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ABSTRACT 

Assembly, Annotation and Optical Mapping of the 
A Subgenome of Avena 

Rebekah Ann Lee 
Department of Plant and Wildlife Sciences, BYU 

Master of Science 

Common oat (Avena) has held a significant place within the global crop community for 
centuries; although its cultivation has decreased over the past century, its nutritional benefits 
have recently garnered increased interest for human consumption. No published reference 
sequences are available for any of the three oat subgenomes. Here we report a quality sequence 
assembly, annotation and hybrid optical map of the A-genome diploid Avena atlantica Baum and 
Fedak. The assembly is composed of a total of 3,417 contigs with an N50 of 11.86 Mb and an 
estimated completeness of 97.6%. This genome sequence will be a valuable research tool within 
the oat community.  
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INTRODUCTION 
 

Since early human history oats and other cereals have served as a major component of 

human diets and livestock consumption worldwide. Archeological evidence indicates that the 

ancestral forms of Avena originated in the Fertile Crescent and were first domesticated by 

humans in Europe during the late Bronze Age (Brouwer et al., 1999). Common oat (Avena sativa 

L., 2n = 6x = 42, AACCDD genome) belongs to a polyploid complex of grasses (family 

Poaceae) native to the Mediterranean and Near East, with its center of greatest diversity along 

the Atlantic littoral of Northwest Africa. Besides A. sativa, other domesticated forms include the 

red oat (A. byzantina C. Koch, 2n = 6x = 42, AACCDD); the endemic Ethiopian oat (A. 

abyssinica Hochst., 2n = 4x = 28, AABB); and a complex of AsAs diploids including slender oat 

(A. strigosa Schreb.) and naked oat (A. nuda L.). Most oat varieties have a fibrous root system, 

upright stems (Fig. 1A) and subgenomes of 14 chromosomes (Fig. 1B). The flower head has 

multiple branches, or racemes, arranged in a panicle containing 20-150 spikelets; each containing 

two to five florets (Fig. 1C). Usually two kernels, or seeds, are produced per flower. These 

kernels are rolled or crushed to make oatmeal or ground to make oat flour that can be used to 

make oat cakes or bread. Presently, 75% of commercially grown oats are used for livestock feed 

(Brouwer et al., 1999; Cereal Disease Laboratory, 2015).  

 

Nutritional Components 

Although they have decreased in agricultural use, owing largely to the demise of the 

agrarian horse culture, relatively recent interest in the use of oats for human nutrition has led to 

an increase in their cultivation for food. The current global production of oats for trade year-end 

2016 was 22,168 thousand metric tons. Within the United States there has also been an increase 



  

 

2 
 

in both exports and imports. The imports for the U.S. went from 1,355 thousand metric tons for 

trade year 2012/2013 to 1,600 thousand metric tons for trade year 2015/2016. The same is true 

for U.S. exports, which increased from 18 to 25 thousand metric tons for trade years 2012/2013 

and 2015/2016, respectively (United Stated Department of Agriculture, 2016).  

Much of oat’s acclaim to exceptional nutritional benefits comes from its status as a 

‘whole grain.’ Whole grains have been defined by the U. S. Food and Drug Administration, the 

Whole Grains Council and other research organizations as limited processed grains with the 

whole seed’s nutritional value and relative proportions of the endosperm, germ and bran 

preserved. Conserving the natural ratios found in these whole grains preserves their numerous 

nutritional benefits (Fardet et al., 2010; United States Department of Agriculture, 2016). Among 

the nutritional benefits of oats are a high level of dietary fiber, antioxidants and anti-carcinogenic 

qualities. Due to oat’s low-glycemic nature, including it in a diet plan can lead to elevated 

carbohydrate tolerance, or in other words, a higher metabolic rate (Fardet et al., 2010).  

Other health promoting compounds of whole grain oats include β-glucan and other 

soluble hemicellulose fibers, avenanthramides and saponins (Fardet et al., 2010; Peterson et al., 

2001). β-glucans are mixed-linkage (1-3, 1-4) β-glucose polymers deposited in the walls of oat 

endosperm cells. They are known to lower cholesterol and slow gut nutrient absorption, 

increasing satiety and appetite control due to their characteristic hydration and viscosity 

properties (Coon, 2012; Rebello et al., 2001; Rebello et al., 2013). Oats are designated by the 

FDA as a qualified source of soluble fiber that can reduce the risk of heart disease (Andon et al., 

2008; Jenkins et al., 2002; Queenan et al., 2007; U. S. Food and Drug Administration, 2016; 

Whitehead et al., 2014). Studies have also shown that these polysaccharides likely have a 

preventative effect on cancer (Shen et al., 2016) as well as immunostimulating effects 
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(Akramienė et al., 2007). Avenanthramides are phenols found in oats that are known antioxidants 

with anti-inflammatory effects (Yang et al., 2017). They can also provide protection from the 

formation of arterial fatty plaques by inhibiting the oxidation of low-density lipoproteins 

(Whitehead et al., 2014).  

Due to the many nutritional benefits and their gluten free status, interest in oats as a food 

product is growing. Although barley has many of the same nutritional benefits, oats have less 

input requirements for cultivation than both barley and wheat. Oats also have a larger level of 

genetic diversity, due to their extensive cultivation throughout Europe and North America. This 

genetic diversity will be invaluable for breeders to further improve oat’s nutrient levels, yield 

and increase their environmental range for cultivation (Brouwer et al., 1999). 

Saponins 

Saponins, which can be found throughout the oat plant, can be divided into two separate 

classes: avenacosides and avenacins. Avenacins, produced in the plant root, are antimicrobial 

triterpene glycoside compounds that provide resistance to a wide range of soil borne pathogens 

(Mylona et al., 2008). Avenacosides, produced in the plant leaves, are steroidal compounds that 

undergo a chemical conversion through cleavage by a specific glucose hydrolase into an 

antifungal compound (Wang et al., 2017). Both types of saponins are enclosed within the oat 

bran and are important components for disease resistance (Coon, 2012; Moses et al., 2014). 

Oat Genome Composition 

The hexaploid oats are now known to have arisen due to hybridization between a CCDD 

allotetraploid closely related to the modern A. insularis Ladiz. and an AA diploid (Yan et al., 

2016).  The A-genome group consists of diploids with the Ac, Ad, Al, Ap, and As genome 
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variants. The A-genome species harbor several genetic features of significance. Among these are 

a major crown rust resistance gene at the Pc94 locus in A. strigosa (AsAs). Crown rust is caused 

by the basidiomycete fungus Puccinia coronata, that is found wherever oat species grow. P. 

coronata is an obligate biotrophic pathogen which must maintain a long term parasitic 

relationship with its host and can, under heavy infestation, reduce yield up to 20% (Klenová-

Jiráková et al., 2010). Plants with a high coverage of rust pustules are prone to excessive water 

loss from hot dry winds leading to premature ripening, shriveled grain and decreased yield 

(Integrated Pest Management, 1989). 

The A-genome is also part of a major intergenomic translocation (7C-17A). This 

relatively recent rearrangement in hexapliod oat has been associated with daylight sensitivity and 

winter hardiness – key elements in oat production. This translocation was probably key in the 

shift from Mediterranean winter ecology to Eurasian summers (Jellen et al., 2000). Avena 

atlantica Baum et Fedak (Baum and Fedak, 1985) includes genotypes that contain very high 

levels of groat soluble fiber and protein (Jellen et al., 2000; Welch et al., 2000). The ‘groat’, also 

called the caryopsis, is the part of the oat kernel remaining after hull removal and is considered 

the whole grain portion of the oat (Oats and Health, 2016). 

The C-genome contains several genetic features of interest as well. The C-genome 

chromosomes have a high amount of diffuse heterochromatin along their entirety (Fominaya et 

al., 1988) This is not the case in other cereal grasses such as barley (Hordeum vulgare L.) and 

wheat (Triticum spp.). In these other cereal grasses, as well as the A and D diploid oat species, 

heterochromatin appears in localized and seemingly concentrated areas around the centromeres, 

at the telomeres and flanking secondary constrictions where rRNA genes are located. Why this 

heterochromatin pattern proliferated in the C-, but not the A- or D-genome diploids, is unknown. 
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The C-genome also contains alleles important to oat improvement. Among these is the C-

genome segment at the terminus of the long arm of 21D carrying the putative CSlF6c locus that 

likely has a negative effect on seed soluble fiber content (Coon, 2012; Jellen et al., 1994). 

Linkage has also been demonstrated (2.1 cM in a wild X domesticated CD Avena magna F2 

population) between the chromosome 5C telomeric knob and co-segregating genes controlling 

awn production and basal abscission layer formation which have been implicated in the 

domestication of oats (Oliver et al., 2011). 

The D-genome, found in tetraploid and hexaploid oat species, is considered to be more 

homologous with the A-genome (Jellen et al., 1994). Studies using direct hybridization of D-

genome specific probes have been unable to identify an extant D-genome progenitor. The 

inability to identify extant D diploid genome progenitor suggests that the original D-genome 

progenitor may be extinct (Loskutov et al., 2008). Genetic and cytogenetic data suggests that an 

unknown D diploid likely hybridized with an AC tetraploid to form Avena sativa, hexaploid oats 

(2n = 6x = 42, ACD) (Loskutov et al., 2008; Rajhathy et al., 1959).  

Although several recent publications have reported high-density linkage maps for avena 

species (Oliver et al., 2013; Chaffin et al., 2016), there are no quality reference sequences for any 

of the Avena species or subgenomes. The objective of this research was to produce a high-

quality, annotated genome assembly of the A-subgenome of Avena using PacBio-based single-

molecule sequencing, deep transcriptome RNA sequencing and BioNano optical mapping. Our 

results should provide the basis for future gene discovery experiments as well as shed insight 

into the evolution of the Avena genus. 
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MATERIALS AND METHODS 

Plant Material and DNA Extraction 

A. atlantica seeds were kindly provided by Tim Langdon (Aberystwyth University, 

United Kingdom). Seed was increased in the greenhouses at Brigham Young University (Provo, 

UT) using Sunshine Mix II (Sun Gro, Bellevue, WA, USA) supplemented with Osmocote 

fertilizer (Scotts, Marysville, OH, USA) and maintained at 25 °C under broad-spectrum halogen 

lamps with a 12-h photoperiod. Young leaf tissue was harvested for DNA extraction when plants 

were between six and ten centimeters in height (~14-21 days post emergence). 

Single-Molecule PacBio Sequencing 

Plant material was flash frozen and sent to the Arizona Genomics Institute (AGI; Tucson, 

Arizona) for DNA extraction, library prep and quality control. Large insert (20 kb) libraries were 

size selected using the BluePippin™ System. Libraries were sequenced using either the RS II 

sequencer (Pacific Biosciences; Menlo Park, CA) at RTL genomics (Lubbock, TX) or the Sequel 

sequencer (Pacific Biosciences; Menlo Park, CA) at the DNA Sequencing Center (Brigham 

Young University, Provo, UT) using P6C4 chemistry.  

Genome Assembly and Polishing 

Three PacBio-based assemblies were created, including a 30x coverage (Sequel data 

only), 63x coverage (Sequel data only), and 83x coverage (Sequel and RS II data). Data in all 

three assemblies was corrected, trimmed and assembled using the program Canu version 1.6 

(Released August 2017) using default parameters (specifically, corMhapSensitivity=normal and 

corOutCoverage=40).  
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The assemblies were polished by the computer program PILON (v1.22) using Illumina short 

reads sequenced by BGI Genomics (Shenzhen, Guangdong, China). The short reads came from 

500bp insert libraries which were paired-end sequenced (2 X 150 bp). To supplement the short-

read sequence coverage, an additional set of Illumina paired-end reads (2 X 100 bp) was 

obtained from Tim Langdon (Aberystwyth University, Ceredigion, UK) which increased the 

Illumina short read coverage to 49x (Table 1).  

K-mer Analysis 

Because of differing genome sizes published for the A genome, a k-mer analysis was 

used to estimate the size of the A. atlantica genome using the program GenomeScope (Vurture et 

al., 2017). The k-mer profile measures how often substrings of length k (k-mers) occur in the 

Illumina sequencing reads as computed by the program Jellyfish (Marcais and Kingsford, 2011). 

The genome size is then estimated by fitting a mixture model of four evenly spaced negative 

binomial distributions to the k-mer profile. The final set of parameters removes sequencing 

errors and higher copy repeats (i.e., ex-nuclear genomes and/or contaminant) and estimates the 

total genome size by normalizing the observed k-mer frequencies to the average coverage value 

(Vurture et al., 2017). Genome size estimates were performed for k-mer lengths of 19, 21 and 23. 

Repeat Analysis 

 Repeat analysis was conducted with RepeatModeler v1.0.8 and RepeatMasker v4.0.5 

relative to RepBase libraries (20140131; www.girinst.org). RepeatModuler consists of two main 

subprograms: RECON v1.08 and RepeatScout v1.0.5, that work to find novel repeats in the input 

genome; that are then characterized using a perl tool created by Bailly-Bechet et al., 2014. A k-
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mer analysis also provides an estimation of repeat content. RepeatMasker was then used to 

quantify and classify the RepeatModeler output. 

Transcriptome Assembly 

A de novo transcriptome was assembled from RNA-Seq data kindly provided by Tim 

Langdon (Aberystwyth University, Ceredigion, UK). The RNA-Seq data consisted of 100 bp 

paired-end Illumina reads derived from 11 different plant tissue types: stem, mature leaf, stressed 

mature leaf, seed (2 days old), hypocotyl (4-5 day old), root (4-5 days old), vegetative meristem, 

green grain, yellow grain, young flower (meiotic) and green anthers. The reads were trimmed 

using the computer program Trimmomatic-0.35 (Bolger et al., 2014) and assembled and mapped 

back to the 83x polished reference assembly using Tophat2 v.2.1.1 (Kim et al., 2013) and 

Cufflinks v.2.2.1 (Trapnell et al., 2010). The quality of the assembled transcriptome was 

assessed relative to completeness using BLAST comparisons to the reference brachypodium 

distachyon L. (P. Beauv et al., protein data set (ftp://ftp.ensemblgenomes.org/pub/plants/release-

37/fasta/brachypodium_distachyon/pep/).  

Genome Completeness and Annotation 

The polished genome was also run through the BUSCO pipeline v3.0.2 using the 

flowering plant (embryophyta_odb9) orthologous gene data set and the --long argument. BUSCO 

tests for conserved orthologous genes (COGs) expected to be found in all flowering plants and is 

a widely accepted assessment of genome completeness (Simão et al., 2015). The results from this 

program also make an AUGUSTUS (Stanke et al., 2006) program training set specific to A. 

atlantica which was used for downstream annotation of the assembled genome.  
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The program MAKER2 (Cantarel et al., 2008) was used to annotate the polished genome. 

EST evidence for annotation used by the MAKER pipeline included the A. atlantica de novo 

transcriptome (described above) and the cDNA gene models from B. distachyon L. (v1.0; 

(ftp://ftp.ensemblgenomes.org/pub/plants/release-37/fasta/brachypodium_distachyon/cdna/; 

downloaded 9/13/17). Protein evidence included the uniprot_sprot database 

(ftp://ftp.ebi.ac.uk/pub/databases/uniprot/knowledgebase/; downloaded 9/13/17) as well as the 

peptide models from B. distachyon (v1.0; ftp://ftp.ensemblgenomes.org/pub/plants/release-

37/fasta/brachypodium_distachyon/pep/; downloaded 9/13/17). For repeat masking, MAKER2 

was set to Viridiplantae and was given a consensi.fa.classified file, specific for A. atlantica, 

developed by RepeatModuler as well as a te_proteins.fasta file. For ab initio gene prediction, an 

A. atlantica specific AUGUSTUS gene prediction model and a rice (Oryza sativa) based SNAP 

model were provided.   

Bionano Genomics Optical Map 

For hybrid assembly, a de novo physical map was developed using BioNano Genomics 

optical mapping technology (BNG; San Diego, CA). In short, genomic DNA was extracted from 

one gram of fresh plant leaf material according to the protocols provided by BNG. High 

molecular DNA was quantified using a Qubit Assay (ThermoFisher Scientific; Waltham, MA) 

and labeled in accordance with the IrysPrep Reagent Kit (BNG, kit #RE-011-10). The process 

included four basic steps: Nick, Label, Repair and Stain. Nicking was accomplished by the 

single-stranded nicking endonuclease Nb.BssSI. Nb.BssSI has a six base pair recognition site 

which produced an average 8-18 labels per 100 Kb. After DNA nicking, the molecules were 

labeled with a flourescent-dUTP nucleotide analog by means of Taq polymerase. Taq DNA 

ligase was then used to repair the nicked and labeled regions. lastly, the DNA backbone was 
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stained with an intercalating dye and run through a nanofluidic chip where the labeled DNA was 

linearized and imaged (Fig. 2) using the BNG Irys system.  

 

RESULTS AND DISCUSSION 

Genome Size and Heterozygosity 

K-mer analysis was conducted using 191 Gb of Illumina short reads to determine the 

expected genome size for A. atlantica. The resulting size estimates were as follows: 3.790 Gb, 

3.784 Gb and 3.779 Gb for kmer lengths k=19, k=21 and k=23 respectively, with an average 

estimate of 3.784 Gb (Fig. 3, Table 2) which is similar to the estimated size provided by Bennett 

(1976) for Avena strigosa (3.912 Gb), a closely related A-genome diploid oat. The slight 

decrease in predicted genome size is likely a reflection of the high level of repetitive elements 

found within the A. atlantica genome which confounds k-mer based analyses due to confounding 

effects associated with contaminating sequences that are removed by the model (e.g., 

extranuclear genomes and/or bacterial contamination). Indeed, high repetitive fractions were 

observed in both the k-mer analysis as well as the results from the RepeatModeler pipeline 

(described below). At k = 19, k=21 and k=23, 80.7%, 78.0%, and 75.8%, of the A. atlantica 

genome, respectively, was estimated to be repetitive sequence (Table 2). The average estimate of 

heterozygosity per k-mer profile was 0.074% which relatively quite low and is reflective of a 

predominantly inbreeding species (Table 2). Given the similarities between the published A. 

strigosa and the predicted A. atlantica genome size using k-mer analyses we use a base genome 

size of 3.9 Gb for all subsequent analyses. 
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Whole Genome Assembly  

 A total of 31,544,396 PacBio reads were generated across 122 cells, including 40 cells 

generated on the Sequel instrument and 82 cells on the RSII instruments. As expected, the output 

per cell was significantly greater for the Sequel instrument relative to the RSII (6.16 Gb v. 1.82 

Gb). The longest reads came from the Sequel instrument (max length = 194,884 bp). The total 

length of all reads summed to 325,888,096,473 bases with an N50 read length of 18,658 bp, 

which represents ~83x coverage of the predicted A. atlantica genome (Table 1).  

The A. atlantica genome was assembled using the canu assembler which specializes in 

assembling PacBio data, with minimum genome coverage recommendations > 20x and ideally 

between 30x and 60x. Given the high repetitive fraction of the A. atlantica genome, we evaluated 

the effect of coverage on the assembly process using three differing levels of read coverage: 30x 

coverage (Sequel data only), 63x coverage (Sequel data only), and 83x coverage (Sequel and 

RSII data, Table 1). All assemblies were polished using Illumina short read sequences resulting 

in small changes, mostly indels, to the three raw assemblies. As expected, the increase in 

coverage from 30x to 63x resulted in a substantial decrease in the overall number of contigs, 

(21,329 to 4,616) with a simultaneous increase in N50 (Fig. 4A) from 204,301 bp to 3,955,572 bp 

for the respective assemblies (Table 3). The total lengths of the assemblies were also 

substantially different, with the 30x coverage genome spanning a total of 3.16 Gb and the 63x 

coverage based genome spanning 3.66 Gb, a 502 Mb increase in total genome length. The 

increases were less pronounced when comparing the 63x assembly to the 83x; however, they 

were still notable. The overall genome assembly increased by about 20 kb to 3.684 Gb but 

contiguity of the genome, as measured by the N50, increased substantially from 3.955 Mb to 5.55 

Mb (Table 3). The cumulative genome length and N50 (Fig. 4B) from the different coverage 
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assemblies are instructive (although not unexpected) as they confirm the recommendations by 

the developers of the Canu assembler that the most contiguous and complete assemblies, even 

with PacBio long reads, are obtained at coverage depths greater than 50x.  

Optical Map Assembly and Hybrid Scaffolding 

An optical map of the A. atlantica genome was constructed using the BNG Irys platform. 

A total of 807 Gb of data were produced equaling ~218x coverage of the A. atlantica genome. 

After filtering out low-quality single molecules, a total of 538 Gb of data were included in the 

final de novo physical map assembly. The resulting physical map assembly consisted of 6,707 

individual genome maps that spanned 3.362 Gb (86.2% of the predicted genome size), with an 

N50 of 0.629 Mb. To make a hybrid assembly, all next generation sequencing (NGS) contigs for 

the polished 83x genome assembly greater than 20 Kb with a minimum of five label sites were 

aligned to the physical map assembly using IrysView (Fig. 5). Of the 6,707 individual physical 

maps, 6,648 (99%) aligned to the NGS reference assembly, with a unique alignment length of 

3.273 Gb, or ~90% of the reference NGS assembly (Table 4). The strong congruence between 

physical and NGS assemblies is indicative of a high-quality NGS assembly. A total of 1,136 

NGS contigs were collapsed into 612 hybrid super-scaffolds, producing a final hybrid assembly 

consisting of 3,417 scaffolds: 612 hybrid super-scaffolds and 2,805 PacBio contigs (Table 5). Of 

the 612 hybrid super-scaffolds, 340 (55.6%) were simple 5’ or 3’ extension of a single NGS 

contig, whereas 272 (44.4%) joined and oriented two or more NGS contigs. The largest number 

of NGS contigs joined were in super-scaffold_232 (18.1 Mb) which consisted of 9 NGS contigs. 

The largest super-scaffold (super-scaffold_193) consisted of 7 NGS contigs and spanned 44.1 

Mb. The hybrid assembly spanned a total of 3.70 Gb (94.8% of the predicted genome size) with 

a substantial increase in the N50 value – increasing from 5.5 Mb (83x NGS only assembly) to 
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11.86 Mb for the hybrid assembly. As a consequence of the hybrid assembly, the %N in the 

assembly increased from zero to 450 per 100 kb. This was not unexpected, as the hybrid 

assembly uses non-sequence based physical restriction maps (called molecular maps) to join 

NGS contigs. Figure 4 shows a QUAST analysis (Quality Assessment Tool; Gurevich, 2013) of 

the three NGS and the hybrid assembly. The hybrid assembly consisted of a GC content of 

44.4% (Fig. 4C) which is similar to the GC content reported for several species within Poaceae, 

including B. distachyon (46.2%), Oryza sativa (43.5%) and the more distantly related Sorghum 

bicolor (43.9%; Singh et al., 2016) and follows the general paradigm that GC content is highest 

in the grasses followed by the non-grass monocots and then the dicots.  

Repetitive Elements 

RepeatModeler and RepeatMasker were used to identify and classify the total genomic 

repeat content of the A. atlantica hybrid assembly. Similar, but slightly higher than the k-mer 

analysis (see above), RepeatModeler estimated the total interspersed repeat fraction of the A. 

atlantica genome to be 82.3% (3.01 Gb). Of the total interspersed repeat fraction, 58.2% and 

20.9% were classified as Gypsy and Copia elements, respectively (Fig. 6), both of which are 

non-long terminal repeat retrotransposons found widely throughout eukaryotic genomes, and 

particularly in the genomes of grass species. Approximately 12% of the identified repeat 

elements were categorized as unknown. Given the extensive investigations of repeat elements in 

the grasses (Bilinski et al., 2017; Feschotte et al., 2003; Minaya et al., 2013), this unknown 

fraction may represent repeat elements unique to Avena (Fig. 6, Table 6) and could be invaluable 

in distinguishing the closely related A and D subgenomes. In addition to the interspersed repeat 

elements identified, 1.5% of the genome was classified as low complexity (0.03%), satellite 

(0.52%), telomeric repeat (0.68%) or microsatellite (0.29%), with the most common di-, tri- and 
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tetranucleotide repeat microsatellite motif identified being (AT)n, (AAC)n, and (TTTA)n, 

respectively (Table 6). To date, no microsatellites have been derived from an A genome oat 

diploid – thus these new putative microsatellite loci represent important genetic tools for 

studying diversity in the A-genome diploids (A. atlantica; A. strigosa, A. longiglumis Durieu, 

etc.). Repeat-sequence content is known to correlate with genome-size. Indeed, within published 

plant genomes, repeat content varies widely, ranging from 3% for the minute 82 Mb genome of 

Utricularia gibba L. (Ibarra-Laclette et al., 2013) to 85% for maize (Schnable et al., 2009). Thus, 

given the large size of the A. atlantica genome (3.9 Gb) it is not surprising that only ~20% of the 

genome is classified as non-repetitive. Repeat content is believed to be an important driver of 

genome organization and evolution (Michael et al., 2014), thus understanding the repetitive 

content of the A. atlantica genome will be undoubtedly important for understanding the overall 

evolution of modern day hexaploid oats. 

Transcriptome Assembly 

The A. atlantica genome was annotated using a de novo assembled transcriptome based 

on 11 different plant tissue types using 115 million paired-end reads (PE 2 X 101 bp; ~23 Gb). 

The transcriptome was assembled using Tophat2, which is a splice-aware mapper that uses 

Bowtie2 (Langmead et al., 2009) to map RNA-Seq reads to a sequence reference assembly. 

Overall, 96.2% of the reads were successfully mapped to the finished reference genome, of 

which 94.2% were in aligned pairs, with 93.1% of paired reads aligning concordantly. The high 

mapping rate and concordance among paired reads is indicative of a high-quality genome 

assembly, while the low percentage (5.9%) of multiple alignments for the mapped reads was 

expected for a diploid species. We then used Cufflinks to assemble 51,222 transcripts, including 

12,288 isoforms, from the mapped reads. The mean transcript length was 1,888 bp with an 
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average GC% of 50.3%. The increase in GC% within coding regions is a well-known 

phenomenon and is hypothesized to be the result of GC-biased gene conversion – a process by 

which the GC content of DNA increases due to gene conversion during recombination (Duret 

and Galtier, 2009).  

To evaluate the quality of the A. atlantica transcripts, we used BLASTX to query the 

transcripts against the reported peptide sequences from B. distachyon (a related model grass 

species) and identified 35,370 (69.0%) transcripts with e-value hits < 1e-20 (Fig. 7A). When the 

length of the predicted peptides (based on the assembled transcripts) were compared to the 

lengths of putative orthlogs in B. distachyon, 86.2% of the A. atlantica transcripts covered > 70% 

of the ortholog length identified in B. distrachyon (Fig. 7B, Table 7). BUSCO was used to assess 

the completeness of the transcriptome. BUSCO uses a set of 1,440 conserved orthologous genes 

(COGs) found in a wide range of plant taxa. Of the 1,440 COGs, 1349 (93.7%) were identified in 

the transcriptome, of which 1096 (76.1%) were identified as complete (alignment > 70% of their 

sequence) and single copy, 253 (17.6%) were identified as complete and duplicated while 62 

(4.3%) identified as fragmented (C:93.7% [S:76.1%, D:17.6%], F:4.3%, M:2.0%, n:1440; Table 

7).    

Genome Annotation 

MAKER was used to annotate the A. atlantica genome. The MAKER pipeline annotated 

47,070 gene models spanning 65.8 Mb (~1.7% of the total genome size) with a mean and median 

transcript length of 1,398 bp and 1,137 bp, respectively. Genome annotation quality was then 

assessed by calculating the Annotation Edit Distance (AED) for each model. AED is a measure 

of sensitivity, accuracy and specificity (Eilbeck et al., 2009). Greater than 73% of the annotated 

A. atlantica genome had an AED value < 0.25, which is similar to the benchmark gold standard
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for maize chromosome 4 (Holt and Yandell, 2011) and indicative of high-quality annotation 

(Fig. 8). A BUSCO analysis of the final genome assembly identified 1,393 (96.7%) complete 

COGs, of which 1,354 (94.0%) were complete and single-copy and 39 (2.7%) were identified as 

complete and duplicated. An additional 12 (0.8%) COGs were identified as fragmented 

(C:96.7% [S:94.0%, D:2.7%], F:0.8%, M:2.5%, n:1440; Table 8). Thus 44 more complete COGs 

were identified in the assembled genome than in the transcriptome (described above) which 

further highlights the completeness and quality of the assembled NGS genome. The increased 

completeness is likely a reflection of the different read technologies used to develop the 

transcriptome (Illumina short read) and the genome (PacBio long read). A BLASTP search of the 

annotated gene models produced by the MAKER pipeline against the uniprot-sprot and B. 

distrachyon protein data set identified 29,760 (63%; e-value <1e-6) and 34,852 (74%; e-value 

<1e-20) hits, respectively. When the lengths of the MAKER predicted peptides were compared 

to the lengths of their putative orthologs in B. distachyon, 88.6% of the A. atlantica transcripts 

covered > 70% of the ortholog identified in B. distrachyon (Table 7). 

Synteny and Sequence Comparison 

Synteny between the A. atlantica genome and the recently published barley reference 

genome (2n = 14; Von Wettstein-Knowles et al., 1990) was analyzed using the SynMap tool on 

the CoGe platform (genomevolution.org/coge). The synteny was analyzed for coding sequences 

(CDS) regions in barley genome relative to the A. atlantica genomic sequence. The shared 

ancestry between the two grass species can be seen in the significant level of synteny observed 

across all seven barley chromosomes (Fig. 9).  Interestingly, large non-syntenic blocks in each of 

the barley chromosomes was identified – which likely correspond to centromeric regions of the 
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barley chromosome that are known to be devoid of coding sequences and thus share no 

homology to with the A. atlantica scaffolds. 

CONCLUSION 

The A. atlantica hybrid optical map and sequence assembly reported in this paper is 

composed of a total of 3,417 contigs with an N50 of 11.86 Mb. Annotation of the sequence 

assembly shows a high level of completeness, as 97.6% of conserved orthologs were assigned 

predicted locations. This is the first reported reference assembly for any of the three oat 

subgenomes. Analysis of the genome assembly classified much of the genome as repetitive 

sequence (~80 – 83%) and confirmed its expected large size (~3.9 Gb). Annotation of the 

genome, using a deeply sequenced transcriptome identified 51,222 gene models. This sequence 

assembly expands the available genomic resources for the oat research community and has the 

potential to positively impact Avena research in numerous areas, particularly in the identification 

of resistance genes as well as the development of complete biosynthethic pathways involved in 

nutritionally favorable traits (e.g., β-glucan and avenanthramides), which are often complex and 

need complete genome assembly to be properly deciphered. This genome assembly will also 

provide a unique tool for the eventual assembly of the domesticated hexaploid oat genome, as it 

will help resolve homoelogous relationships among the hexaploid subgenome. 

On-going efforts to improve this assembly are being made using Hi-C (chromatin contact 

maps) technology. Hi-C methods detect in vivo chromatin interactions through crosslinking to 

determine physical closeness of DNA fragments. Such information can be used to statistically 

cluster, order and orient scaffolds into pseudo chromosomes (Lightfoot et al., 2017). These 

efforts will likely be complicated due to the large, highly repetitive fraction of the genome. 
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Additionally, we are making efforts to construct a high-density linkage map based on genotyping 

by sequencing between A-genome species which would provide a backbone for clustering and 

ordering our NGS scaffolds into a chromosome based assembly. 
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FIGURES 

Figure 1. A. atlantica plant (A); chromosomes visualized by C-banding method (B) of A. 
atlantica (2n = 14, AA genome); spikelets (C). 

Figure 2. Raw Image of labeled DNA on a flowcell in the Irys imaging machine. 

A. A. C.B. 
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Figure 3. A. atlantica (Accession: CC7277) K-mer profile at k=21. 
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Figure 4. QUAST analysis showing NGx (A) (eg. N0 - N100) as x varies from 0 -100% as well 
as cumulative length (B) GC content (C) for the Hybrid assembly vs the 27x. 
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Figure 5. Hybridization of BioNano pseudomolecule (top molecule) and three sequence contigs. 

Figure 6. Results of RepeatModler pipeline showing repeat content of the A. atlantica assembly. 
It is estimated that 84% of the genome is repetitive. 



33 

Figure 7. Coverage of A. atlantica transcriptome in Brachypodium. 

A. 

B.
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Figure 8. AED calculation to assess annotation quality. 73% of the annotated 83x genome had 
AED values less than 0.25, indicating a quality annotation. 

Figure 9. Synteny Analysis: A. atlantica vs Hordium vulgare (Barley). 
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TABLES 

Table 1. PacBio and Illumina Sequencing Statistics. 

Table 2. Average results for k= 19, k=21 and k=23. 

Kmer Genome Assessment 

Genome Size 3.784 Gb 
Unique sequence 21.8% 

Repetitive Sequence 78.0% 
Heterozygosity 0.0749% 

PacBio: 

Source Technology 
Number 
of Cells 

Number 
of reads 

Total length of 
reads 

Longest 
read 

Mean 
read 
size 

Median 
read 
size 

N50 
read 

length 
Genome 

Coverage 

DNASC Sequel 40 23,475,393 246,554,592,835 194,884 10706 8,161 18,242 63.2 
RTL RSII 78 7,737,947 75,297,173,119 76,481 9432 6,438 17,316 19.3 
AGI RSII 4 331,056 75,297,173,119 74,575 12373 9,880 20,414 19.3 

 Total: 122 31,544,396 397,148,939,073 115,313 10,837 8,160 18,658 101.8 

Ilumina: 

Source Technology 
Read Length 
Average (bp) 

Number of 
reads (bp) 

Total length of 
reads (bp) % N Coverage 

BGI HiSeq 284 183,480,412 26,116,814,272 0.0003 6.7 
Aberystwyth Univ. HiSeq X 570 1,156,806,386 165,681,504,195 0.0138 42.5 

           Total: 142 1,340,286,798 191,798,000,000 0.0024 49.2 
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Table 3. Summary statistics for the three sequence assemblies (30x, 63x and 83x) as well as the 
statistics for the sequence assembly and optical map hybrid (83x_BioNano).  

Assembly: 30X 63X 83X 83X_BioNano 

# contigs 21.329 4,616 3,941 3,417 
# contigs (>= 0 bp) 21,329 4,616 3,941 3,417 

# contigs (>= 1000 bp) 21,329 4,616 3,941 3,417 
# contigs (>= 5000 bp) 21,309 4,492 3,882 3,358 

# contigs (>= 10000 bp) 21,281 4,396 3,840 3,316 
# contigs (>= 25000 bp) 21,028 3,840 3,448 2,924 
# contigs (>= 50000 bp) 18,193 2,737 2,383 1,859 

Largest contig 1,628.267 27,286,170 25,153,855 44,053,509 
Total length 3,162,204,854 3,664,452,930 3,683,804,291 3,700,476,325 

Total length (>= 0 bp) 3,162,204,854 3,664,452,930 3,683,804,291 3,700,476,325 
Total length (>= 1000 bp) 3,162,204,854 3,664,452,930 3,683,804,291 3,700,476,325 
Total length (>= 5000 bp) 3,162,138,600 3,664,175,965 3,683,673,652 3,700,345,686 

Total length (>= 10000 bp) 3,161,911,534 3,663,444,832 3,683,347,065 3,700,019.099 
Total length (>= 25000 bp) 3,156,920,493 3,652,958,992 3,675,687,820 3,692,359,854 
Total length (>= 50000 bp) 3,042,858,706 3,612,886,633 3,636,169,914 3,652,841,948 

N50 204,301 3,955,572 5,545,214 11,857,933 
N75 117,973 1,900,823 2,549,256 5,270,934 
L50 4,723 262 196 99 
L75 9,802 600 441 215 

GC (%) 44.3 44.4 44.38 44.38 
# N's 6 1 1 16,655,643 

# N's per 100 kbp 0 0 0 450.09 
NG50 161,066 3,597,894 4,978,600 111,22,910 
NG75 62,186 1,486,583 2,144,290 4,358,836 
LG50 6792 295 217 108 
LG75 16,246 711 515 249 
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Table 4. Comparison of hybrid scaffold to original 83x sequence assembly. 

Comparison of Hybrid Scaffold to Original Sequence Assembly 

Number Genome Maps 6707 
Total Genome Map Length (Mbp) 3361.97 (86.2%) 
Mean Genome Map Length (Mbp) 0.501 

Median Genome Map Length (Mbp) 0.389 
Genome Map N50 (Mbp) 0.629 

Total Reference Length (Mbp) 3661.74 
Total Genome Map Length / Reference Length 0.918 

Total number of aligned Genome Maps 6648 (0.99) 
Total Aligned Length (Mbp) 4571.711 

Total Aligned Length / Reference Length 1.249 
Total Unique Aligned Length (Gbp) 3.273 (~90%) 

Total Unique Aligned Length / Reference Length 0.894 

Table 5. Finished hybrid assembly molecule breakdown. 

Statistics of Hybrid Scaffold Plus Not-Scaffolded NGS 

Count 3417 
Hybrid Scaffolds 612 

PacBio Contigs 2805 
N50 length (Mb) 11.86 

Total length (Gb) 3.70 (94.8%) 
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Table 6. Results of RepeatModler pipeline showing categorized repeat content of the A. atlantica 
assembly. It is estimated that 84% of the genome is repetitive. 

Repeat Identification: 
Total Sequences 4,609 

Total Length (bp) 3664271512 

Class Count bpMasked %Masked 
DNA 4,107 783903 0.02% 

CMC-EnSpm 177,304 169248671 4.62% 
MULE-MuDR 6,167 1558202 0.04% 

Maverick 2,490 1591420 0.04% 
MuLE-MuDR 5,319 6591266 0.18% 

PIF-Harbinger 31,381 10278851 0.28% 
TcMar-Stowaway 82,470 10741899 0.29% 

hAT-Ac 2,834 1292254 0.04% 
hAT-Tag1 941 419806 0.01% 

Line -- -- -- 
Jockey 1,526 1215160 0.03% 

L1 45,606 41078731 1.12% 
RTE-BovB 437 131388 0.00% 

LTR 7,714 3921502 0.11% 
Copia 263,477 630729638 17.21% 
Gypsy 668,071 1753772185 47.86% 

RC -- -- -- 
Helitron 1,033 451913 0.01% 

SINE -- -- -- 
Alu 13,761 12259089 0.33% 
L1 11,768 5405392 0.15% 

tRNA 2,041 420887 0.01% 
Unknown 546,143 363725972 9.93% 

Total Interspersed: 1874590 3015618120 82.30% 
Low_complexity 21942 1167935 0.03% 

Satelite 8005 19088160 0.52% 
telo 1768 24780179 0.68% 

Simple_repeat 175552 10711071 0.29% 
Total: 2081857 3071365465 83.82% 
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Table 7. Percent total putative orthologs displaying synteny to the genome assembly. 

Percent Total Orthologs Displaying Mapping Synteny 

BUSCO COGs 97% 
Uniprot 63% 

B. distachyon 88.60% 
Long Rice 96.70% 

Arabidopsis 93.80% 

Table 8. Results of training Augustus using Single-Copy Complete BUSCO. 97% of COGs were 
identified, indicative of complete and high-quality genome assembly. 

Training Augustus using Single-Copy Complete BUSCOs: 

Complete BUSCOs 1393 
 Complete and single-copy BUSCOs 1355 

Complete and duplicated BUSCOs 38 
Fragmented BUSCOs 12 

Missing BUSCOs 35 
Total BUSCO groups searched 1440 
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