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ABSTRACT 

 

Basmati rice is an iconic cultivated Asian rice (Oryza sativa) variety group that is widespread in 

the Indian subcontinent. Despite its economic and cultural importance, a high-quality reference genome is 

currently lacking, and the group’s origins have not been fully resolved. To address these gaps we obtained 

48x read coverage of a basmati genome using Oxford Nanopore Technologies’ long-read sequencing 

platform. We generated a 373.8-Mbp assembly, consisting of 2,245 contigs with an N50 contig length of 

~444.4 kbp. We polished this assembly with an additional 29× read coverage of Illumina short-reads, 

resulting in a high-quality genome with 98.7% gene completion. Evolutionary genomic analysis with 

other Asian rice genome assemblies indicated basmati rice was most closely related to the japonica rice 

group. But the basmati rice origins were complicated as conflicting phylogenetic signals were observed 

among basmati rice, japonica rice, and the progenitor wild rice O. rufipogon, caused by admixture 

between japonica rice and O. rufipogon. Admixture was also detected between the basmati and aus rice 

groups, consistent with previous a hypothesis suggesting a hybrid origin of the basmati rice group from 

japonica and aus rices. In addition, we detected basmati rice-specific domestication mutations, one of 

which was the deletion of a gene that regulates awn length, a deletion found only in the basmati rice 

group. Single molecule-based long-read sequencing is quickly becoming essential for the de novo 

generation of high-quality plant genome assemblies, and we show that this technology will be particularly 

useful for studies of crop evolution and genetics. 

 

 

SIGNIFICANCE STATEMENT 

 

Single molecule-based long-read sequencing is a powerful method for assembling complex plant 

genomes. Here, using nanopore sequencing we have assembled the genome of the iconic basmati rice 

(Oryza sativa), resulting in an assembly of 373.8 Mbp in 2,245 contigs, with an N50 contig size of 444.4 

kbp. Evolutionary genomic analysis of the genome suggests basmati rice has a hybrid origin from the 

japonica and aus rice groups.
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INTRODUCTION 

 

Oryza sativa or Asian rice is an agriculturally important crop that feeds one-third of the world’s 

population (Gnanamanickam, 2009). Based on morphometric differences, O. sativa has historically been 

classified into two major variety groups/subspecies named japonica and indica (Matsuo et al., 1997; 

Gross and Zhao, 2014). Archaeobotanical remains suggest japonica rice was domesticated ~9000 years 

ago in the Yangtze Basin of China, while indica rice originated ~4,000 years ago when domestication 

alleles were introduced from japonica into either O. nivara or a proto-indica in the Indian subcontinent 

(Fuller et al., 2010). With molecular and genome-wide polymorphism data, the japonica and indica rices 

have since been subdivided into multiple subgroups, and two additional variety groups/subspecies have 

been identified that are genetically distinct from japonica and indica cultivars: the aus/circum-Aus and 

aromatic/circum-Basmati rices (Garris et al., 2005; Wang et al., 2018). Here, we refer to the latter two 

groups as aus and basmati rices, respectively. 

The rich genetic diversity of Asian rice is likely a result from a complex domestication process 

involving multiple wild progenitor populations and the exchange of important domestication alleles 

between O. sativa subpopulations through gene flow (Meyer and Purugganan, 2013; Huang and Han, 

2015; Castillo et al., 2016; Choi et al., 2017; Fuller, 2011; Fuller et al., 2010; He et al., 2010; Choi and 

Purugganan, 2018). Moreover, many agricultural traits within rice are subpopulation-specific (Sweeney et 

al., 2006; Wang et al., 1995; Kovach et al., 2009; Xu et al., 2006; Konishi et al., 2006; Bin Rahman and 

Zhang, 2018), suggesting local adaptation to environments or cultural preferences have partially driven 

the diversification of rice varieties.  

 Arguably, the basmati rice group has been the least studied among the four major variety 

groups/subspecies. Among its members the group boasts the iconic basmati rices (sensu stricto) from 

southern Asia and the sadri rices from Iran (Garris et al., 2005). Many basmati (sensu stricto) varieties are 

characterized by their distinct and highly desirable fragrance and texture (Singh et al., 2000). Nearly all 

fragrant basmati varieties possess a loss-of-function mutation in the BADH2 gene that has its origins in 

ancestral japonica haplotypes, suggesting an introgression between basmati and japonica rices may have 

led to fragrant basmati rice (Kovach et al., 2009). Genome-wide polymorphism analysis of a smaller array 

of basmati rice cultivars shows a close association with japonica varieties (Huang et al., 2012; Wang et 

al., 2018) providing more evidence that the origins of basmati rice may indeed lay at least partially in the 

japonica variety group/subspecies.  

Whole-genome sequences are important for evolutionary biologists studying plant domestication, 

and breeders aiming to improve crop production. Single-molecule sequencing regularly produces 

sequencing reads in the range of kilobases (kbp) (Heather and Chain, 2016). This is particularly helpful 
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for assembling plant genomes, which are often highly repetitive, highly heterozygous, and which have 

often undergone at least one round of polyploidization in the past (Michael and VanBuren, 2015; Jiao and 

Schneeberger, 2017; Li et al., 2017).  

Currently for plants, members of the genus Oryza have seen the most progress in terms of 

generating de novo genome assemblies. There are genome assemblies for nine wild species (Leersia 

perrieri, O. barthii, O. brachyantha, O. glumaepatula, O. longistaminata, O. meridionalis, O. nivara, O. 

punctata, and O. rufipogon) and two domesticated species (O. glaberrima and O. sativa) (Zhang et al., 

2015; Chen et al., 2013; International Rice Genome Sequencing Project, 2005; Wang et al., 2014; Stein et 

al., 2018; Yu et al., 2002).  

Within the domesticated Asian rice O. sativa, genome assemblies for several variety 

groups/subspecies and cultivars within these are also available (Zhao et al., 2018; International Rice 

Genome Sequencing Project, 2005; Yu et al., 2002; Zhang et al., 2016; Du et al., 2017; Sakai et al., 2014; 

Schatz et al., 2014), but for many of these O. sativa genomes, the assembly has been generated through 

short-read sequencing and the assembly status is often incomplete compared to those generated from 

long-read sequences (Zhang et al., 2016; Du et al., 2017). Nevertheless, these de novo genome assemblies 

have been critical in revealing genomic variations (e.g. structural variations, de novo species- or 

population-specific genes, and repetitive DNA) that were otherwise missed from analyzing a single 

reference genome. Recently, a genome assembly for basmati rice was reported, which was also generated 

using short-read sequencing data (Zhao et al., 2018). The sequenced basmati cultivar was an elite 

breeding line, and such modern cultivars are not the best foundations for domestication-related analyses 

due to higher levels of introgression from other rice populations.  

 Here, we report the de novo sequencing and assembly of the landrace variety Basmati 334 

(Vikram et al., 2012; Jain et al., 2004; Kovach et al., 2009) using Oxford Nanopore Technologies’ long-

read sequencing platform (Jain et al., 2016). Basmati 334 evolved in a rainfed lowland agro-environment 

in southern Asia and is known to be drought tolerant at the seedling and reproductive stages (GeneSys 

passport: https://www.genesys-pgr.org/10.18730/2G6Y2) (Vikram et al., 2012). It also possesses several 

broad-spectrum bacterial blight resistance alleles (Ullah et al., 2012; Chen et al., 2008). These attributes 

make Basmati 334 desirable for breeding resilience into modern basmati cultivars (Sandhu et al., 2017; 

Ullah et al., 2012). Using our basmati rice genome assembly we conducted an evolutionary genomic 

analysis to investigate the origins of basmati rice. In addition, we were able to identify that the 

domestication trait of reduced awn length may have evolved at least partially independently in basmati 

rice as evidenced by the basmati-specific deletion of a key gene that regulates this trait. Our basmati rice 

genome assembly will be a valuable complement to the available rice cultivar genome assemblies, 

unlocking important genomic variation for rice crop improvement. It also demonstrates the utility of 
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nanopore-based sequencing in a relatively rapid, low-cost approach to generating better genome 

assemblies using long-read sequence data.  

 

RESULTS 

 

Nanopore sequencing of a basmati rice reference genome. High-molecular-weight genomic DNA was 

extracted from young seedlings of the variety Basmati 334, and was sequenced on eleven nanopore flow-

cells. Base calling was accomplished using the program Albacore ver. 2.1.10 from Oxford Nanopore 

Technologies. Albacore called 5,389,267 reads constituting a total of 33.2 Gbp of which 2,452,750 reads 

comprising 18.1 Gbp passed the default Albacore filters, selecting for high quality reads (Table 1). For 

each flow-cell, the reads that passed the filter had median lengths of ~3.5 kbp to ~11.9 kbp and read 

length N50s of ~4.6 kbp to ~22.3 kbp. The median quality Q-score for the sequence reads was ~6.8 

before and ~8 after filtering. The longest read from each library ranged from ~28 kbp up to ~82 kbp and 

the quality scores for each long sequence read were comparable to the average quality score seen across 

all sequenced reads. 

 

De novo assembly of a basmati rice reference genome. Only the reads that passed the Albacore base 

caller filter were used for downstream genome assembly. For the Basmati 334 genome assembly the 

2,452,750 reads that passed the Albacore filter were expected to result in ~48× genome sequence 

coverage, given that O. sativa has average genome sizes in the range of 370-380 Mbp (Stein et al., 2018). 

We used the genome assembly program Canu ver. 1.6 (Koren et al., 2017) as it was the state-of-the-art 

genome assembler that supports nanopore sequencing data, and was used in multiple nanopore 

sequencing-based de novo genome assembly projects (Jain et al., 2018; Schmidt et al., 2017; Tyson et al., 

2018). Canu assembled the basmati rice genome with an assembly size of 373.8 Mbp on 2,245 contigs, 

and a contig N50 of 444,364 bp (Supplemental Table 1). We note this is a large improvement from the 

currently available basmati rice genome assembly of GP295-1 (Zhao et al., 2018), which was generated 

from 173× sequence coverage Illumina short-read sequencing data and has a contig N50 of 44,407 bp 

with 50,786 assembled contigs. 

 The quality of the initial pre-draft genome assembly from Canu was assessed using BUSCO 

(Simão et al., 2015) to identify and count the number of highly conserved orthologous plant genes. The 

Canu assembly had a BUSCO estimated genic completeness of only 42.1% (Supplemental Table 1). Raw 

nanopore sequence-based assembly usually requires a polishing step necessary for fixing the base errors 

of the genome assembly (Schmidt et al., 2017; Michael et al., 2018), and we implemented two 
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approaches for error correction: (i) using the nanopore sequencing reads itself for polishing, and (ii) using 

highly accurate short-read sequences from Illumina sequencing.  

There are two methods that use the nanopore sequence data for polishing. Nanopolish ver. 0.8.5 

(Loman et al., 2015) uses pre-base-call signal-intensity data of each sequencing read for improving the 

pre-draft genome assembly. A single round of polishing through Nanopolish greatly improved the 

BUSCO estimated gene completeness to 79.8% (Supplemental Table 1). However, the execution time for 

Nanopolish was very slow, taking ~5 weeks on a 16-core machine with 128 GB memory and 2.0 GHz 

CPU. Racon ver. 1.2.1 (Vaser et al., 2017) also uses the nanopore sequence data for polishing but only 

uses the base-called reads. Racon was on the order of a thousand-fold faster than Nanopolish, but a round 

of polishing resulted in a gene completion of only 67.1%. However, iteratively increasing the polishing 

with Racon did increase the BUSCO estimated gene completion to 71.5% (Supplemental Table 1).  

Among the massively parallel sequencing technologies, Illumina reads have the highest base-

calling accuracy, and Pilon ver. 1.22 (Walker et al., 2014) uses short-read sequencing data for error-

correcting pre-draft genome assemblies. The Basmati 334 sample was sequenced on an Illumina platform 

to a depth of ~29× sequence read coverage, and a single round of Pilon analysis greatly enhanced the 

BUSCO estimated gene completion to 93%. Iteratively increasing the polishing with Pilon further 

increased the BUSCO estimated gene completion to 98.2% (Supplemental Table 1). In the end, we chose 

a strategy that maximizes the speed and accuracy of polishing the pre-draft genome by implementing 

seven rounds of Racon polishing followed by seven rounds of Pilon polishing (Supplemental Table 1). 

 

Comparing the basmati rice genome assembly to other rice genomes assembled de novo. The final 

nanopore sequence-based draft assembly for the basmati rice genome had a high quality (Table 2): more 

then 90% of the contigs were greater than 50 kbp in length with a contig N50 was 455 kbp. The BUSCO 

gene completion level was 98.7%, comparable to other rice genomes assembled de novo (Supplemental 

Table 2). When the ~29× sequence read coverage Illumina reads from Basmati 334 were aligned to the 

draft genome, the vast majority (99.6%) of the reads were alignable to the draft genome. The draft 

genome was also highly syntenic to the Nipponbare japonica and R498 indica genomes, where an ancient 

chromosomal duplications and translocations (Wang et al., 2005) were visible in synteny dot plots 

(Supplemental Figure 1).  

 We then aligned available de novo-assembled genomes within the Asian rice complex (see 

Materials and Method for a complete list of genomes) to the Nipponbare genome, creating a multi-

genome alignment to compare and contrast the assembly quality of the draft basmati genome. The 

Nipponbare cultivar was chosen as the reference genome to be aligned against, as its assembly and gene 

annotation is a product of years of community-based efforts (International Rice Genome Sequencing 
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Project, 2005; Kawahara et al., 2013; Sakai et al., 2013). The Basmati 334 genome could be aligned to 

80% of the repeat soft-masked Nipponbare genome, which among the Asian rice complex was the second 

highest value (Supplemental Table 3). Compared to the GP295-1 basmati rice reference genome, over 

14.9 Mbp more sequence from our Basmati 334 assembly aligned to the Nipponbare genome, suggesting 

our Basmati 334 reference genome assembly was more complete with fewer missing regions.  

To infer the quality of the genic regions in each of the genome assemblies, we used the multi-

genome alignment to extract the coding DNA sequence of each Nipponbare gene and its orthologous 

regions from each non-Nipponbare genome. The orthologous genes were counted for missing DNA 

sequences (“N” sequences) or gaps to estimate the percent of Nipponbare gene covered. For all genomes 

the majority of Nipponbare genes had a near-zero proportion of sites that were missing in the orthologous 

non-Nipponbare genes (Supplemental Figure 2). There were also Nipponbare genes with close to 100 

percent of sites missing in the non-Nipponbare genome. These are likely to be the dispensable genes 

where its presence/absence status is polymorphic between subspecies (Zhao et al., 2018). The missing 

proportion of Nipponbare-orthologous genes for the Basmati 334 genome was comparable to those 

genomes that had higher assembly contiguity (Du et al., 2017; Zhang et al., 2016; Stein et al., 2018). 

Furthermore, compared to the GP295-1 genome, the Basmati 334 genome had a noticeably lower 

proportion of sequences that were missing. Thus, we argue that the draft Basmati 334 genome assembly is 

of high quality and contiguity, and is complete for downstream analysis. 

Since Basmati 334 had previously been identified to be a non-fragrant rice and to harbor the wild 

type allele of the BADH2 fragrance gene (Kovach et al., 2009), we examined the Basmati 334 genome 

assembly to check if this was indeed the case. There are multiple different loss-of-function mutations in 

BADH2 that cause rice varieties to be fragrant, and the majority of fragrant rices carry a deletion of 8 

nucleotides at position chr8: 20,382,861-20,382,868 of the japonica (Nipponbare IRGSP1.0) genome 

assembly. Using the genome alignment, the BADH2 sequence region was extracted to compare the gene 

sequence of the non-fragrant Nipponbare to Basmati 334. Our results showed that the Basmati 334 

genome assembly did not carry the deletion, and the non-deleted, 8-bp sequence was identical to that 

found in the japonica sequence. The BADH2 protein-coding sequence region was in fact identical 

between Basmati 334 and Nipponbare, indicating Basmati 334 harbored the expected wild type BADH2 

allele (Kovach et al., 2009). This further suggests the Basmati 334 genome is highly accurate for gene-

level analysis. 

 

Gene annotation of the basmati rice genome assembly. Augustus ver. 3.2.3 (Stanke and Waack, 2003) 

was used to predict 49,943 genes, of which 30,786 genes were not a possible transposable element and 

had a Pfam-, PANTHER-, or SUPERFAMILY-annotated protein domain (Table 2). The median protein 
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length of the gene annotation was 303 amino acids (aa), which was slightly larger than the median length 

of the ab initio and evidence-based gene annotations of the Nipponbare (267 aa) and R498 (254 aa) 

genomes (Du et al., 2017), which are arguably the two highest quality genome assemblies for the japonica 

and indica variety groups/subspecies, respectively. The Basmati 334 gene models were classified into 

orthogroups, which are sets of genes that are orthologs and recent paralogs to each other, using the gene 

models from aus (N22), basmati (GP295-1), japonica (Nipponbare), and indica (R498) genomes. The 

majority of the annotated genes from Basmati 334 were assigned as a member of an orthogroup with a 

gene annotated from another published rice genome (Figure 1), suggesting the genes predicted ab initio 

for Basmati 334 are likely to be biologically functional.  

The number of orthogroups, however, were smallest for Basmati 334. This could be due to the ab 

initio gene prediction algorithm missing several gene annotations, or to an incomplete genome assembly 

for Basmati 334 that could miss some genes annotated in other genomes. To determine the cause of this 

anomaly, we focused on the 1,737 orthogroups that had a gene member in every rice variety 

group/subspecies except Basmati 334 (Figure 1). From those orthogroups, the region orthologous to the 

japonica (Nipponbare) gene was extracted from the Basmati 334 genome assembly in our multi-genome 

alignment. For all of these japonica (Nipponbare) genes, the majority of the orthologous Basmati 334 

regions had a missing or gapped proportion that was close to zero (Supplemental Figure 3). This 

suggested the genic sequences had not been completely annotated by Augustus and the genome assembly 

of Basmati 334 contained those coding DNA sequences. 

 

Repetitive DNA and LTR transposable element content in the basmati reference genome. Repetitive 

DNA comprises 44.2% of the Basmati 334 genome assembly (Table 2), and consistent with many other 

plant species (Kumar and Bennetzen, 1999) the repetitive DNA was largely composed of Class I 

retrotransposons followed by Class II DNA transposons (Figure 2A). Within the retrotransposon class, 

long terminal repeat (LTR) retrotransposons are most commonly found in plants (Kumar and Bennetzen, 

1999). Due to its mechanism of proliferation, a newly inserted LTR retrotransposon will have identical 

LTR sequences, and in time the accumulation of mutations causes the LTRs to diverge in sequence. Thus, 

the DNA divergence of LTR sequences can be used to approximate the insertion time for an LTR 

retrotransposon, and infer the evolutionary history of LTR retrotransposon dynamics within the host 

genome. For Basmati 334 the majority of retrotransposons were LTR retrotransposons from the gypsy and 

copia families, and retrotransposons of both families had a median insertion time of ~3.4 million years 

ago (MYA) (Figure 2B).  

Since the LTR retrotransposon insertion times will be affected by sequencing and assembly errors 

in the LTR sequences, we examined if the polishing steps were able to fix potential errors in the repetitive 
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DNA regions. The insertion time estimates for the LTR retrotransposons decreased with each polishing 

step added (Supplemental Figure 4), suggesting genome polishing not only fixes errors in the coding 

sequence regions but also in repetitive DNA regions in general. Comparing the LTR retrotransposons and 

their insertion times in other Asian rice genome assemblies, the aromatic rice group had the oldest 

insertion times (Figure 2C). This is concordant with results from the basmati rice genome assembled from 

Illumina sequencing data (GP295-1), suggesting the older insertion time estimates for basmati rice is not 

likely to be an artifact of assembly errors. Noticeably, reference genomes assembled from short-read 

sequencing data (GP295-1, DJ123, Kasalath, and IR64) had fewer annotated LTR retrotransposons, 

suggesting these genome assemblies may be missing certain repetitive DNA regions. 

 

Phylogenomic analysis on the origins of basmati rice. The multi-genome alignment was used to estimate 

the phylogenetic relationships within and between variety groups/subspecies of domesticated Asian rice. 

Four-fold degenerate sites from the genes of the Nipponbare genome were extracted and used to build a 

maximum-likelihood phylogenetic tree (Figure 3A). The tree showed that each cultivar was monophyletic 

with respect to its variety group/subspecies of origin. In addition, the basmati rice group was sister group 

to japonica rice, while the aus rice group was sister to indica rice. Consistent with previous observations, 

the wild rices O. nivara and O. rufipogon were sister groups to the aus and japonica rices, respectively 

(Choi et al., 2017), suggesting each domesticated rice variety group/subspecies may have had 

independent wild progenitors of origin. On the other hand, it should be noted that recent hybridization 

between wild and domesticated rice can lead to a similar phylogenetic relationship (Wang et al., 2017).  

To further investigate the phylogenetic relationships between the basmati (represented by 

varieties Basmati 334 and GP295-1) and japonica rices, we examined the phylogenetic topologies of each 

gene involving the trio basmati, japonica, and wild rice O. rufipogon. For each gene we tested which of 

the three possible topologies for a rooted three-species tree [i.e. “((P1,P2),P3),O” where O is outgroup O. 

barthii and P1, P2, and P3 can be any of the combination involving the trio basmati, japonica, and O. 

rufipogon] were found in highest proportion. There were 7,495 genes that significantly rejected one 

topology over the other two, and the majority of those genes (51.3%) supported a topology grouping 

basmati and japonica rice as sister to each other (Figure 3B). A smaller proportion of genes (39.7%) 

supported the topology generated from the genome-wide four-fold degenerate sites, which grouped 

japonica and O. rufipogon as the sister group. The two conflicting topologies can occur if one of the 

topologies represents the true species topology [i.e. “((P1,P2),P3),O”], while the other is a product of 

recent admixture that leads to the phylogenetic grouping of the distant species P3 with the species P1 or 

P2. 
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To determine which of the two topologies represented the tree from the initial lineage splitting 

event versus the tree from an introgression event, we estimated the divergence times of the two internal 

nodes (T1 and T2) for each topology (Figure 3C). Because introgression reduces the time to the most 

recent common ancestor, the divergence time estimates from the introgression topology would be lower 

than the divergence time estimates from the lineage-splitting topology (Fontaine et al., 2015). Results 

showed that the divergence time estimates from the topology grouping basmati and japonica as sister to 

each other were older than the topology grouping japonica and O. rufipogon (Figure 3C). Thus, basmati 

has origins that are closely related to japonica, whereas the admixture between japonica and O. rufipogon 

created topologies grouping the two together. 

 

Detecting admixture between basmati, and aus or indica rices. Due to the extensive admixture occurring 

between rice variety groups/subspecies (Choi et al., 2017) we examined whether the basmati genome was 

influenced by gene flow with aus or indica rices. For each gene, the trio aus, indica, and basmati were 

tested to see which of the three possible topologies fit significantly for that gene. There were 7,752 genes 

that significantly rejected one topology over the other two, and the majority (53.4%) supported the 

genome-wide topology, grouping aus and indica as sister groups (Figure 3D). There was a larger 

proportion of genes that supported the topology that groups aus and basmati as sisters (26.5%), than the 

topology that groups indica and basmati as sisters (20.1%) suggesting the aus variety group may have 

contributed a larger proportion of genes into basmati than the indica variety group through gene flow.  

 The pattern observed could have arisen from gene flow, or may just be the product of incomplete 

lineage sorting. To test for introgression, we employed the D-statistics from the ABBA-BABA test 

(Green et al., 2010; Durand et al., 2011). Initially, we employed the D-statistics to detect evidence of 

introgression between basmati rice, and the aus or indica rice groups. The D-statistics were calculated 

from groups involving basmati and aus/indica Asian rices, as well as wild rice O. nivara/O. rufipogon 

(Table 3, row 1 to row 4). D-statistics were significant for introgression between aus and basmati rice 

(Table 3 row 1 and row 3), but for indica rice the D-statistics were only significant when calculated from 

groups involving O. rufipogon, basmati, and indica (Table 3 row 2).  

We then calculated the D-statistics for groups involving japonica, basmati, and aus/indica rices. 

Results showed all D-statistics were significant and detected evidence of introgression between basmati 

and both aus and indica rices (Table 3 row 5 and row 6). Given the significant evidence of introgression 

between japonica and both aus and indica rices (Choi et al., 2017), our results suggest the gene flow 

between the basmati and aus or indica variety groups was greater than the gene flow between the japonica 

and aus or variety groups. To determine whether aus or indica rice shared more alleles with basmati rice, 

we calculated the D-statistic from a group involving indica, aus, and basmati rices. The D-statistic was 
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not significant (Table 3 row 7). However, consistent with the topology test result (Figure 3D), the D-

statistic was positive, suggesting a higher proportion of aus alleles than indica alleles segregated within 

the basmati genome. 

 

Domestication of basmati rice involved variety group-specific gene deletions. Gene deletions can have 

drastic phenotypic consequences and several domestication phenotypes in rice are caused by gene 

deletions (Wang et al., 2014; Shomura et al., 2008; Zhou et al., 2009). We identified basmati rice-specific 

gene deletions by comparing the gene annotations of the Basmati 334 reference genome to the gene 

models from the aus (N22), indica (R498), and japonica (Nipponbare) references. In addition, we 

confirmed the gene deletions by comparing the genome alignment of the Basmati 334 genome and the 

japonica (Nipponbare) rice genome (see Materials and Methods for detail). There were 186 orthogroups 

where the aus, indica, and japonica rices all had at least one gene member to the orthogroup, but where no 

gene was annotated in Basmati 334 rice. This was not due to a mis-annotation of the basmati genome, 

since the genome alignment of the japonica and basmati rice genomes was used to verify that the gene 

was indeed missing in the basmati genome sequence. 

 Out of the 186 orthogroups with basmati-specific gene deletions, 91 orthogroups had single-copy 

gene members in each of the aus, indica, and japonica rice genomes (see Supplemental Table 4 for the 

japonica RAP-DB gene ID numbers and functions), suggesting the deletion of these genes may have 

strong phenotypic consequences in basmati rice. One of these involved the deletion of a gene with 

japonica RAP-DB (Sakai et al., 2013) identifier Os03g0418600 and gene symbol Awn3-1. Awn3-1 was 

identified in a previous study where a change in expression level was associated with altered awn length 

in japonica rice (Li et al., 2016). Reduced awn length was an important domestication trait that was 

selected for ease of harvesting and storing rice seeds (Hua et al., 2015).  

The japonica (Nipponbare) and aus (N22) genomes were used to investigate the synteny around 

the deleted Awn3-1 region of the basmati rice genome. The two genes that were up- and downstream of 

Awn3-1 were syntenic between our basmati rice genome and both the japonica and aus rice genome 

assemblies (Figure 4). However, two orthologous basmati genes were found at the edges of two different 

contigs (tig00005191 and tig00002596), while the Awn3-1 gene was deleted in the Basmati 334 genome.  

Surrounding the Awn3-1 gene deletion region, both contigs from the Basmati 334 genome 

assembly showed an increase in repetitive DNA sequences. These increased repetitive sequences may 

have caused difficulty in assembling the region and it is possible the Awn3-1 gene may not have been 

properly assembled. To address this possibility we aligned the Basmati 334 nanopore sequencing reads to 

both the japonica and aus genomes, and investigated if there were any reads that could be aligned to the 

Awn3-1 gene. Using the long-read-specific read alignment software ngmlr ver. 0.2.6 (Sedlazeck, 
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Rescheneder, et al., 2018) and long-read-specific structural variation detection program sniffles ver. 1.0.7 

(Sedlazeck, Rescheneder, et al., 2018), the Awn3-1 gene was found to be deleted in Basmati 334 and no 

significant number of reads aligned to the Awn3-1 gene region in either the japonica or aus genomes 

(Supplemental Figure 5).  

We then determined the frequency of this deletion by examining the polymorphisms surrounding 

the Awn3-1 region, using the 3,010 rice genomes sequencing project (Wang et al., 2018). The majority of 

the basmati rice group did not have any variant calls for the Awn3-1 gene, suggesting that no sequencing 

reads existed for making genotype calls and that hence the gene was deleted in most of the basmati rice 

group (Supplemental Figure 6). Thus, the Awn3-1 deletion found in Basmati 334 is a basmati rice-specific 

gene deletion, and is found in high frequency specifically within the basmati rice group. 

 

DISCUSSION 

 

In this study, using long-read sequences generated with Oxford Nanopore Technologies’ 

sequencing platform we assembled the draft genome for a basmati rice cultivar of O. sativa. This is the 

third plant genome, after Arabidopsis thaliana (Michael et al., 2018) and Solanum pennellii (Schmidt et 

al., 2017), and the first monocot plant that was assembled using nanopore sequencing technology. Our 

results suggest nanopore sequencing is a highly effective platform for generating a genome assembly. 

With modest genome coverage we were able to assemble a genome that was a significant improvement 

over the currently available basmati genome, which was generated from over three times our sequencing 

coverage but with short-read sequencing data (Zhao et al., 2018). With additional short-read sequencing 

data we were able to correct errors in the draft genome assembly, resulting in a basmati genome that was 

highly complete and accurate. Although the assembly is fragmented into multiple contigs, plant genomes 

still require additional technologies such as optical mapping or Hi-C sequencing for improving the 

contiguity of the assembly (Goodwin et al., 2016; Howe and Wood, 2015; Sedlazeck, Lee, et al., 2018; 

Udall and Dawe, 2018). Regardless, with this genome assembly we were able to make unique inferences 

on the origin and evolution of the basmati rice group. 

Due to the sequencing methodology, single molecule-based long-read sequencing requires high-

quality DNA in abundant amounts, which can be an obstacle for plant materials. We found that 

commercially available DNA extraction kits coupled with a downstream DNA fragment size selection 

protocol, can be a rapid and reliable method for generating long-read sequencing libraries. Nanopore 

sequencing using this DNA library preparation resulted in an average read length N50 of ~11 kbp, and we 

were able to sequence high-quality, long reads of up to ~82 kbp. In addition, compared to using only 

short-read sequencing data, ~48× sequencing read coverage obtained with nanopore sequencing was 
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enough for generating a more contiguous genome assembly. However, the noisy error-prone sequencing 

reads were problematic for the genome assembly, as assemblies based solely on nanopore sequencing are 

often full of base errors that require subsequent error-correcting steps to be resolved (Schmidt et al., 2017; 

Michael et al., 2018). Several software packages are currently under development to improve the 

accuracy of base calling from raw nanopore sequencing signal-intensity data (Teng et al., 2018; Stoiber 

and Brown, 2017; David et al., 2017; Boža et al., 2016). These algorithms will be important for 

generating higher quality sequencing reads for genome assembly. For now, high-quality short-read 

sequencing data, such as can be generated with Illumina’s sequencing methodology, is necessary for 

decreasing the error rates in the genome assembly (Michael et al., 2018; Schmidt et al., 2017). However, 

our study shows that the short-read sequencing data does not need to be obtained at high coverage for the 

error correction to be effective, and with only ~29× Illumina sequencing read coverage we were able to 

obtain a polished genome with gene accuracies that were comparable to genomes generated from multiple 

sequencing platforms (International Rice Genome Sequencing Project, 2005; Zhang et al., 2016; Du et 

al., 2017; Stein et al., 2018). 

Repetitive DNA constitutes large proportions of the plant genome. Transposable elements 

dominate the repetitive DNA landscape and are the main determinants of genome size variation in plants 

(Wendel et al., 2016). Effects of transposable elements can be dependent on the genomic context, as their 

presence can affect nearby gene expression, prompting selection to favor or remove the insertion (Lisch, 

2012). Hence, it is important that genome assemblies should represent the repetitive DNA of the 

sequenced organism well. Our long-read sequencing-based assembly of basmati rice had repeat content 

similar to that of other rice genome assemblies. Further, compared to the genomes assembled from short-

read sequencing data, the long-read sequencing-based genome assemblies of this study and others enabled 

annotation of a larger number of transposable elements. Thus, there is an advantage of using long-read 

sequences for genome assembly: since short-read sequences are often shorter than the repeat unit of a 

repetitive or transposable element, using longer reads will lead to a better assembly of those regions 

(Chaisson et al., 2015). 

Due to the lack of archaeobotanical data the origins of the basmati rice group remain elusive. 

Studies of the basmati rice group’s origins have primarily focused on the genetic differences that exist 

between the basmati and other Asian rice groups (Garris et al., 2005; Wang et al., 2018). Recently, a 

study suggested basmati rice (called ‘aromatic’ in that study) was a product of hybridization between the 

aus and japonica rice variety groups (Civáň et al., 2015). This was based on phylogenetic relationships 

across genomic regions with evidence of domestication-related selective sweeps, where these regions 

mostly grouped the basmati rice group with the japonica or aus rice groups. Our evolutionary analysis of 

the basmati rice genome assembly suggests the basmati rice group has origins that are closely related to 
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the japonica rice group. In addition, with our basmati rice genome assembly we were able to infer that the 

genome assembly of the wild rice O. rufipogon had evidence of admixture with the japonica rice group. 

This admixture between wild and domesticated rice has been reported from a reanalysis of published 

polymorphism data (Wang et al., 2017), and here we suggest it is likely to have also influenced the 

reference O. rufipogon genome sequence (Stein et al., 2018). Researchers involved with rice 

domestication and evolution studies should be aware of the admixed history of the O. rufipogon reference 

genome, and be cautious of using it as the wild progenitor genome sequence. 

Because basmati rice has its origins in both the japonica and aus rice groups, there might be 

basmati rice-specific genomic features that were specifically selected only within the basmati rice group. 

Detecting and studying the evolution of these subpopulation-specific features is important for 

understanding the domestication process of each rice variety group and how Asian rice in general was 

domesticated. The Awn3-1 gene deletion was an example of such a feature where the deletion had 

occurred only within the basmati rice group. Compared to awned rice plants, awnless rice with the 

japonica allele had enhanced expression of this gene (Li et al., 2016), suggesting a gene deletion of Awn3-

1 would necessitate another mechanism of shortening awns in the basmati rice group. The awnless 

phenotype is a quantitative trait where many genes are involved in controlling the development of the awn 

structure (Luo et al., 2013; Gu et al., 2015; Hua et al., 2015; Xiong et al., 1999). For one of these genes, 

LABA1, the haplotype carrying the domestication mutation is found in both the japonica and indica rice 

groups (Hua et al., 2015; Choi and Purugganan, 2018) suggesting a single domestication origin for the 

awnless trait. However, here we suggest that since the deletion of the Awn3-1 gene in basmati rice has the 

opposite effect of the enhanced expression of the gene in japonica rice, the evolutionary paths of 

domestication mutations for awn shortening cannot be the same in the basmati and japonica rice groups. 

Thus, there is an at least partially independent domestication history inferred from the genes that control 

the short-awn phenotype. Similar observations have been made for the non-shattering domestication trait, 

where the genes that control seed shattering each have a different selection history (Lin et al., 2007; Li et 

al., 2006; Konishi et al., 2006). Increasing evidence suggests the domestication process of Asian rice is 

more complex (Wang et al., 2018) than the single- versus multiple-origin dichotomy that has dominated 

the debate of its domestication history (Gross and Zhao, 2014). Here, analyzing genome assemblies to 

detect genome-level variations that were largely missed by previous studies would be crucial for our 

understanding of the complex domestication history of Asian rice. 

In conclusion, our study shows that generating a high-quality genome assembly is feasible with 

modest amounts of resources and data. Using nanopore sequencing we were able to generate a contiguous 

genome assembly for a rice cultivar. After our polishing for fixing assembly errors, our reference genome 

sequence has the potential to be an important genomic resource for identifying single nucleotide 
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variations and larger structural variations that are unique to the basmati rice group. Analyzing de novo 

genome assemblies for a larger sample of the Asian rice population will be important for uncovering and 

studying the hidden population genomic variations that were too complex to study with only short-read 

sequencing technology. 

 

 

MATERIALS AND METHODS 

  

Plant material. Basmati 334 (IRGC 27819) is a basmati landrace from Pakistan and was originally 

donated to the International Rice Research Institute (IRRI) by the Agricultural Research Council (ARC) 

in Karachi (donor accession ID: PAK. SR. NO. 39). Seeds from accession IRGC 27819 were obtained 

from the IRRI seed bank, surface-sterilized with bleach, and germinated in the dark on a wet paper towel 

for four days. Seedlings were transplanted individually in pots containing continuously wet soil in a 

greenhouse at New York University’s Center for Genomics and Systems Biology and cultivated under a 

12h day-12h night photoperiod at 30°C. Plants were kept in the dark in a growth cabinet under the same 

climatic conditions for four days prior to tissue harvesting. Continuous darkness induced chloroplast 

degradation, which diminishes the amount of chloroplast DNA that would otherwise end up in the DNA 

extracted from the leaves. 

 

DNA extractions. Thirty-six 100-mg samples (3.6 g total) of leaf tissue from a total of 10 one-month-old 

plants were flash-frozen at harvest and stored at -80ºC. For extraction, samples were ground using mortar 

and pestle in liquid nitrogen. DNA was extracted using the Qiagen DNeasy Plant Mini Kit following the 

manufacturer’s protocol. Yields ranged between 60ng/ul and 150ng/ul. 

 

Library preparation and nanopore sequencing. Genomic DNA was visualized on an agarose gel to 

determine shearing by Covaris g-tube. DNA fragments were size-selected by BluePippin (Sage Science) 

or directly used for library preparation using Oxford Nanopore Technologies’ standard ligation 

sequencing kits SQK-LSK108. FLO-MIN106 (R9.4) and FLO-MIN107 (R9.5) flowcells were used for 

sequencing on either GridION X5 or MinION platform. 

 

Library preparation and Illumina sequencing. Extracted genomic DNA was prepared for short-read 

sequencing using the Illumina Nextera DNA Library Preparation Kit. Sequencing was done on the 

Illumina HiSeq 2500 – HighOutput Mode v3 with 2×100 bp read configuration, at the New York 
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University Genomics Core Facility. A total of 116,689,522 reads with 11,225,650,361 bps were 

generated. 

 

Nanopore sequencing read analysis. After completion of sequencing, the raw signal intensity data was 

used for base calling using the program Albacore ver. 2.1.10 from Oxford Nanopore Technologies. 

Default parameter settings were used for base calling and for flagging reads as “pass” to filter out low-

quality sequencing reads. The NanoPack package (De Coster et al., 2018) was used to calculate the 

statistical summary of the base-called sequencing reads. 

 

Genome assembly. Base-called reads that passed the Albacore filter were used by the program Porechop 

(https://github.com/rrwick/Porechop) to trim adapters at the end of reads. Reads with internal adapters 

were discarded. Genome assembly was conducted using the program Canu ver. 1.6 (Koren et al., 2017) 

assuming a genome size of 380 Mbp for basmati rice. There were 48 cores and 400 GB of memory 

available for Canu during the assembly. We applied the parameters “overlapper=mhap utgReAlign=true” 

to speed up the assembly, as assembly without those parameters took over 6 weeks. The size of the 

resulting assembly was not so different from that of the genome assembly with those options (results not 

shown). 

Genome assembly statistics were calculated using the bbmap stats.sh script from the BBTools 

suite (https://jgi.doe.gov/data-and-tools/bbtools/). Completeness of the genome assembly was evaluated 

using BUSCO ver. 2.0 (Simão et al., 2015). Synteny between the Basmati 334 genome and the japonica 

(Nipponbare) and indica (R498) genomes were visualized using SynMap (Haug-Baltzell et al., 2017) 

from the CoGe web platform (https://genomevolution.org). 

 

Genome polishing. Three different methods were used to polish the genome assembly. Adapter-trimmed 

FASTQ reads from our nanopore sequencing were aligned to the unpolished draft genome assembly using 

bwa-mem ver. 0.7.15 (Li, 2013) with the “–x ont2d” option enabled to align nanopore reads. Nanopolish 

ver. 0.8.5 (Loman et al., 2015) was used for polishing the genome in 50 kbp intervals. 

 The program minimap ver. 0.2-r124-dirty (Li, 2016) was also used to align the same adapter-

trimmed FASTQ reads to the draft genome assembly, which generated a pairwise overlap file. The 

overlaps were used by Racon ver. 1.2.1 (Vaser et al., 2017) to polish the draft genome assembly. 

 Reads from Illunima sequencing were used by bwa-mem to align to the draft genome assembly. 

The alignment file was then used by Pilon ver. 1.22 (Walker et al., 2014) for polishing. 
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 For racon and pilon we implemented an iterative approach for polishing the genome where the 

polished genome assembly was used again for further polishing steps. We implemented a total of 7 

rounds of polishing. 

 

Gene annotation and analysis. Genes were predicted with augustus ver. 3.2.3 (Stanke and Waack, 2003; 

Stanke et al., 2006) using maize gene models as a training set. To differentiate genes from transposable 

elements we used InterProScan (Jones et al., 2014) and annotated potential protein domains for each gene 

model. Gene models that had protein domains with the following terms: "transposable, transposase, 

transposon, retroelement, retroid, retrotransposon, retroviral, retrovirus, LTR" (Zdobnov et al., 2005) 

were assumed to be a transposable element and removed. In addition to select a core set of biologically 

relevant gene models, only genes that had a protein domain annotated in the databases of Pfam (Finn et 

al., 2016), PANTHER (Mi et al., 2017), or SUPERFAMILY (Wilson et al., 2009) were selected. 

 Orthology between the genes from different rice genomes were determined with Orthofinder ver. 

1.1.9 (Emms and Kelly, 2015). Ortholog status were visualized with the UpSetR package (Conway et al., 

2017). 

 

Repetitive DNA annotation. The repeat content of a genome assembly was determined using 

Repeatmasker ver. 4.0.5 (http://www.repeatmasker.org/RMDownload.html). We used the Oryza-specific 

repeat sequences that were identified from Choi et al. (2017) (DOI: 10.5061/dryad.7cr0q), who used 

Repeatmodeler ver. 1.0.8 (http://www.repeatmasker.org/RepeatModeler.html) to annotate repetitive 

elements across wild and domesticated Oryza genomes de novo (Stein et al., 2018). 

 LTR retrotransposons were annotated using the program LTRharvest (Ellinghaus et al., 2008) 

with parameters adapted from Copetti et al. (2015). LTR retrotransposons were classified into 

superfamilies (Wicker et al., 2007) using the program RepeatClassifier from the RepeatModeler suite. 

Insertion times for the LTR retrotransposons were estimated using the DNA divergence between the pair 

of LTR sequences (SanMiguel et al., 1998). The L-INS-I algorithm in the alignment program MAFFT 

ver. 7.154b (Katoh and Standley, 2013) was used. PAML ver. 4.8 (Yang, 2007) was used to estimate the 

DNA divergence between the LTR sequences with the Kimura-2-parameter base substitution 

Model (Kimura, 1980). DNA divergence was converted to divergence time (i.e. time since the insertion of 

a LTR retrotransposon) approximating a base substitution rate of 1.3×10-8 (Ma and Bennetzen, 2004), 

which is two times higher than the synonymous site substitution rate. 

 

Whole genome alignment of Oryza genomes assembled de novo. Several genomes from published 

studies that were assembled de novo were analyzed. These include domesticated Asian rice genomes from 
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the japonica variety group cv. Nipponbare (International Rice Genome Sequencing Project, 2005); the 

indica variety group cvs. 93-11 (Yu et al., 2002), IR8 (Stein et al., 2018), IR64 (Schatz et al., 2014), 

MH63 (Zhang et al., 2016), R498 (Du et al., 2017), and ZS97 (Zhang et al., 2016); the aus variety group 

cvs. DJ123 (Schatz et al., 2014), Kasalath (Sakai et al., 2014), and N22 (Stein et al., 2018); and the 

basmati variety group cv. GP295-1 (Zhao et al., 2018). Three genomes from wild rice species were also 

analyzed; these were O. barthii (Wang et al., 2014), O. nivara (Stein et al., 2018), and O. rufipogon 

(Stein et al., 2018). 

 Alignment of the genomes assembled de novo was conducted using the approach outlined in Choi 

et al., (2017). Briefly, this involved using the japonica (Nipponbare) genome as the reference for aligning 

all other genome assemblies. Alignment between japonica and a query genome was conducted using 

LASTZ ver. 1.03.73 (Harris, 2007), and the alignment blocks were chained together using the UCSC 

Kent utilities (Kent et al., 2003). For japonica genomic regions with multiple chains, the chain with the 

highest alignment score was chosen as the single-most orthologous region. This analyses only one of the 

multiple possibly paralogous regions between japonica and the query genome, but was not expected to 

affect the downstream phylogenomic analysis of determining the origin and evolution of basmati rice. All 

pairwise genome alignments between the japonica and query genomes were combined into a multi-

genome alignment using MULTIZ (Blanchette et al., 2004). 

 

Phylogenomic analysis. The multi-genome alignment was used to reconstruct the phylogenetic 

relationships between the domesticated and wild rices. Four-fold degenerate sites based on the gene 

model of the reference japonica genome were extracted using the msa_view program from the phast 

package ver. 1.4 (Hubisz et al., 2011). The four-fold degenerate sites were used by RAxML ver. 8.2.5 

(Stamatakis, 2014) to build a maximum likelihood-based tree, using a general time-reversible DNA 

substitution model with gamma-distributed rate variation.  

 To investigate the genome-wide landscape of introgression and incomplete lineage sorting we 

examined the phylogenetic topologies of each genes (Martin and Jiggins, 2017). For a three-species 

phylogeny using O. barthii as an outgroup there are three possible topologies. For each gene, topology-

testing methods (Goldman et al., 2000) can be used to determine which topology significantly fits the 

gene of interest (see Choi et al., (2017) for detail). RAxML-estimated site-likelihood values were 

calculated for each gene and the significant topology was determined using the Approximately Unbiased 

(AU) test (Shimodaira, 2002) from the program CONSEL ver 0.20 (Shimodaira and Hasegawa, 2001). 

Genes with AU test results with a likelihood difference of zero were omitted and the topology with an AU 

test p-value of greater then 0.95 was selected. 
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Testing for evidence of admixture. Evidence of admixture between subpopulations was detected using 

the ABBA-BABA test D-statistics (Durand et al., 2011; Green et al., 2010). In a rooted three-taxon 

phylogeny [i.e. “((P1,P2),P3),O” where P1, P2, and P3 are the variety groups of interest and O is 

outgroup O. barthii], admixture can be inferred from the combination of ancestral (“A”) and derived 

(“B”) allelic states of each individual. The ABBA conformation arises when subpopulations P2 and P3 

share derived alleles, while the BABA conformation is found when P1 and P3 share derived alleles. The 

difference in the frequency of the ABBA and BABA conformations is measured by the D-statistics, where 

significantly positive D-statistic indicate admixture between the P2 and P3 variety groups, while 

significantly negative D-statistics indicate admixture between the P1 and P3 variety groups. The genome 

was divided into 1-Mbp bins for jackknife resampling and calculating the standard errors. The 

significance of the D-statistic was calculated using the Z-test, and D-statistics with Z-scores greater than 

|3.9| (p < 0.0001) were considered significant. 

 Admixture can create phylogenetic signals that conflict with the underlying species phylogenetic 

tree. To differentiate the species topology created by lineage splitting events (i.e. speciation events) 

versus relatedness through admixture, we estimated the divergence times of each internal node to infer the 

correct topology that represented the species phylogeny. In a rooted three-taxon phylogeny 

(“((P1,P2),P3),O”), T2 represents the divergence time of the two closely related sister species pair P1 and 

P2; and T1 represents the divergence time of the distantly related species P3. T1 and T2 can be estimated 

from the allele combinations of the biallelic sites, where �� � �
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 (Fontaine et al., 2015). Calculating T1 and T2 for 

the two conflicting topologies, if P3 is the source of introgression to P1 or P2, then T2 will be lower in the 

topology consistent with the introgression; while if P1 or P2 is the source of introgression to P3, then both 

T1 and T2 will be lower in the topology consistent with the introgression (Wu et al., 2018). 

 

Detecting basmati-specific gene deletions. Basmati 334-specific gene deletions were detected and 

verified using several different methods. Initially, we searched the orthofinder results to find orthogroups 

for which there was at least one gene member from each of the genomes of the japonica (Nipponbare), 

indica (R498), and aus (N22) variety groups, but for which there was a gene missing for Basmati 334. We 

made sure that the Basmati 334 gene was indeed missing, and was not falsely inferred as missing due to a 

possible mis-annotation by the gene prediction software, by examining the genome alignments between 

the japonica and Basmati 334 genomes. If the orthologous region in the Basmati 334 genome lacked more 

than 90% of the japonica gene, then the deletion of the gene in Basmati 334 was determined to be “true”, 

and not “false” due to a mis-annotation. 
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 It is also possible a gene was deemed deleted because the region containing the deletion was not 

assembled correctly, and the gene was omitted from the genome alignment and gene annotation steps. To 

check for this possibility we aligned the raw nanopore sequencing reads to the japonica and aus reference 

genomes using ngmlr ver. 0.2.6 (Sedlazeck, Rescheneder, et al., 2018). We then used the long read-

specific structural variation detection program sniffles ver. 1.0.7 (Sedlazeck, Rescheneder, et al., 2018) 

for calling deletions that have occurred in Basmati 334. IGV ver. 2.4 (Robinson et al., 2011) was also 

used to visualize the alignment regions and verify the candidate deletions. Polymorphisms of the Awn3-1 

region was visualized using Rice SNP-Seek Database (Mansueto et al., 2017). 
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Figure Legend 

 

Figure 1. Groups of orthologous genes identified in the domesticated Asian rice genomes of basmati cv. 

Basmati 334, aus cv. N22, indica cv. R498, japonica cv. Nipponbare, and basmati cv. GP295-1. 

 

Figure 2. Repetitive DNA landscape within the Basmati 334 genome. (A) Proportion of repeat family in 

Basmati 334 genome. (B) Distribution of insert time for the Gypsy and Copia LTR retrotransposons. (C) 

Distribution of insertion times for LTR retrotransposons across Oryza species with a de novo genome 

assembly. 

 

Figure 3. Phylogenomics of the Asian rice complex. (A) Maximum-likelihood tree based on four-fold 

degenerate sites. Nodes with bootstrap support less then 100% are indicated. (B) Percentage of genes 

supporting the topology involving japonica cv. Nipponbare (J), basmati cv. Basmati 334 (B), and O. 

rufipogon (R). (C) Estimating the divergence times from two competing topologies involving the 

genomes from japonica (J), basmati (B), and O. rufipogon (R). (D) Percentage of genes supporting the 

topology involving aus cv. N22 (A), basmati cv. Basmati 334 (B), and indica cv. R498 (I). 

 

Figure 4. Visualization of the genome region orthologous to the japonica cv. Nipponbare gene 

Os03g0418600 (Awn3-1) in the basmati cv. Basmati 334 and aus cv. N22 genome region. 

 

Supplemental Figures 

 

Supplemental Figure 1. Genome alignment dotplot comparing the genomes of basmati cv. Basmati 334 

and japonica cv. Nipponbare and indica cv. R498. 

 

Supplemental Figure 2. Distribution of the proportion of missing nucleotides for japonica cv. Nipponbare 

gene models across non-japonica genome gene models. 

 

Supplemental Figure 3. Distribution of the proportion of missing nucleotides for japonica cv. Nipponbare 

gene models in basmati cv. Basmati 334 genome gene models, which were missed by the de novo gene 

annotation program but were detected in genome alignments. 

 

Supplemental Figure 4. Distribution of LTR retrotransposon insertion times for each genome polishing 

steps. 
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Supplemental Figure 5. IGV view of the Awn3-1 region from the genome alignment BAM file generated 

from aligning Basmati 334 reads to japonica cv. Nipponbare and aus cv. N22 reference genomes. 

 

Supplemental Figure 6. Visualization of the SNPs from the 3,010 rice genomes across the Awn3-1 region.
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