species from non-eudicot and non-monocot 

lineages (i.e., Amborella ).  This approach provides new insight into AS conservation in 

plants across larger phylogenetic distances and across multiple lineages.  This high-

throughput AS conservation methodology is easily scalable to any future analyses 

involving a large number of species that represent a wide phylogenetic distribution.  As 

the sequenced genomes and transcriptome data increase in abundance, these methods 

will remain applicable. Furthermore, most of the earlier AS conservation studies relied 

on EST sequences, while this study is the first to incorporate all transcriptome sequence 

resources (ESTs, mRNA, 454, and RNA-seq from multiple tissue types), thus 

maximizing our ability to identify AS events.  Overall, our study is both robust and 

comprehensive in its identification of conserved AS events. 

Application of Conserved AS Events and Future Research  

It is clear from our global comparative AS study that there are several thousand 

AS events that are conserved across plant species, even across large phylogenetic 

distances.  This conservation implies that many of these AS events are functional and 

have been retained during the course of evolution.  Comparative AS studies in the past 

helped to prioritize AS events as functional.  For example, Fu et al. (2009) compared an 

exon-skipping event in TFIIIA of Arabidopsis thaliana with other species, including 
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Oryza sativa, Solanum lycopersicum, Selaginella moellendorffii, Physcomitrella patens 

(moss), and Chlamydomonas (green algae), and found this event to be highly 

conserved even across large evolutionary distances. Based on this evidence they 

further investigated this AS event using molecular experiments to show its biological 

function in quantitative auto-regulation of TFIIIA homeostasis (Fu et al. 2009).  Our 

study also identified this same TFIIIA exon-skipping event, providing evidence that our 

pipeline is efficiently identifying cross-species AS events.  Molecular characterization 

studies similar to Fu et al. (2009) could be initiated on thousands of conserved AS 

events that have been identified by our study.  

Another use of the conserved AS events identified in this study is to provide 

datasets that can be mined for gene families showing higher rates of AS and then 

examine AS conservation rates in these gene families both within and across species. 

Also, one can investigate correlations between the number of genes exhibiting AS 

versus the gene family size.  There is evidence from previous studies that certain gene 

families show higher rates of AS compared to others (Richardson et al. 2011). A good 

example of such a gene family is the Serine/Arginine-Rich protein gene family (SR 

proteins) in plants.  SR proteins perform crucial functions in spliceosome assembly, as 

well as constitutive and alternative splicing of pre-mRNAs, including their own 

transcripts (Richardson et al. 2011). Compared to vertebrates, angiosperms have nearly 

twice the number of genes encoding SR proteins, and AS within SR protein-encoding 

genes is common. For example, Homo sapiens have 11 SR genes, while Arabidopsis 

thaliana and Oryza sativa have 18 and 22 SR genes, respectively (Richardson et al. 

2011) ; and, 16 of 18 Arabidopsis SR protein genes undergo AS (Richardson et al. 



 

137 

2011). Using our conserved AS event identification pipeline, one can identify gene 

families that, similar to the family of SR proteins, undergo widespread AS and further 

investigate these events for functional relevance.  Also, it would be interesting to look 

for AS conservation within gene family members of the same species and investigate 

preferential expression of these isoforms from paralogous genes at various 

developmental states or tissues.  Our study identified 11 of 18 SR proteins that have 

conserved AS events with at least one other species, with the majority of them 

exhibiting conservation in at least 6 other angiosperms. 

Ancestral reconstruction of gene family content and examination of gains and 

losses of genes relative to the MRCA of various plant lineages gives interesting insights 

into how these changes may have been involved in the evolution of new traits, 

especially key innovations. For accurately drawing conclusions about gene gains and 

losses, each species should have nearly complete gene sets, which is relatively easy to 

obtain for sequenced genomes.  Similarly, to accurately identify lineage-specific gains 

or losses of AS events and their implications one needs to have similarly 

comprehensive and uniform transcriptome datasets for all species in the study.  

Currently such comprehensive datasets across multiple species are not available in 

public databases.  Although, I was able to reconstruct the ancestral state of AS events 

at various nodes (Figure 3-1), it is not possible for us to infer the exact origin of these 

because our transcriptome datasets are neither uniform nor comprehensive. It is 

important to continually investigate gains and losses of AS events across various 

lineages and their functional implications as transcriptome datasets increase in depth 

and sampling diversity.  
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In our comparison of AS in WGD gene copies of soybean with common bean I 

identified an overrepresentation of GO terms among soybean genes (Table 3-12) 

having conserved AS events between its WGD paralogous copies and its ortholog in 

common bean. It would be interesting to further examine whether genes with the same 

GO terms are enriched in gene duplicate copies of another species with independent 

WGD. This will help in understanding whether certain genes are likely to retain AS 

events more often than others irrespective of lineage in which WGD occurs with regard 

to AS event conservation in WGD gene copies, an aspect to be investigated is how AS 

expression changes within these WGD gene copies, i.e., whether there is preferential 

expression of one copy and its isoforms, sub-functionalization or neo-functionalization.  

Materials and Methods 

Genomic and Transcriptomic Data Collection 

Genome assemblies and annotations 

Genome assemblies and protein coding gene annotations corresponding to 

seven taxa involved in this study were mainly collected from Phytozome v9.0 

(Goodstein et al. 2012), with the expectation of Amborella and Medicago, which were 

collected from their corresponding genome sequencing websites. Table 3-1 summarizes 

sources from which genome assemblies and their corresponding annotations were 

collected, along with basic gene annotation metrics. Only protein-coding genes with at 

least one intron were used in downstream analysis. 

Transcriptome collection 

Transciptome data, including ESTs, mRNAs belonging to full and partial CDS, 

and RNA-seq representing various tissue types were collected from both public (NCBI 

database) and private resources (Table 3-2 and Table 3-3). 
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RNA-seq Data Processing and Assembly 

Three different methodologies (Figure 3-3) were implemented for assembling 

RNA-seq data (Table 3-3) to maximize the recovery of all possible isoforms. Before 

feeding RNA-seq data into various assembly pipelines, the data were trimmed for 

quality and adapter sequences using Cutadapt (Martin 2011) and Trimmomatic (Lohse 

et al. 2012) software. Parameters used to run cutadapt were error-rate=0.1, times=1, 

overlap=5, and minimum-length=0, and of Trimmomatic were HEADCROP:0, 

LEADING:3, TRAILING:3, SLIDINGWINDOW:4:15, and MINLEN:40. Only reads with 

length 40 bp or above were used in the following assembly pipelines. 

Calculating maximum intron size 

One of the important parameters used while aligning transcriptome reads and 

assembling them was maximum intron size. Directly calculating maximum intron size 

from all genes results in picking an extremely large intron size that was often an outlier 

belonging to a few genes. To avoid this, the intron size parameter is estimated by 

calculating the 99th percentile of maximum intron sizes and summing it with mean 

maximum exon sizes (Table 3-9). For each intron containing isoforms, maximum intron 

and maximum exon size are recorded, and overall metrics for them were reported in 

Table 3-9. 

Trinity genome-guided assembly 

Because AS events that are considered in this study are from protein-coding 

genes only, Trinity genome-guided assembly was run only on RNA-seq alignments 

belonging to these gene blocks. Gene sequences along with 2000 bp of flanking regions 

were extracted with the following rules: (i) in case of overlapping genes, flanking regions 

were extracted for non-overlaping ends and for the overlapping ends original 
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coordinates were used, and (ii) if genes were overlapping after adding 2000 bp flanking 

regions, then the flanking regions were reduced to by half.   

The GSNAP v2012-07-12 (Wu and Nacu 2010) alignment program was used to 

align RNA-seq data sets against the aforementioned gene sequences along with the 

genome with masked gene regions. Including masked gene regions avoids false 

alignments to genic regions, i.e., the cases where an RNA-seq read would have top 

alignment to a non-genic region and if, in the absence of a genome sequence, it would 

align to genic region as the top hit. The following parameters were used for running 

GSNAP: batch=5, suboptimal-levels=0, novelsplicing=1, local-splice-penalty=0, distant-

splice-penalty=1, npaths=5, quiet-if-excessive, max-mismatches=0.05, nofails, 

format=sam, sam-multiple-primaries, split-output, orientation=FR, pairexpect=200, and 

pairdev=25; localsplicedist and pairmax-rna were set to the same values, which are the 

same as the 99th percentile of maximum intron sizes in Table 3-9. All alignments of 

RNA-seq datasets were de-duplicated and merged using MarkDuplicates and 

MergeSamFiles programs of Picard software package v1.72 

(http://picard.sourceforge.net).  Genome-guided Trinity vr20130225 

(http://trinityrnaseq.sourceforge.net/genome_guided_trinity.html) was run on the merged 

and cleaned alignments using default parameters.  

Trinity de novo assembly 

All RNA-seq data sets were merged, and Trinity's in silico read normalization 

(Haas et al. 2013) was run using the following parameters: JM 175G, max_cov 50, 

JELLY_CPU 20, min_kmer_cov 2, pairs_together, and PARALLEL_STATS. This 

normalization process reduces the number of reads, which were fed into the Trinity de 

http://picard.sourceforge.net/
http://trinityrnaseq.sourceforge.net/genome_guided_trinity.html
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novo assembler (Grabherr et al. 2011), thus greatly reducing the run-time and memory 

requirements for the Trinity assembly. 

Cufflinks assembly 

RNA-seq datasets were aligned against corresponding reference genomes using 

Tophat v2.0.9 (Kim et al. 2013).  The following parameters were used: read-mismatches 

5, read-gap-length 3, read-edit-dist 5, read-realign-edit-dist 0, mate-inner-dist 100, 

mate-std-dev 50, max-intron-length 8967, num-threads 20, max-multihits 5, library-type 

fr-unstranded, and GTF; max-segment-intron and max-coverage-intron were set to the 

same values, which is the same as the 99th percentile of maximum intron sizes. Values 

for each species are listed in Table 3-9. All read alignments of RNA-seq data sets were 

de-duplicated and merged using MarkDuplicates and MergeSamFiles programs of 

Picard software package v1.72  (http://picard.sourceforge.net) and assembled using 

Cufflinks v2.1.1(Trapnell et al. 2012b, 2012a), which was guided by corresponding 

genomes and annotations. The following parameters were used for running Cufflinks:  

GTF-guide, frag-bias-correct, min-isoform-fraction 0.05, multi-read-correct, upper-

quartile-norm, library-type fr-unstranded, min-frags-per-transfrag 10, min-intron-length 

50, and no-faux-reads; max-intron-length for each species was the same as the 99th 

percentile of maximum intron sizes listed in Table 3-9. Transcripts resulting from 

Cufflinks were kept if ‘full_read_support’ flag status was ‘yes’ and had FPKM of at least 

0.1.  

PASA Pipeline 

EST, mRNA, and RNA-seq assemblies were run through PASA 2.0 (Haas et al. 

2003), which aligns these trancriptome resources to a reference genome, builds 

transcript assemblies from the alignments, and finally identifies alternative splicing (AS) 

http://picard.sourceforge.net/
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events. The following parameters were used for running the PASA pipeline: 

cufflinks_gtf, C, R, g, t, T, u, CPU 5, ALT_SPLICE, “ALIGNER blat,gmap”, 

INVALIDATE_SINGLE_EXON_ESTS, and  MAX_INTRON_LENGTH (which is same as 

the 99th percentile of maximum intron sizes in Table 3-9). By default, PASA only keeps 

near-perfect transcript alignments with at least 95% identity and covering at least 90% 

of the transcript length (Campbell et al. 2006). 

Transcripts were discarded, if at least one of the junctions was not supported by 

a minimum of two reads supporting it, or if the retained intron region had less than the 

median read coverage of two reads.  These supporting reads come from same species 

as that of transcript.  These filtered transcripts were rerun through PASA by importing 

their annotations to identify AS events. 

Classification of Alternative Splicing Events 

The definitions of PASA AS events categories were described in (Campbell et al. 

2006), and differ from AS event definitions in (Wang and Brendel 2006) (Figure 3-3). 

The main difference is the latter allows us to define alternative splice sites 

simultaneously at 5’ and 3’ regions.  AS events defined by PASA were processed 

through an in-house software pipeline to re-classify AS events in concordance with AS 

event definitions described in (Wang and Brendel 2006). 

OrthoMCL Clustering 

The OrthoMCL pipeline (Li et al. 2003) with standard settings was used to 

identify potential orthologous gene families (orthogroups) between species listed in 

Table 3-1 using protein sequences from the longest isoform of each gene. 



 

143 

Identification of Conserved AS Events between Taxa 

For each alternative splicing event, flanking sequences from upstream and 

downstream exons of an intron involved in AS were extracted. From each exon a 

sequence of at least 30 bp and up to 300 bp was extracted.  These concatenated splice 

junction sequences were called flanking exon sequence tags (FESTs).  Figure 3-6 

illustrates creation of FESTs. 

For each AS event type, FESTs were extracted and a WU-Blast database was 

created. FESTs were aligned to their corresponding AS type FESTs database using 

WU-BLASTN and WU-TBLASTX v2.0 (Gish 1996). AS events between two genes are 

classified as conserved if these two genes belonged to the same orthogroup, if the 

genes FESTs exhibit the same AS type, and also their FESTs match.  
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Figure 3-1.  Ancestral CJ AS events in flowering plants.  Species of interest are marked in bold. Ancestral AS event were 

reported in a box adjacent for each divergence node (events conserved with at least one other species other 
than outgroup are in bold and at least with two other species are in plain font).  Branch lengths are not 
proportional to length. Divergence of clades and WGD event timings are in MYA and are italicized, these are 
based on the following (Roulin et al. 2012; Jiao et al. 2011; Amborella Genome Project 2013; Fawcett et al. 
2009; Young et al. 2011; Tuskan et al. 2006; McClean et al. 2010; Paterson et al. 2012; Woodhouse et al. 
2011).  
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Figure 3-2.  Work flow of transcriptome data pre-processing and PASA assembly.  
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Figure 3-3.  Types of AS events. A) Alternative acceptor or Alternative 3’ splice site (ss). B) Alternative donor or 
Alternative 5’ ss. C) Exon skip. D) Intron retention. 
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Figure 3-4.  Frequencies of AS events.  

 



 

148 

 

 
 
Figure 3-5.  Frequencies of AS in expressed multi-exonic genes.  
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Figure 3-6.  Conserved junction (CJ) alternative splicing (AS) events identification pipeline. 
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Figure 3-7.  Percentages of conserved AS events shared between species. The way to read this table is for example, 

28.33% of 12,242 conserved AS events of Amborella are conserved with Arabidopsis. Percentage of events are 
with species in the rows. 
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Figure 3-8.  Visualization of enriched GO terms associated with “Biological Process” category of genes having conserved 

AS events conserved across at least six angiosperms (Supek et al. 2011). 
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Figure 3-9.  Visualization of enriched GO terms associated with “Cellular Component” category of genes having 

conserved AS events conserved across at least six angiosperms (Supek et al. 2011). 
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Figure 3-10.  Visualization of enriched GO terms associated with “Molecular Function” category of genes having 

conserved AS events conserved across at least six angiosperms (Supek et al. 2011). 
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Figure 3-11.  Visualization of enriched GO terms associated with “Biological Process” category of genes having conserved 

AS events in two WGD paralogs of soybean and their corresponding ortholog in common bean (Supek et al. 
2011). 
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Figure 3-12.  Visualization of enriched GO terms associated with “Cellular Component” category of genes having 

conserved AS events in two WGD paralogs of soybean and their corresponding ortholog in common bean  
(Supek et al. 2011). 
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Figure 3-13.  Visualization of enriched GO terms associated with “Molecular Function” category of genes having 

conserved AS events in two WGD paralogs of soybean and their corresponding ortholog in common bean 
(Supek et al. 2011). 
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Table 3-1.  Genome sequence and annotation resources.  
Species Protein Coding Genes Source of Collection 

 All 
Multi- 
Exonic 

Expressed 
Multiexonic 

 

Amborella  
trichopoda 
(Amborella) 

26,846 17,187 14,626 http://amborella.org/ 
Annotation version 1.0 
(Chamala et al. 2013; Amborella 
Genome Project 2013) 
 

Arabidopsis  
thaliana 
(Arabidopsis) 

27,206 21,236 19,637 Phytozome 9.0 
Annotation TAIR 10 
(Swarbreck et al. 2008) 
 

Glycine  
max 
(Soybean) 

54,175 45,369 36,789 Phytozome 9.0 
Annotation Version 1.1 
(Schmutz et al. 2010) 
 

Medicago 
 truncatula 
(Medicago) 

50,895 39,323 21,889 Mt4.0v1 
http://www.jcvi.org/medicago/ 
(Young et al. 2011; Tang et al. 2014) 
 

Oryza  
sativa 
(Rice) 

38,867 29,098 20,760 Phytozome 9.0 
MSU Release 7.0  
(Excluding ChrUn and ChrSy molecules) 
(Ouyang et al. 2007) 
 

Phaseolus  
vulgaris 
(Common 
bean) 

27,198 22,620 19,910 Phytozome 9.0 
Annotation version 1.0 
http://www.phytozome.net/commonbean 
 

Populus  
trichocarpa 
(Poplar) 

41,336 33,412 24,712 Phytozome 9.0 
Annotation version JGI v3.0 
- assembly v3 
(Tuskan et al. 2006) 
 

Solanum  
lycopersicum 
(Tomato) 

34,728 26,220 19,168 Phytozome 9.0 
Annotation version ITAG2.3 
(Sato et al. 2012) 
 

Vitis  
vinifera 
(Grape) 

26,347 24,448 18,053 Phytozome 9.0 
Annotation version as of March 2010 
(Jaillon et al. 2007) 

 

http://amborella.org/
http://www.jcvi.org/medicago/
http://www.phytozome.net/commonbean
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Table 3-2.  EST, mRNA, 454, and RNA-seq sequence data summary. 
Species EST mRNA 454 

Sequence 
RNA-Seq 

Amborella 
trichopoda 
 

38,147 14 2,243,371 2X72: 201.9M (30.2 Gb) 
2X101: 242.7M (49Gb) 
 

Arabidopsis 
thaliana 
 

1,529,700 81,157 NA 1X82bp: 89.1M (7.31 Gb) 
1X101bp: 948.4 M (95.8 Gb) 
2X76: 158.7M (24.1Gb) 
 

Glycine max 
 

1,461,722 2,231 NA 2X101: 593M (119.8 Gb) 
1X76: 58.4M (4.4 Gb) 
 

Medicago 
truncatula 
 

269,501 46,682 NA 2X101: 79.1M (16Gb) 
1X101: 489.8M (49 Gb) 
 

Oryza sativa 
 

89,943 33,547 NA 2X104: 64.1M (13Gb) 
2X75: 81M (12.3Gb) 
 

Phaseolus vulgaris 
 

125,490 381 NA 2X100: 371M (74.2Gb) 
 

Populus 
trichocarpa 
 

89,943 393 NA 2X101: 563.8 M (114 Gb) 
 

Solanum 
lycopersicum 
 

298,306 1,518 3,399,630 2X50: 196.9M (19.5 Gb) 
1X50: 110.2M (5.4 Gb) 
 

Vitis vinifera 
 

446,668 978 NA 2X51: 147.1M (15 Gb) 
2X100: 354.8M (71 Gb) 
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Table 3-3.  RNA-seq tissues types and download sources. 
Species RNA-seq Tissue Source of RNA-seq Data Collection 

Amborella 
trichopoda 
 

Apical meristem, 
flower, flower buds, 
fruit, leaves, roots, 
shoot, and whole plant 
normalized 
 

Data from oneKP project (http://www.onekp.com): Sample code "URDJ". 
 
AAGP website (http://ancangio.uga.edu/illumina-data): AmTr_ap_mer, 
AmTr_fem_bud, AmborellaWPN-1, and AmborellaWPN-2. 
 
Unpublished data from Amborella Genome Project (http://www.amborella.org/) 
 

Arabidopsis 
thaliana 
 

Floral bud, flower, 
root, seed, and 
siliques. 

NCBI SRA Accession: SRR314813, SRR314814, SRR314815, SRR360147, 
SRR360152, SRR360153, SRR360154, SRR360205, SRR391051, 
SRR391052, SRR505743, SRR505744, SRR505745, SRR505746 

Glycine max 
 

Floral buds, flower, 
leaves, nodules, pod, 
root, root hairs, SAM, 
seed, and stem. 
 

NCBI SRA Accession: SRR203366, SRR203367 
 
Collaborators Jeremy Schmutz and Scott Jackson provided additional RNA-
seq data set. 

Medicago 
truncatula 
 

Multiple tissues 
pooled, root, and 
seedling. 

NCBI SRA Accession (Illumina): SRR670348, SRR670349, SRR670350, 
SRR670345, SRR670346, SRR670347, SRR670351, SRR670352, 
SRR670353, SRR670354, SRR670355, SRR670356, SRR670357, 
SRR670358, SRR670383, SRR670400, SRR670403, SRR670404. 
 
Multiple tissues pooled RNA-seq data is from (Tang et al. 2014).  
 

 

http://www.onekp.com/
http://ancangio.uga.edu/illumina-data
http://www.amborella.org/
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Table 3-3.  Continued 
Species RNA-seq Tissue NCBI SRA Accession 

Oryza sativa 
 

Leaf, panicle, root, 
and young ear 
 

NCBI SRA Accession (Illumina): DRR013722, DRR013723, SRR606414, 
SRR606408, SRR037739, SRR037738, SRR072076, and SRR072077 

Phaseolus vulgaris 
 

Flower buds, flowers, 
leaves, nodules, pods, 
roots, stem, and 
trifoliates. 
 

Collaborator Scott Jackson provided RNA-seq data, and can be accessed via 
following url. 
ftp://ftp.jgi-
psf.org/pub/compgen/phytozome/v9.0/Pvulgaris/related_files/expression/bam/ 
 

Populus 
trichocarpa 
 

Buds, 
cambium/phloem, 
flowers, leaves, 
petiole, roots, seeds, 
suckers, and twigs. 
 

The P. tremula RNA-Seq expression atlas dataset was provided by the Umeå 
Plant Science Centre (personal communication with Nathaniel Street, Umeå 
University, Sweden) and is available from the ENA repository under 
accession ID ERP004398. The data is also made available for visualisation of 
expression within the various samples at the PopGenIE resource (Sjödin et 
al. 2009). 

 

ftp://ftp.jgi-psf.org/pub/compgen/phytozome/v9.0/Pvulgaris/related_files/expression/bam/
ftp://ftp.jgi-psf.org/pub/compgen/phytozome/v9.0/Pvulgaris/related_files/expression/bam/
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Table 3-3.  Continued 
Species RNA-Seq Tissue NCBI SRA Accession 

Solanum 
lycopersicum 
 

Flower, flower bud, 
fruit developmental 
stages, leaf, meristem, 
pericarp of fruit, 
pollen, pollinated 
style, root, stem, and 
unpollinated style. 

NCBI SRA Accession (454 GS FLX Titanium): SRR363116, SRR363117, 
SRR363118, SRR363119, SRR363120, SRR363121, SRR363122, 
SRR088753, SRR088751, SRR088749, SRR088748, SRR088747, 
SRR088745, SRR088744, SRR088743, SRR088742, SRR088741, 
SRR088740, SRR088739, SRR088738, SRR088737, SRR088736, 
SRR088735, SRR088734, SRR088733, SRR088732 
NCBI SRA Accession (Illumina): SRR404309, SRR404310, SRR404311, 
SRR404312, SRR404313, SRR404314, SRR404315, SRR404316, 
SRR404317, SRR404318, SRR404319, SRR404320, SRR404321, 
SRR404322, SRR404324, SRR404325, SRR404326, SRR404327, 
SRR404328, SRR404329, SRR404331, SRR404333, SRR404334, 
SRR404336, SRR404338, SRR404339, SRR412747, SRR412748, 
SRR567999, SRR568000 
 

Vitis vinifera 
 

Fruit, leaves, and 
multiple tissues 
pooled. 

NCBI SRA Accession (Illumina): SRR519449, SRR519450, SRR519451, 
SRR519452, SRR519453, SRR519454, SRR519455, SRR519456, 
SRR520374, SRR520376, SRR520378, SRR520379, SRR520380, 
SRR520381, SRR520382, SRR520384, SRR520385, SRR520386, 
SRR520387, SRR520388, SRR522298, SRR522471, SRR522472, 
SRR522473, SRR522474, SRR522475, SRR522477, SRR522478, 
SRR522479, SRR522484 
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Table 3-4.  Global AS events. 

AS Type Amborella Arabidopsis Soybean Medicago Rice 
Common 

Bean 
Poplar Tomato Grape 

A
lt
A

 

Events 
(%) 

9,427 
(18.5%) 

5,377 
(19.2%) 

13,056 
(23.3%) 

6,115 
(22.3%) 

6,110 
(21.7%) 

5,675 
(25.8%) 

7,807 
(20.5%) 

3,918 
(23.8%) 

7,373 
(16.1%) 

Genes 
(%) 

 

5,342 
(36.5%) 

3,929 
(20.0%) 

8,774 
(23.8%) 

4,256 
(19.4%) 

4,212 
(20.3%) 

3,982 
(20.0%) 

5,383 
(21.8%) 

3,069 
(16.0%) 

4,794 
(26.6%) 

A
lt
D

 Events (%) 
7,166 

(14.0%) 
3,168 

(11.3%) 
9,055 

(16.2%) 
4,237 

(15.4%) 
3,514 

(12.4%) 
3,575 

(16.2%) 
4,541 
(12%) 

2,127 
(12.9%) 

5,315 
(11.6%) 

Genes 
(%) 

 

5,342 
(30.0%) 

3,929 
(12.4%) 

8,774 
(17.2%) 

4,256 
(14.1%) 

4,212 
(12.7%) 

3,982 
(13.6%) 

5,383 
(14.2%) 

3,069 
(9.1%) 

4,794 
(20.4%) 

E
x
o
n

S
 

Events 
(%) 

6,119 
(12%) 

1,186 
(4.2%) 

5,647 
(10.1%) 

2,409 
(8.8%) 

2,493 
(8.8%) 

2,316 
(10.5%) 

2,491 
(6.6%) 

1,734 
(10.6%) 

3,850 
(8.4%) 

Genes 
(%) 

 

3,339 
(22.8%) 

866 
(4.4%) 

3,607 
(9.8%) 

1,644 
(7.5%) 

1,679 
(8.1%) 

1,536 
(7.7%) 

1,820 
(7.4%) 

1,306 
(6.8%) 

2,387 
(13.2%) 

In
tr

o
n
R

 Events 
(%) 

28,328 
(%) 

18,325 
(65.3%) 

28,262 
(50.4%) 

14,710 
(53.6%) 

16,100 
(57.1%) 

10,440 
(47.4%) 

23,190 
(61%) 

8,655 
(52.7%) 

29,184 
(63.8%) 

Genes 
(%) 

 

8,693 
(59.4%) 

8,438 
(43.0%) 

12,870 
(35.0%) 

7,047 
(32.2%) 

7,177 
(34.6%) 

5,798 
(29.1%) 

10,412 
(42.1%) 

4,888 
(25.5%) 

10,071 
(55.8%) 

T
o
ta

l Events 51,041 28,057 56,021 27,472 28,218 22,007 38,030 16,435 45,723 

Genes 
(%) 

10,292 
(70.4%) 

10,398 
(52.9%) 

18,476 
(50.2%) 

9,781 
(44.7%) 

9,641 
(46.4%) 

8,932 
(44.9%) 

13,152 
(53.2%) 

7,503 
(39.1%) 

11,628 
(64.4%) 
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Table 3-5.  Conserved AS events between common bean (CB) and Soybean (SB) at 
gene family level. 

  CB SB 

A
lt
A

 Conserved Event Clusters 1,563 1,563 

Conserved Events§ 1,976(35%) 2,737(21%) 

Conserved Event Genes§ 1,518(38%) 2,123(24%) 

Total Events 5,675 13,056 

Total Genes 
 

3,982 8,774 

A
lt
D

 Conserved Event Clusters 807 807 

Conserved Events 1,023(29%) 1,434(16%) 

Conserved Event Genes 809(30%) 1,111(18%) 

Total Events 3,575 9,055 

Total Genes 
 

2,705 6,319 

E
x
o

n
S

 Conserved Event Clusters 295 295 

Conserved Events 417(18%) 605(11%) 

Conserved Event Genes 300(20%) 420(12%) 

Total Events 2,316 5,647 

Total Genes 
 

1,536 3,607 

In
tr

o
n

R
 Conserved Event Clusters 2,537 2,537 

Conserved Events 3,798(36%) 5,286(19%) 

Conserved Event Genes 2,381(41%) 3,255(25%) 

Total Events 10,440 28,262 

Total Genes 
 

5,798 12,870 

T
o

ta
l Conserved Event Clusters 5,202 5,202 

Conserved Events 7,214(33%) 10,062(18%) 

Conserved Event Genes 4,020(45%) 5,671(31%) 

Total Events 22,006 56,020 

Total Genes 8,931 18,475 

§ Percentage is relative to total events and genes in each AS type. 
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Table 3-6.  Conserved AS events in WGD orthologs. 

Gene copies in common bean: Gene copies in soybean  

 
 

1:2 1:1 0:2 1:0 0:1 
Total 

Conserved 

 

 CB SB CB SB CB SB CB SB CB SB CB SB 

A
lt
A

 

Conserved Event 
Clusters 

489 489 581 581 0 540 NA NA NA NA 1,070 1,070 

Events 599 1,218 653 693 0 1,288 1,938 0 0 4,878 1,252 1,911 

Genes 
 

467 934 552 568 0 1,038 1,525 0 0 3,681 977 1,460 

A
lt
D

 

Conserved Event 
Clusters 

252 252 354 354 0 332 NA NA NA NA 935 935 

Events 320 660 422 416 0 797 1,431 0 0 3,799 1,075 1,109 

Genes 
 

249 498 342 347 0 651 1,159 0 0 2,865 576 829 

E
x
o

n
S

 

Conserved Event 
Clusters 

93 93 145 145 0 144 NA NA NA NA 238 238 

Events 123 264 197 191 0 387 930 0 0 2,303 320 455 

Genes 
 

92 184 136 139 0 272 662 0 0 1,577 223 317 

In
tr

o
n

R
 Conserved Event 

Clusters 
598 598 1,150 1,150 0 1,286 NA NA NA NA 1,748 1,748 

Events 865 1,772 1,454 1,458 0 3,236 4,198 0 0 10,836 2,319 3,230 

Genes 
 

523 1,046 1,016 1,049 0 2,132 2,773 0 0 5,961 1,433 1,984 

T
o

ta
l 

Conserved Event 
Clusters 

1,432 1,432 2,230 2,230 0 2,302 NA NA NA NA 3,662 3,662 

Events 1,907 
(15%) 

3,914 
(11%) 

2,726 
(21%) 

2,758 
(8%) 

0 5,708 
(17%) 

8,497 
(65%) 

0 0 21,816 
(64%) 

4,633 
(35%) 

6,672 
(20%) 

Genes 1,132 2,264 1,761 1,883 0 3,464 4,274 0 0 9,053 2,542 
(31%) 

3,757 
(23%) 
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Table 3-7.  Conserved AS events at gene family level. 

Number of  
Species 

AltA AltD ExonS IntronR Total Total % 

2 
 

3691 1945 808 9972 16,416 60.5 

3 
 

1053 435 142 4246 5,876 21.7 

4 
 

362 141 36 1855 2,394 8.8 

5 
 

217 70 22 859 1,168 4.3 

6 
 

116 57 13 413 599 2.2 

7 
 

64 34 13 254 365 1.3 

8 
 

39 24 10 128 201 0.7 

9 
 

20 8 5 68 101 0.4 

Total 
 

5,562 2,714 1,049 17,795 27,120  

Total % 20.5 10.0 3.9 65.6 20.5  
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Table 3-8.  Genes with conserved AS events across at least one other species. 

AS Type 

Number of 
Genes 
With 
Conserved 
AS Events 

 Number of Genes 

  Amborella Arabidopsis Soybean Medicago Rice 
Common 
Bean 

Poplar Tomato Grape 

AltA 
14,745 
 

1,322 1,030 3,563 1,690 830 2,040 1,848 893 1,529 

AltD 
7,323 
 

644 458 1,882 904 360 1,099 858 365 753 

ExonS 
2,796 
 

305 120 689 310 136 433 312 176 315 

IntronR 
39,992 
 

4,326 4,009 6,945 3,864 2,896 3,648 6,051 2,434 5,819 

Total 
 

50,792 4,993 4,710 9,827 5,182 3,511 5,517 7,256 3,258 6,538 

Total % §   34.1 24.0 26.7 23.7 16.9 27.7 29.4 17.0 36.2 

§ Percentage is based on expressed protein coding multi-exonic genes. 
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Table 3-9.  Intron sizes used while performing transcriptome alignments and assemblies. 

Species 
Mean 
exon size 

99th Percentile 
of maximum 
intron size per 
gene 

Intron sizes used in transcriptome 
alignments and assemblies 
(Mean exon sizes + 99th percentile) 

Amborella trichopoda 
 

517 26,957 27,474 

Arabidopsis thaliana 
 

753 1,586 2,339 

Glycine max 
 

868 8,099 8,967 

Medicago truncatula 
 

673 4,625 5,556 

Oryza sativa 
 

344 5,625 6,623 

Phaseolus vulgaris 
 

815 6,081 6,896 

Populus trichocarpa 
 

826 4,590 5,416 

Solanum lycopersicum 
 

627 6,731 7,358 

Vitis vinifera 
 

636 20,134 20,770 
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Table 3-10.  Conserved AS events retention and loss categories among WGD orthologs between common bean (CB) and 
soybean (SB) and their conservation with at least one other angiosperms. 

 

1:2 1:1 0:2 1:0 0:1 

 

CB SB CB SB CB SB CB SB CB SB 

AS Events 1907 
 

3914 2726 2758 NA 5708 8497 NA NA 21816 

Conserved with one 
other species apart 
from CB and SB 

1252 
(65.7%) 

2451 
(62.6%) 

1445 
(53%) 

1374 
(49.8%) 

NA 2460 
(43.1%) 

2574 
(30.3%) 

NA NA 5378 
(24.7%) 
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Table 3-11.  GO Enrichment Analysis (Fisher's Exact Test) with BLAST2GO of genes 
having conserved AS events conserved across at least six angiosperms. In 
Category column, “C” is Cellular Component, “F” is Molecular Function, and 
“P” is Biological Process. 

GO-ID Term Category P-Value Over/Under 

GO:0003824 catalytic activity F 1.42E-47 over 

GO:0016301 kinase activity F 1.19E-35 over 

GO:0016772 transferase activity, transferring 
phosphorus-containing groups 

F 4.29E-32 over 

GO:0043167 ion binding F 8.64E-28 over 

GO:0071944 cell periphery C 1.66E-26 over 

GO:0016740 transferase activity F 2.14E-25 over 

GO:0005886 plasma membrane C 1.42E-24 over 

GO:0016020 Membrane C 1.49E-24 over 

GO:0044238 primary metabolic process P 3.74E-24 over 

GO:0071704 organic substance metabolic 
process 

P 3.77E-24 over 

GO:0005488 Binding F 1.47E-20 over 

GO:0036211 protein modification process P 8.18E-19 over 

GO:0006464 cellular protein modification process P 8.18E-19 over 

GO:0009987 cellular process P 1.05E-18 over 

GO:0043412 macromolecule modification P 1.18E-18 over 

GO:0044699 single-organism process P 2.10E-18 over 

GO:0022857 transmembrane transporter activity F 1.13E-17 over 

GO:0055085 transmembrane transport P 3.34E-16 over 

GO:0008152 metabolic process P 4.04E-16 over 

GO:0050789 regulation of biological process P 1.03E-15 over 
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Table 3-11.  Continued 

GO-ID Term Category P-Value Over/Under 

GO:0044763 single-organism cellular process P 1.34E-15 over 

GO:0005215 transporter activity F 1.38E-15 over 

GO:0007165 signal transduction P 1.54E-15 over 

GO:0051716 cellular response to stimulus P 1.54E-15 over 

GO:0050794 regulation of cellular process P 1.56E-15 over 

GO:0023052 Signaling P 9.42E-15 over 

GO:0007154 cell communication P 9.42E-15 over 

GO:0044700 single organism signaling P 9.42E-15 over 

GO:0016787 hydrolase activity F 1.18E-13 over 

GO:0016798 hydrolase activity, acting on glycosyl 
bonds 

F 2.56E-13 over 

GO:0065007 biological regulation P 2.80E-13 over 

GO:0044267 cellular protein metabolic process P 1.32E-12 over 

GO:0019538 protein metabolic process P 1.61E-12 over 

GO:0004871 signal transducer activity F 2.51E-12 over 

GO:0060089 molecular tranphotosducer activity F 2.51E-12 over 

GO:0044765 single-organism transport P 5.30E-12 over 

GO:0050896 response to stimulus P 1.13E-11 over 

GO:0043170 macromolecule metabolic process P 3.19E-11 over 

GO:0044260 cellular macromolecule metabolic 
process 

P 4.11E-11 over 

GO:0005975 carbohydrate metabolic process P 8.85E-11 over 
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Table 3-11.  Continued 

GO-ID Term Category P-Value Over/Under 

GO:0051234 establishment of localization P 2.83E-10 over 

GO:0006810 Transport P 2.83E-10 over 

GO:0051179 Localization P 2.85E-10 over 

GO:0008219 cell death P 8.49E-09 over 

GO:0016265 Death P 8.49E-09 over 

GO:0006397 mRNA processing P 3.70E-08 over 

GO:0016071 mRNA metabolic process P 3.70E-08 over 

GO:0006396 RNA processing P 4.07E-08 over 

GO:0044237 cellular metabolic process P 6.55E-08 over 

GO:0002376 immune system process P 3.17E-07 over 

GO:0016070 RNA metabolic process P 9.77E-07 over 

GO:0044710 single-organism metabolic process P 2.21E-06 over 

GO:0061024 membrane organization P 4.16E-06 over 

GO:0006950 response to stress P 2.34E-05 over 

GO:0042578 phosphoric ester hydrolase activity F 2.40E-05 over 

GO:0016791 phosphatase activity F 2.40E-05 over 

GO:0016757 transferase activity, transferring 
glycosyl groups 

F 7.38E-05 over 

GO:0016491 oxidoreductase activity F 7.53E-05 over 

GO:0021700 developmental maturation P 8.66E-05 over 

GO:0016788 hydrolase activity, acting on ester 
bonds 

F 1.66E-04 over 
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Table 3-11.  Continued 

GO-ID Term Category P-Value Over/Under 

GO:0003723 RNA binding F 6.57E-04 over 

GO:0007568 Aging P 6.66E-04 over 

GO:0044281 small molecule metabolic process P 1.98E-03 over 

GO:0019439 aromatic compound catabolic 
process 

P 2.55E-03 over 

GO:1901361 organic cyclic compound catabolic 
process 

P 2.55E-03 over 

GO:0044270 cellular nitrogen compound catabolic 
process 

P 2.55E-03 over 

GO:0044248 cellular catabolic process P 2.55E-03 over 

GO:0034655 nucleobase-containing compound 
catabolic process 

P 2.55E-03 over 

GO:0046700 heterocycle catabolic process P 2.55E-03 over 

GO:0003729 mRNA binding F 2.56E-03 over 

GO:0044822 poly(A) RNA binding F 2.56E-03 over 

GO:1901575 organic substance catabolic process P 2.58E-03 over 

GO:0019748 secondary metabolic process P 3.70E-03 over 
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Table 3-12.  GO Enrichment Analysis (Fisher's Exact Test) with BLAST2GO of genes 
having CJ AS events conserved in 1:2 categories of soybean. In Category 
column, “C” is Cellular Component, “F” is Molecular Function, and “P” is 
Biological Process. 

GO-ID Term Category P-Value Over/Under 

GO:0003676 nucleic acid binding F 1.30E-08 over 

GO:0005634 Nucleus C 3.04E-05 over 

GO:0004518 nuclease activity F 2.03E-04 over 

GO:0016788 hydrolase activity, acting on ester 
bonds 

F 2.03E-04 over 

GO:0003723 RNA binding F 2.11E-04 over 

GO:0097159 organic cyclic compound binding F 1.31E-03 over 

GO:1901363 heterocyclic compound binding F 1.31E-03 over 

GO:0009991 response to extracellular stimulus P 2.25E-03 over 

GO:0043231 intracellular membrane-bounded 
organelle 

C 3.64E-03 over 

GO:0043227 membrane-bounded organelle C 3.64E-03 over 
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Table 3-13.  Vitis vinifera cv. Corvina samples pooled for RNA-seq run (23 Gb; 114.7 M; 
2X100) by (Venturini et al. 2013).  
 

Sample / organ Developmental stages collected 
Total 
Samples 

Bud  first season latent bud, winter/dormant bud, 
bud scales opening, wooly-cotton bud (green 
showing), bud after bud burst (shoot with one 
leaf visible) 

5 

Inflorescence young inflorescence, well developed 
inflorescence (single flower separated), 
flowering begins (30% caps off) 

3 

Tendril young tendril, mature tendril 2 
Leaf young leaf (5 leaves separated), mature leaf, 

senescencing leaf (beginning of leaf fall) 
3 

Berry (whole) fruit set 1 
Berry Skin post fruit set, véraison, pre-ripening, ripening, 

post harvest withering process I, II, and III 
7 

Berry Flesh post fruit set, véraison, pre-ripening, ripening, 
post harvest withering process I, II, and III 

7 

Seed fruit set, post fruit set, véraison, full mature 
seed (pool from pre-ripening and ripening) 

4 

Rachis fruit set, post fruit set, véraison, pre-ripening, 
and ripening 

5 

Stem green stem (from the cane), woody stem 
(complete cane maturation) 

2 

Root (“in vitro”) Pool 1 
Seedling pool (from 3 different stages of seedling) 1 
Anther pool (from 2 different stages of flower 

development) 
1 

Pollen Pool 1 
Carpel pool (from 2 different stages of flower 

development) 
1 

Petal pool (from 2 different stages of flower 
development) 

1 

Total  45 
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CHAPTER 4 
CONCLUSIONS 

The goals of this research were to build a high quality reference genome for 

Amborella trichopoda (Amborellaceae) and to use this reference to examine the 

conservation of alternative splicing (AS) events across angiosperms, and to examine 

the impact of whole-genome duplication on the evolution of AS.  

The work presented in Chapter 2 demonstrates a new paradigm for carrying out 

future genome sequencing projects where high-throughput whole genome maps may 

replace traditional genetic or physical maps to assist the generation of contiguous 

genome assemblies. This is particularly relevant for genome sequencing projects of 

non-model organisms like Amborella, which have minimal or no pre-existing genome 

resources like genetic or physical maps. More than 2-fold increases (Table 2-11) in 

Amborella scaffold length were achieved by implementing whole genome maps from 

Opgen for super-scaffolding (using Opgen’s Genome Builder software) relative to 

sequence assembly alone. The Amborella assembly benefited from the inclusion of 

63,924 paired BAC-end sequences (insert size ~120 kb), which also facilitated 

scaffolding. However, performing assemblies without BAC-ends, but with the inclusion 

of Opgen Genome Builder, resulted in 2.5-fold increases in N50 sizes with respect to a 

BAC-free de novo assembly, and a 1.5-fold increase compared to the Amborella 

assembly that includes BAC-ends (Table 2-11).  This implies that high-throughput 

whole-genome maps like those constructed with Opgen Genome Builder can negate the 

requirement for expensive, large-insert clone-end sequences to ensure scaffold 

contiguity. 
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Despite its speed and relatively low cost with respect to large-insert clone-end 

resources, the Opgen Genome Builder does suffer one disadvantage; it requires 

existing contigs and scaffolds to exceed a minimium length of 200 kb.  In the case of 

Amborella over 90% of the sequence assembled scaffolds met or exceeded this size, 

and using Genome Builder was therefore beneficial. Sequence technologies have 

matured further during the course of this project and now produce even higher volumes 

of sequence with longer read lengths.  These features, and the availability of several 

techniques and technologies that further increase read, contig, and scaffold lengths, 

make attaining the 200 Kb length minimum less challenging. In addition to exploring 

methods to increase contiguity, I also developed strategies to identify poor-quality and 

chimeric sequencing reads that hinder assembly, and developed methodologies for 

using FISH to quality control assembled scaffolds. I expect that this knowledge will 

assist future NGS-based genome projects.  

With the reference sequence for Amborella in-hand, the next task was to identify 

instances of alternative splicing (AS) and examine the conservation of alternative 

splicing across angiosperms.  Chapter 3 describes the development of algorithms and 

software pipelines to first identify and then compare alternative splicing events across 

plant species. This analysis was performed on a genome-wide scale in nine taxa 

distributed across the angiosperm phylogentic tree.  One highlight of the AS 

identification strategy is that it can integrate transcriptome datasets from various 

sequencing technologies (454, Illumina, and Sanger based ESTs) to increase detection 

power. It then identifies events based on these data rather than relying on pre-existing 

mRNA isoform annotations. Among the nine angiosperms studied, the proportion of 
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expressed multi-exonic genes that exhibit alternative splicing ranged from 40-70% 

(Table 3-4 and Figure 3-5), with intron retention being most frequent in all species 

(Figure 3-3).  Observed variation in the proportion of genes exhibiting AS in the species 

I assessed may reflect differences in the depth and breadth of the transcriptome 

resources available for each species. In this study, a high proportion of Amborella 

(70.4%) and grape (64.4%) genes have detectable AS, but these species also had the 

largest and most broadly sampled data sets.  Overall, this study reiterates the fact that 

AS is not a rare phenomenon in plants, and observations of AS are likely to continue to 

increase as datasets increase is size.  At any rate, the methodologies developed during 

this work easily scale up to assay more and larger datasets.  

Chapter 3 also describes the identification of conserved AS events across 

species. This study is the first to develop and implement a method to detect conserved 

AS events across more than three species.  These methods enabled the identification of 

conserved AS events across nine angiosperms species and easily scale to larger 

numbers of species as datasets become available. Overall, this study identified 27,120 

AS events that are conserved between at least two of the nine angiosperm taxa studied 

(Table 3-7). About 40% of these are conserved in at least three species. AS events that 

are conserved across multiple species suggest that they may perform an important 

biological function and have been retained during the course of evolution. The output of 

our pipeline has identified thousands of candidate AS events, some of which have been 

conserved broadly across long evolutionary distances, and these data provide many 

interesting candidate genes for future functional studies.  GO enrichment analysis was 

performed on those genes with AS events that are conserved across at least six 
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angiosperms to investigate whether conserved of AS events are enriched in genes 

pertaining to specific functional categories.  Several over-represented GO terms for 

these AS-conserved genes suggest that there is preferential retention of AS events in 

certain gene classes (Table 3-11, Figure 3-9, Figure 3-10, and Figure 3-11).  

In addition to examining conserved events across a broad representation of 

angiosperms, genome-wide conservation of AS events was examined with the model 

legumes, common bean and soybean. Common bean and soybean are the two most 

closely related species within our study, having diverged ~19 MYA (McClean et al. 

2010); soybean underwent a lineage specific WGD event about 5-10 MYA (Roulin et al. 

2012) relative to common bean, enabling examination of  the direct impact of WGD on 

alternative splicing.  A single gene in common bean should have at most two orthologs 

in soybean resulting from WGD.  Conservation of AS events was observed in 8,325 

gene sets with 1 common bean gene: 2 soybean gene orthologs ratios. However, 

several instances of loss of AS in one copy of soybean were observed. Interestingly, 

even though common bean and soybean diverged only 19 MYA, merely 30% of the 

detected AS events are conserved between these species, suggesting that most events 

are lineage-specific (Table 3-5).  
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