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Abstract 

 

As genome sequences are fundamental to many molecular studies, researchers have 

been aggressively pursuing a cost-and-time efficient solution to dissect the complexity 

of genome sequences with the progressively advanced DNA sequencing technologies. 

Over the past decades these have experienced developments from traditional Sanger-

based sequencing to so-called second generation sequencing and recently to third 

generation genomic technologies. Genome assembly is time-consuming and 

expensive for Sanger-based sequencing, or leads to fragmented genome sequences 

when it is based on second generational sequencing. The newly emerging third 

generation genomic technologies including long-read sequencing and long-range 

mapping however promise fast, cost-effective and chromosome-level genome 

assemblies. Long-read sequencings such as PacBio Single Molecular Real-Time 

(SMRT) and Oxford Nanopore sequencing currently generate reads with average 

length of around 10 kb. While long-range mapping technologies like optical mapping 

and chromatin contact sequencing can produce linking information even spanning 

multiple hundred kb or several Mb. 

In this thesis, I will firstly summarize current third generation genomic technologies 

and their applications on plant genome assembly, and discuss how they might 

overcome the assembly challenges of heterozygous and polyploid plant genomes in 

the introduction section. In my first project, to compare the performance on genome 

assembly of these different technologies, I used PacBio long reads, BioNano optical 

mapping and Dovetail chromatin contact data to obtain high-quality assemblies of 

three relatives of the model plant Arabidopsis thaliana. Both of the two long-range 

scaffolding technologies introduced similar improvements to a long-read based 

sequence assembly – not only the assembly contiguity but also the assembly accuracy. 

I also developed workflows to independently integrate optical mapping or chromatin 

contact data into assembly scaffolding. Further integration of these two long-range 



data showed they were complementary in assembly scaffolding.  

 In the second project, I present the assembly and annotation of Arabis 

montbretiana, an annual sister of the perennial plant A. alpina (which assembly was 

introduced in the first project). The two high-quality Arabis genome assemblies allowed 

us to investigate the genomic changes underlying the annuality-perenniality evolution 

transition, and comprehensively characterize introgression lines constructed from the 

two Arabis. Interestingly, comparative genomic analysis between A. montbretiana and 

A. alpina revealed substantial genomic rearrangements including over 1,200 

translocated genes, which introduced heterogeneous copy number variations among 

different introgression lines. 

  



Zusammenfassung 

 

Genomsequenzen sind für viele molekulare Studien von grundlegender Bedeutung. In 

den letzten Jahren wurden immer wieder neue kosten- und zeitsparende Lösungen 

gesucht, um Genomsequenzierung zu effizient und korrekt wie möglich zu gestalten. 

Die Entwicklung der DNA-Sequenzierungsverfahren ging dabei von der traditionellen 

Sanger-basierten Sequenzierung über die sogenannten Sequenzierungen der zweiten 

Generation bis zu den vor kurzem eingeführten Technologien der dritten Generation. 

Genom-Assemblierung mit der ursprünglichen Sanger-basierten Methode war 

zeitaufwändig und teuer, bzw führte basierend auf der zweiten Generation der 

Technologien zu fragmentierten Genomsequenzen. Die neuesten Technologien der 

dritten Generation, also Technologien, die lange DNA Moleküle auslesen können, 

versprechen schnelle, kostengünstige Assemblierung von nahezu vollständigen 

Genomsequenzen. Sequenzierungsmethoden wie PacBio’s Single Molecular Real-

Time (SMRT) und Oxford Nanopore’s MINION Sequenzierungen generieren dabei 

DNA-Sequenzen mit einer durchschnittlichen Lese-Länge von etwa 10 kb. Darüber 

hinaus können Genomkartierungs-Technologien wie Optische Kartierung und 

Chromatin-Kontakt-Sequenzierung Strukturinformation über mehrere hundert kb oder 

mehrere Mb erstellen. 

In dieser Arbeit werde ich zunächst die genomischen Technologien der dritten 

Generation und ihre Anwendungen auf die Pflanzengenom-Assemblierung 

zusammenfassen und diskutieren, wie sie die besonderen Herausforderungen von 

heterozygoten und polyploiden Pflanzengenomen in Einleitung überwinden können. In 

meinem ersten Projekt, beschreibe ich, wie ich zwei der neuen Genomekartierungs-

Technologien im Kontext von der Genomassemblierung von drei Verwandten der 

Modell-Pflanze Arabidopsis thaliana verglichen habe. Beide Technologien führten zu 

ähnlichen Verbesserungen der Assemblierungsqualität. Darüber hinaus habe ich 

Workflows entwickelt, um beide Technologien zu integrieren, umso die Assemblierung 

nochmals zu verbessern.  



Im zweiten Projekt stelle ich die Genomassemblierung und Annotation von Arabis 

montbretiana vor. A. montbretiana ist eine einjährige Schwester der mehrjährigen 

Pflanze A. alpina (deren Genomassemblierung in meinem ersten Projekt beschrieben 

ist). Die beiden hochwertigen Arabis-Genom-Assemblierungen ermöglichten es uns, 

die genomische Basis zu untersuchen, die der unterschiedlichen Evolutionen der 

beiden Pflanzen zugrunde liegt. Interessanterweise zeigte die vergleichende 

genomische Analyse zwischen A. montbretiana und A. alpina wesentliche genomische 

Umlagerungen, darunter über 1.200 translozierte Gene, die heterogene Variationen in 

den Nachkommen einer Kreuzung aus den beiden Arten erzeugt.  
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 1 

1 Introduction 

Since the DNA structure was firstly discovered in 1953 (Watson and Crick 1953), 

numerous marvelous technologies have been developed to dissect the complexity of 

genome sequences. The first generation sequencing technology appeared around 

forty years ago, and was improved to perform automatically at large-scale (Sanger et 

al. 1977; Swerdlow et al. 1990; Hunkapiller et al. 1991), which paved the start of the 

era of genomics. However, Sanger sequencing is time-consuming and expensive. 

Later, cheap high-throughput, so-call second (or next) generation sequencing (NGS) 

were introduced including 454, Illumina and SOLiD technologies, and soon applied for 

various omics-based studies such as genomics, transcriptomics, or epigenomics 

(Shendure and Ji 2008). The read length of NGS is typically up to multiple hundred bp, 

which affects the performance of some applications such as the high-quality assembly 

of genome sequences and the identification of large structural variation (SV). In the 

recent years, long read sequencing technologies like PacBio Single Molecular Real-

Time (SMRT) sequencing and Oxford Nanopore sequencing have been developed to 

overcome the limitations of NGS, promising one assembly contig per chromosome. 

Besides, other long-range mapping technologies including optical mapping, dilution-

based lined-read sequencing and proximity ligation-based sequencing, also emerge to 

support chromosome-level genome assembly, haplotyping of diploid genomes and 

detection of large SV. These long-read sequencing and long-range mapping methods 

are collectively referred to as third generation genomic technologies. 

1.1 The impact of third generation genomic technologies on plant 

genome assembly 

 

This chapter section 1.1 was the basis of a manuscript that was published as an 

overview article in Current Opinion in Plant Biology (Jiao and Schneeberger 2017), 

which lists me as first author.  

 

As the expense of genome sequencing decreases substantially in the past ten years, 

around 200 plant genome reference sequences have been assembled until now (as of 

March 2017; www.plabipd.de), and de novo assemblies of multiple individuals within 

the same species have been reported in recent years (Zapata et al. 2016; Schatz et 
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al. 2014; Zhang et al. 2016; Li et al. 2014; Hirsch et al. 2016). However, only a few of 

them are assembled on chromosome-level (e.g. (The Arabidopsis Genome Initiative 

2000; International Rice Genome Sequencing Project 2005; Schnable et al. 2009)). 

Most of them are assembled by using short reads and greatly fragmented. 

These poor assembles are typically caused by the intrinsic features of plant 

genomes (Schatz et al. 2012), which often present greatly repetitive sequences, huge 

genome size (Neale et al. 2014; Nystedt et al. 2013), and complex polyploid nature 

(Salman-Minkov et al. 2016). These features are also reflected by the repetitiveness 

analysis, which obviously indicates that the assembly of plant genome is challenging 

and even more difficult comparing to vertebrate genome assembly (Fig. 1). Recently, 

increasing number of high-quality or even chromosome-level genome assembly are 

reached (Koren and Phillippy 2015), by using the third generation genomic 

technologies including long-read sequencing (Eid et al. 2009; Deamer et al. 2016; 

McCoy et al. 2014) and long-range scaffolding methods (Amini et al. 2014; Burton et 

al. 2013; Schwartz et al. 1993; Zheng et al. 2016). In this first section of the introduction, 

I will briefly introduce several third generation genomic technologies and focus on their 

applications for plant genome assembly. 

 

 

Figure 1 Comparison of size and repetitiveness of plant and vertebrate genomes. 

The figure is from (Jiao and Schneeberger 2017). In total, repeat and genome size of 44 

plant and 68 vertebrate genome assemblies are analyzed. Plant genomes generally has 

higher repetitiveness than vertebrates and the repetitiveness is more correlated to genome 
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size. The assembly of plant genome is challenged not only by genome size but also by 

higher levels of repetitiveness. (All genome sequences are from the database of Ensembl 

Genomes release 32 (Kersey et al. 2016); The repetitiveness in each assembly was 

calculated based on the percentage of unique 31-mers of all 31-mers; dashed lines indicate 

the data follows a polynomial regression) 

 

1.1.1 Long-read sequencing technologies  

Several long-read sequencing technologies have been developed and applied 

commercially. Among of them, Pacific Biosciences’ (www.pacb.com) Single Molecule 

Real-Time (SMRT) sequencing is the most-widely used, with an average read length 

of nearly 20kb and a maximum length of more than 60kb currently ( Eid et al. 2009; 

Kim et al. 2014; VanBuren et al. 2015). It generates raw reads with error rates of up to 

15% which is much less accurately than Sanger or second generation sequencing. 

However, these long error-prone reads can be corrected either by short sequencing 

reads (Koren et al. 2012; Bashir et al. 2012) or self-correction with sufficient 

sequencing coverage (Chin et al. 2013; Koren et al. 2013), enabling genome 

assemblies with a sequence accuracy more than 99.999%, simply by running 

assembly tools, such as FALCON or PBcR(MHAP) (Chin et al. 2016; Berlin et al. 2015). 

As the PacBio sequencing are still expensive especially for assembling large genomes, 

lower sequencing depth of long reads are often applied for assembly improvement by 

gap closure or scaffolding (Zapata et al. 2016; Bombarely et al. 2016; Yang et al. 2016). 

Not like de novo assemblies, typically single software tools are used to integrate such 

data (English et al. 2012; Bashir et al. 2012).  

So far, a few of genomes have been assembled from PacBio data alone including 

several plants such as Arabidopsis thaliana (Berlin et al. 2015) , Oropetium thomaeum 

(VanBuren et al. 2015). The Arabidopsis genome of accession Ler-0 was assembled 

at nearly chromosome-arm level, while the 245Mb O. thomaeum genome presented a 

contig N50 of 2.4Mb. Such assembly contiguities were never approximated only by 

short-read data without scaffolding using long-range read pairs before (Hoshino et al. 

2016). Apart from contiguity, PacBio assemblies have less gaps and cover more 

genomic space. For example, the PacBio reads based assembly of Arabis alpina, was 

337Mb long, 30Mb longer than an earlier Illumina short-read assembly, while the gaps 

percent decreased from 9.2% to 3.3% (Willing et al. 2015; Jiao et al. 2017). However, 

the PacBio contigs could have some misassemblies, where two or more regions were 

mis-joined due to substantially high transposon elements (Jiao et al. 2017). Besides, 

a few of residual errors of single nucleotide or short InDels still exist in the PacBio 

http://www.pacb.com/
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assembly, which can be further corrected with modest depth of short-read sequencing 

(Jiao et al. 2017).  

In addition, two other long-read sequencing technologies are commercially 

available. One is called nanopore sequencing developed by Oxford Nanopore 

Technologies  (www.nanoporetech.com), which released their first sequencing 

system in 2014 (Deamer et al. 2016; Quick et al. 2014). In nanopore sequencing, single 

DNA molecules pass through voltage-biased nano-scale holes, made from proteins 

puncturing membranes or solid materials, where the change of ironic current created 

by individual nucleotides are measured to identify that molecule. In theory, the 

nanopore sequencing read length is only limited by the DNA fragment length as the 

system can process DNA molecules with any length. While Nanopore reads reported 

recently have similar average read length and nucleotide accuracy compared to 

PacBio, and longest length over 200kb. First whole-genome assemblies using Oxford 

Nanopore data were from fungal by hybrid correction using short sequencing data or 

bacterial by self-correction with sequencing depth nearly 30x , which had contig N50 

of 678 kb for fugal genomes, and a single contig for an E. coli genome with nucleotide 

accuracy more than 99.9% (Loman et al. 2015; Goodwin et al. 2015).  

Another long-read technology is Illumina’s Synthetic Long-Reads (SLR) system 

(www.illumina.com), which specifically assemble long reads from Illumina short reads 

(Voskoboynik et al. 2013; McCoy et al. 2014). In this technology, the large DNA 

fragments of ~10 kb are distributed into 384-well plates such that each well only 

contains a very small fraction of genome. Thus overlapping fragments in one well are 

unlikely from the same region. Next, these fragments are amplified by PCR, connected 

with a unique barcode for each well, and sequenced on an Illumina platform. Finally, 

the SLRs can be assembled from these short reads originating from the same well with 

same barcode. Recent reports showed SLR had length ranging from 2 to 18 kb and 

nucleotide accuracy of over 99.9%, much higher than that of PacBio or nanopore reads 

(Li et al. 2015b; McCoy et al. 2014). However, substantially higher amounts of short 

reads with multiple hundred-fold sequencing depth are required to generate SLRs for 

genome de novo assembly. And it is not clear whether reads of 10 kb level can be 

assembled in highly repetitive regions or genomes. Besides, a recent research 

revealed considerable misassemblies in C. elegans genome assembly from SLRs (Li 

et al. 2015b). However, the shortcomings of assembly tools might also result in 

misassemblies, implying more advanced algorithms especially for SLRs de novo 

assembly are needed, as shown in a recently developed method (Bankevich and 

Pevzner 2016). All these might limit it to be widely applied for whole genome assembly. 

Until now, this technology has only been used to assemble several hundred-Mb 

http://www.nanoporetech.com/
http://www.illumina.com/
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eukaryotic genomes (McCoy et al. 2014; Voskoboynik et al. 2013) and improve the 

assembly of a maize genome (Hirsch et al. 2016).  

1.1.2 Long-range scaffolding technologies 

Even though the long-read DNA sequencing exhibits remarkable progresses and 

advantages, it is still hard to obtain chromosome-level genome assembly only using 

long reads. Traditionally, the initial assembly contigs are further scaffolded to improve 

assembly contiguity, which can be typically conducted by using paired reads with 

fragment insert size ranging from several hundred bp to ~100 kb (Roach et al. 1995). 

Longer range of read pairs from BAC or forsmid ends are more powerful to overpass 

long repeats (Nagarajan and Pop 2013). In addition, genetic or physical maps are often 

used to generate a chromosome-level assembly. However, several new long-range 

genomic technologies are recently introduced to improve assembly scaffolding 

impressively, promising to eventually replace genetic and physical maps. 

The first one is optical mapping which can generate ordered restriction maps of 

DNA molecules with length up to several hundred kb (Schwartz et al. 1993; Lam et al. 

2012). Although it was already invented in 1993, the high-throughput platforms 

including Irys system (BioNano Genomics, bionanogenomics.com) and Argus system 

from (OptGen: www.opgen.com), emerged only a few years ago. This technology can 

measure the physical distances of restriction enzyme cut sites on DNA molecules using 

fluorescently marked enzymes. The individual optical maps can be assembled into 

consensus maps to scaffold primary contigs or identify large and complex structural 

variations (Kawakatsu et al. 2016; Chamala et al. 2013; Tang et al. 2014; Nagarajan 

et al. 2008; Yang et al. 2016; VanBuren et al. 2015). Another review has summarized 

the applications of optical mapping to plant genomic studies in detail (Tang et al. 2014). 

Unlike sequencing reads assembly typically fragmented by repeats, optical map 

assemblies are biased to break at regions with two restriction sites closely located on 

opposite strand (Pendleton et al. 2015), suggesting sequencing data and optical maps 

can be efficiently combined to improve assembly contiguity. While this performance of 

assembly improvement relies on the contiguity of prior sequencing assembly and also 

the optical consensus maps themselves (Tang et al. 2014; Zhou et al. 2007). One 

powerful combination is to use optical maps to scaffold long-read assembly contigs, as 

applied on several plant genomes (Jiao et al. 2017). Besides, optical maps can also 

help to find and correct misassemblies (Yang et al. 2016; Hastie et al. 2013). By 

breaking misassembled contigs or scaffolds, it even generated longer scaffolds (Jiao 

et al. 2017). Intriguingly, the errors in optical consensus maps could be also identified 

http://bionanogenomics.com/
http://www.opgen.com/
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by sequence contigs. However, the current combining strategies seldom integrate de 

novo assembly of sequencing reads while simultaneously include optical maps to 

disentangle the assembly graph (Lin et al. 2012).   

Another method to enable chromosome-scale assembly is using chromosome 

conformation capture sequencing (Hi-C). Hi-C is initially used to detangle the three-

dimensional architecture of chromosomes, where spatially close DNA regions are 

ligated and sequenced using paired-end sequencing (Lieberman-aiden et al. 2009). 

Most of Hi-C read pairs are from two closely linked regions, although not all of them 

are close in linear chromosomes. Besides, the contact frequency of distinct regions 

generally decreases in proportion to the linear distance and intra-chromosome regions 

interact more frequently than that from different chromosomes. Therefore, the Hi-C 

read pairs can provide from mid-range to long-range, even centromere-spanning 

information of linear distance of interacting regions, which can be utilized to do 

assembly scaffolding (Burton et al. 2013; Selvaraj et al. 2013). Recently Dovetail 

Genomics (www.dovetailgenomics.com) introduced a modified Hi-C protocol called 

Chicago, which is based on in vitro reconstituted chromatin to remove confounding 

biological signals (Putnam et al. 2016). The Chicago sequencing data integration for 

scaffolding also contains two steps. The misassembled regions of initial assembly are 

identified and broken firstly, and the resulting contigs are scaffolded. A recent study 

showed the Dovetail read pairs could generate similar improvement of assembly 

contiguity compared to optical consensus maps (Jiao et al. 2017). Moreover, they can 

be combined to further increase the assembly contiguity as they help connecting 

different complex regions of the genomes (Jiao et al. 2017). 

The last remarkable technology is a microfluidics-based sequencing developed by 

10X Genomics (www.10xgenomics.com) based on the GemCode technology. In their 

system, DNA fragments with size 50kb or longer are dispersed into over 10,000 droplet 

partitions, then barcoded and pooled together to conduct Illumina short-read 

sequencing (Zheng et al. 2016). The newest system called “Chromium” utilizes an 

updated partitioning system with approximately one million partitions (Weisenfeld et al. 

2016). This technology is conceptually similar to Illumina’s SLRs and long fragment 

read (LFR) technology introduced by Complete Genomics 

(www.completegenomics.com) (Peters et al. 2012). However, it does not attempt to 

assemble individual fragment since each fragment is sequenced at shallow coverage, 

but generates Linked-Reads amplified from the same DNA fragment with the same 

barcode. These Linked-Reads can be used to scaffold initial assembly sequences, 

identify large structural variations and do haplotype phasing. It is noteworthy that the 

10X Genomics recently developed a software called Supernova to utilize Linked-

http://www.dovetailgenomics.com/
http://www.10xgenomics.com/
http://www.completegenomics.com/
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Reads for whole genome de novo assembly of diploids (Weisenfeld et al. 2016). With 

this new method, they assembled seven human genomes with contig N50 over 100kb 

and scaffold N50 close to 20 Mb. These assemblies showed significantly higher 

scaffold contiguity compared to previous PacBio assemblies, while only requiring 

modest coverage (~56x) on cheaper Illumina sequencing platforms. Notably, current 

10X Linked-Reads data has only been successfully applied to human genome de novo 

assembly. It is still not clear whether it can effectively assemble other non-human 

genomes.  

1.1.3 Assembly of heterozygous and polyploid genomes 

Most of already sequenced plant genomes are performed on inbred or homozygous 

lines. In theory, the long read sequencing should be effective to assemble both 

haplotypes of a heterozygous diploid genome as long reads can span the repetitive 

and polymorphic regions. One recent study released a diploid-aware assembler 

FALCON and an associated haplotyping tool FALCON-Unzip, to assemble haplotype 

contigs (Chin et al. 2016). By using this method, an Arabidopsis F1 hybrid and a 

heterozygous grapevine accession were assembled with haplotype contig N50 of 6.9 

and 0.8 Mb, respectively (Chin et al. 2016). Besides, long-range scaffolding 

technologies have also been used for inferring haplotypes including chromatin contact 

sequencing (Burton et al. 2013; Selvaraj et al. 2013; Putnam et al. 2016) or dilution-

based haplotype methods (Kaper et al. 2013; Kitzman et al. 2011; Amini et al. 2014; 

Snyder et al. 2015). For example, 10X Genomics’ Linked-Reads were utilized to 

assemble seven human genomes with the algorithms Supernova, reached phased 

scaffold N50 values of up to 9 Mb (Weisenfeld et al. 2016). 

Additionally, substantial plant genomes are polyploid which can lead to similar 

challenges as heterozygous genomes. Similarly, algorithms dedicated for diploid 

haplotype assembly may be adjusted to assemble homeologous chromosomes of 

polyploidy genomes. So far, there are no algorithms tailored to assemble allopolyploids 

or autopolyploids. However, the assembly of several allopolyploids showed 

surprisingly high assembly contiguity even using the same assembly methods as for 

diploid genomes (Chalhoub et al. 2014; Yang et al. 2016; Zhang et al. 2015; Li et al. 

2015a; Jarvis et al. 2017). For example, the recent assembly of Chenopodium quinoa, 

a 1.5 Gb allotetraploid, was assembled with scaffold N50 of 3.8 Mb by using PacBio 

SMRT sequencing, BioNano Optical Mapping and Dovetail Hi-C data (Jarvis et al. 

2017). This suggests the homeologous chromosome in allopolyploid have sufficiently 

high sequence divergence to be distinguished and assembled separately by normal 
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assembly methods. Even the 17 Gb hexaploid wheat genome was sequenced on 

Illumina short-read sequencing platforms to cover the most of gene space. 

Unlike allopolyploid, the homeologous chromosomes of autopolyploid plant 

genomes have high sequence similarity, making them difficult to be reconstructed 

separately. Previously, such plant genomes like potato were sequenced on diploid or 

haploid lines (Potato and Sequencing 2011). In theory, the algorithms designed for 

assembly haplotypes of diploid could be modified for autopolyploid genomes to phase 

polymorphic sites while the efficiency may depend on the level of sequence similarity 

of the homeologous chromosomes. There is no doubting that the long-read 

sequencing or long-range mapping will help bridging adjacent polymorphic sites and 

eventually reconstructing individual homeologs. 

1.1.4 Final remarks 

In conclusions, new third generation genomic technologies enable high-quality 

genome assembly. Integrating multiple long-read sequencing or long-range scaffolding 

technologies promise chromosome-level and near complete assembly for small 

genomes or even some large and highly repetitive genomes. There may be a trend 

towards generating multiple genome assemblies within the same species using third 

generation genomic technologies, which will influence current researches mainly 

based on one reference assembly and also challenge the computational analysis when 

multiple reference sequences are included (Schneeberger et al. 2009; Iqbal et al. 

2012).   

In the future, population-scale de novo assembly of each individual may emerge 

as resequencing based analysis often miss complex polymorphic genomic regions. 

Considering the current assembly costs, the 10X Genomics Chromium system is 

potentially to be applied on such population-scale of assembly. As the genomic 

technologies advance, the appearance of large panels of assemblies may end the 

resequencing era and enable direct whole-genome comparisons. 

1.2 High-quality plant genome assembly using long-read sequencing 

and long-range scaffolding technologies 

This section (1.2) was the basis a manuscript which was published into a research 

article in Genome Research (Jiao et al. 2017), which lists me as first author. All the 

analysis results not generated by me were not shown here. Data from my colleagues 

or my collaborators was clearly pointed out as described in the corresponding 

subsections of 3.1.  
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In the past decade, the low-cost and short-read next generation sequencing 

technologies have allowed for the generation of thousands of eukaryotic genome 

assemblies, but frequently with low contiguity, which greatly limits genome-based 

downstream analyses. Recently two long-read sequencing technologies, namely 

Single Molecular Real Time (SMRT) sequencing from Pacific Biosciences (PacBio) 

(Eid et al. 2009) and nanopore sequencing from Oxford Nanopore, have been 

introduced to reach high-contiguity genome assembly. These two different 

technologies can generate reads with average length of up to 20kb, though the reads 

have error rates of nearly 15%, the final assembly accuracy is similar with the gold 

standard reference assembled from Sanger sequencing reads (Quick et al. 2014; 

Koren and Phillippy 2015; Berlin et al. 2015). 

Long reads can span most of repetitive regions, which typically result in thousands 

of fragmented contigs in short read assemblies. Particularly, plant genomes frequently 

have high percent of transposon elements and present more repetitive k-mers 

compared to mammalian genomes (Nordström et al. 2013). Recently a few of high-

quality genome assemblies of plants were achieved only by PacBio sequencing. These 
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included Arabdopsis thaliana (Landsberg erecta) with 38 contigs and an N50 of 11.2 

Mb (Berlin et al. 2015) and Oropetium thomaeum, with 625 contigs and an N50 of 2.4 

Mb (VanBuren et al. 2015). 

To reach chromosome-level assembly, mapping information that order and 

orientate the contigs into the correct positions of chromosome is often necessary. In 

the past, this can be done using time-consuming genetic maps, but many contigs from 

heterochromatic regions cannot be anchored, as these regions lack meiotic 

recombination. Moreover, cytogenetic methods such as comparative chromosome 

painting are also applied to link contigs to their genome regions (Schranz et al. 2006); 

while they still require many experiments and have low resolution (Willing et al. 2015). 

In addition, reads pairs sequenced from the two ends of DNA fragment with roughly 

known size can also help anchoring contigs (Roach et al. 1995). Particularly, reads 

pairs from long DNA fragments such as BAC ends, can greatly improve the assembly 

contiguity. 

Fortunately, two recently developed high throughput genomic technologies show 

remarkable improvements on assembly scaffolding and possibly reach chromosome-

level genome assembly. One is optical mapping, which was invented more than twenty 

years ago  (Schwartz et al. 1993) and was improved to high-throughput automatic 

platforms, like the Irys system introduced by BioNano Genomics (Tang et al. 2015). In 

this technology, restriction enzyme cutting site on long DNA fragments of several 

hundred kb can be imaged. The physical distances of adjacent cutting sites can be 

evaluated based on the pixel distance on image (Lam et al. 2012). Such order and 

distance information of restriction sites can be further assembled into genome-wide 

consensus maps, which can be then used to scaffold primary assembly contigs. 

Another technology developed by Dovetail Genomics, is called the Chicago, which is 

similar with the Hi-C technology, but simplified using in vitro reconstituted chromatin. 

Such sequencing read pairs can bridge genome regions separated by several kb to 

several hundred kb, which enables long-range scaffolding. It has been reported the 

assembly scaffold N50 of a human genome was improved from 33kb to 43 Mb. 

(Putnam et al. 2016).  

However, it is still not clear whether the optical mapping and the Hi-C data can 

generate the similar improvement of assembly quality, as no direct comparison 

between assemblies on the same species is available. Besides, there are no 

comparisons of the same technology applied on the assembly of genomes with 

different structures or organizations. Furthermore, accurate chromosome-level 

assemblies are very important for comparative genomics studies like chromosome 

karyotype evolution. Therefore, in the first project of my thesis I will focus on these to 
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compare the performance of different long-range scaffolding technologies in different 

plant genomes and show how to approximate chromosome-level assemblies by 

integrating these technologies.  

1.3 Genomic study on closely related plant species 

As the cost of de novo assembly of genomes rapidly reduces, the community attempt 

to simultaneously or gradually sequence closely related plant species, shedding 

genomic insights on the evolution of important traits, such as genome size changes 

like it was shown in the comparison of A. thaliana and A. lyrata (Hu et al. 2011) or for 

mating system divergence in Capsella (Slotte et al. 2013). These closely related plant 

species frequently present substantial divergence in their phenotypes as well as 

genome sequences even after relatively short evolutionary time-scales. For example, 

A. thaliana and A. lyrata, which diverges only 10 million years ago, have considerable 

differences on genome size, chromosome karyotype, reproduction system and life 

cycle.  

As the closely related sister species have different trait expressions, inter-specific 

experimental populations like recombinant inbreed lines (RILs) or introgression lines 

(ILs) are frequently constructed for breeding studies and quantitative trait locus (QTL) 

analyses. Inter-specific hybridization has been widely applied to plant species 

including some important crops (Zamir 2001; Baack and Rieseberg 2007), such as rice 

(Moncada et al. 2001), soybean (Wang et al. 2004) and tomato (Eshed and Zamir 

1995). Typically, the genome of only of the parents is considered as genome assembly 

is still tedious. In the consequence not all of genetic information of the parents are 

covered. Particularly, when the two parental genomes have high level of genome 

sequences diverge such as sequence insertions, deletions, inversions or 

translocations, it will affect the normal sequencing-read-based analysis due to incorrect 

alignment of reads from genome rearranged regions (Qi et al. 2014). Furthermore, 

comprehensive characterization of genome sequence divergence requires high-quality 

chromosome-scale genome assembly of both parents. To achieve chromosome-scale 

assembly, researchers traditionally use methods including time-consuming genetic 

maps from RFLP markers or high throughput SNP markers (Lander and Botstein 1989; 

Baird et al. 2008; Elshire et al. 2011; Fierst 2015), cytogenetic maps from comparative 

chromosome painting (CCP) (Scherthan et al. 1994; Schranz et al. 2006; Slotte et al. 

2013; Willing et al. 2015) or synteny with closed species genomes (Kim et al. 2013b; 

Tamazian et al. 2016; Damas et al. 2016). As a result of extraordinary advancement of 

third generation genomic technologies, chromosome-level assembly of plant genomes 
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will appear without using above traditional methods in the near future (Koren and 

Phillippy 2015) , although they still cannot assemble each chromosome sequence 

alone.   

One of the most striking traits in plants is life cycle divergence between annuality 

and perenniality which occurs frequently among angiosperm species. Annual plants 

complete their life history within one year while perennial plants can live for many years. 

Interestingly, one species can exhibit annual and perennial ecotypes depending on the 

local environment, which has been observed among several species such as monkey 

flower (Hall and Willis 2006). Besides, closely related species can also exhibit 

differentiation of life-cycle (Datson et al. 2008; Karl and Koch 2013). For example, 

numerous genera in the family Brassicaceae contain both annual and perennial 

species, like Arabidopsis, Brassica and Arabis. However, the transition direction of 

annuality-perenniality is still controversial (Friedman and Rubin 2015), as both 

transition directions were indicated (Datson et al. 2008; Bena et al. 1998; Tank and 

Olmstead 2008; Stebbins 1957). A large tribe called Arabideae in the Brassicaceae 

encompasses wide and independent evolutionary transitions between annuality and 

perenniality (Karl and Koch 2013), which provides powerful resources for investigating 

the causes, consequences and directions of life cycle transitions within relatively 

evolutionary short time scales.  

One of the perennial Arabideae species Arabis alpina (2n=2x=16) is used as a 

model to study genetic basis of perenniality and was the only assembled genome 

among the Arabideae (Willing et al. 2015; Jiao et al. 2017). Intriguingly, phylogenetic 

analysis has revealed a sister species Arabis montbretiana (2n=2x=16), which is 

annual and approximately diverged 3-5 Mya ago, while one of their common sisters 

Arabis nordmanniana is perennial (Karl and Koch 2013). Besides the life-cycle 

divergence, great genome structure differentiation might also occur during evolution, 

as the estimated genome size of A. montbretiana is 275 Mb (Hoffmann et al. 2010), 

and thereby much smaller than the 372 Mb as estimated for A. alpina (Lysak et al. 

2009). However, comprehensive elucidation of the evolutionary life-cycle transition 

requires more genome assemblies and population genetic resources as highlighted in 

other studies on the ongoing transition from outcrossing to selfing as observed in 

Capsella (Slotte et al. 2013). 

Therefore, in the second project “Comparative genomic and genotypic 

characterization of annual-perennial interspecific introgression lines constructed from 

two divergent Arabis species”, I will work on the comparative genomics of two divergent 

Arabis species, A. alpina and A. montbretiana and genotypic characterization of their 

inter-specific introgression population. 
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1.4 Thesis aims 

My thesis includes two projects. The first project is mainly about how to obtain high 

quality genome assemblies of plant species using third generation genomic 

technologies of long-read sequencing, optical mapping and chromatin conformation 

capture sequencing. And the second project is “Comparative genomic and genotypic 

characterization of annual-perennial interspecific introgression lines constructed from 

two divergent Arabis species”.  

In the first project, I will select three Brassicaceae genomes with different genome 

size and repetitive sequence percent for my research. I will present how to get initial 

high-quality genome assemblies using PacBio sequencing and also compare the 

assembly scaffolding performance of Bionano optical mapping and Dovetail Genomics’ 

chromatin capture data in different integrating strategies. And I will also try to integrate 

optical mapping and Dovetail scaffolding data to further increase assembly contiguity 

and accuracy. Apart from improvements of assembly contiguity, I will also focus on the 

assembly correctness. The accuracy of each intermediate assembly during initial 

assembling and scaffolding will be carefully evaluated and improved by utilizing 

Illumina short reads, Illumina mate-pair reads and a genetic map.   

In the second project, I mainly characterize the genomic divergence and between 

two Arabis species and genotypic patterns among their interspecific introgression lines. 

To reveal the complex genetic mechanism underlying annuality-perenniality life-cycle 

divergence, our collaborators have constructed an introgression population by 

introgressing the A. montbretiana genome into the genome of A. alpina. To help to 

detangle genotypes correlating with the diversity on flowering related phenotypes, 

Genotyping by sequencing (GBS) was performed on an introgression population. 

Besides, as one reference genome sequence of parents cannot completely represent 

the parental genomic information and will affect downstream genomic data analysis, I 

will also attempt a chromosome-level assembly of A. montbretiana genome based on 

cytogenetic maps and GBS analysis. With these chromosome-level assembly of two 

Arabis, I can comprehensively characterize the genomic rearrangements emerging 

during evolutionary life-cycle transition and the genotypic patterns of population 

genotyping, which will be helpful for understanding the underlying mechanism of 

annuality-perenniality life-cycle transition. 
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2 Results  

2.1 High-quality plant genome assembly using long-read sequencing 

and long-range scaffolding technologies 

This results section (2.1) was the basis a manuscript which was published into a 

research article in Genome Research (Jiao et al. 2017), which lists me as first author. 

All the analysis results not generated by me were not shown here. Data from my 

colleagues or my collaborators was clearly pointed out as described in the 

corresponding subsections of 3.1.  

 

Authors list (Jiao et al. 2017): 

Wen-Biao Jiao1, Gonzalo Garcia Accinelli2, Benjamin Hartwig1, Christiane Kiefer1, 

David Baker2, Edouard Severing1, Eva-Maria Willing1, Mathieu Piednoel1, Stefan 

Woetzel1, Eva Madrid-Herrero1, Bruno Huettel3, Ulrike Hümann1, Richard Reinhard3, 

Marcus A. Koch4, Daniel Swan2, Bernardo Clavijo2, George Coupland1, Korbinian 

Schneeberger1 

 

Author affiliations: 
1 Department of Plant Developmental Biology, Max Planck Institute for Plant Breeding 

Research, 50829 Cologne, Germany. 2 Earlham Institute, Norwich Research Park, 

Norwich, NR4 7UH, UK. 3 Max Planck-Genome-center Cologne, Carl-von-Linné-Weg 

10, 50829 Cologne, Germany. 4 Department of Biodiversity and Plant Systematics, 

Centre for Organismal Studies (COS) Heidelberg, Heidelberg University, 69120 

Heidelberg, Germany. 

 

Authors contributions (Jiao et al. 2017):  

Conceived and designed the project: KS, WBJ. Sample preparation: BHartwig, CK, 

SW, UH, MAK. PacBio sequencing: BHuettel, RR. Optical mapping: DB, DS. Genetic 

map: ES, EMH, GC. Data analysis: WBJ, GGA, EMW, MP, BC. Wrote the paper: KS, 

WBJ with help of all other authors. 

 

2.1.1 Long-read assembly of three plant genomes 

Three diploid inbred plants from the Brassicaceae family including A. alpina, Euclidium 

syriacum, and Conringia planisiliqua were selected for genome de novo assembly. A. 
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alpina has been used as a model for studying perennial flowering. The other two 

species represent different phylogenetic lineages of Brassicaceae. For all of them, 

PacBio sequencing data were produced on PacBio RSII system using P6-C4 chemistry. 

The filtered subreads had an average length of 8.5 kb, 6.9 kb and 7.9 kb, and N50 

length of 11.3 kb, 10.8 kb and 11.1 kb (Table 1, Fig. 2). The sequence coverage of 

them were about 86x, 47x and 54x, calculated based on the previously estimated 

genome sizes of 370 Mb, 262 Mb and 224 Mb (Hohmann et al. 2015).  

 

 

Figure 2 Length distribution of PacBio filtered subreads for the three genomes. 

(from Jiao et al. 2017) 
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Table 1 PacBio raw polymerase reads and filtered subreads statistics. (from Jiao 

et al. 2017) 

 A. alpina  E. syriacum  C. planisiliqua 

 raw reads subreads  raw reads subreads  raw reads subreads 

SMRT Cells 35 35  30 30  18 18 

Total bases (Gb) 38.4 32.1  14.7 12.3  12.7 12 

Total number (M) 5.3 3.8  4.5 1.8  2.7 1.5 

Length N50 (kb) 18.7 11.3  10.4 10.8  14.5 11.1 

Length mean (kb) 7.3 8.5  3.3 6.9  4.7 7.9 

Coverage 102.3 85.5  55.6 46.6  56.6 53.5 

  

To do de novo assembly, two different tools Falcon (Chin et al. 2016) and PBcR (Berlin 

et al. 2015) were used, and followed by two polishing steps with raw PacBio subreads 

and Illumina paired-end reads, respectively (Table 2). For all three genomes, Falcon 

generated fewer contigs compared to PBcR, especially for E. syriacum, where the 

number of contigs assembled by Falcon was only about 25% of that assembled by 

PBcR. The total lengths of contigs from Falcon and PBcR were very similar in the 

assembly of E. syriacum and C. planisiliqua, while for A. alpina the assembly 

generated by Falcon revealed 19 Mb fewer sequences than PBcR. For the three 

genomes of A. alpina, E. syriacum, and C. planisiliqua, Falcon assembly had N50 

values of 770kb, 3.3 Mb and 3.6 Mb (L50: 121, 14 and 14), while PBcR had N50 values 

of 914 kb, 975 kb and 1.5 Mb (L50: 99, 51 and 23) (Table 2, Fig. 3 A-C).  

The assembly contiguity is normally characterized as contig or scaffolds N50 and 

L50. However, for genomes with multiple chromosomes, these statistics cannot come 

at their theoretical optimum. For example, L50 should be 1 in such case. In addition, 

they cannot reflect the assembly contiguity of individual chromosomes. To improve this, 

chromosome-N50 (CN50) and chromosome-L50 (L50) were introduced to estimate the 

median assembly contiguity (N50) of each chromosome assuming chromosomes have 

equal length and assembly quality. I found the CN50 of contigs was close to N50 of 

contigs, however, the CL50 could reach the optimum value of 1. For instance, the L50 

of C. planisiliqua Falcon assembly was 14, while the CL50 was only 2. This CL50 

number suggested that half of chromosomes were assembled into not more than two 

contigs, which could not be indicated from the L50 value alone. 
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Figure 3 Assembly results and strategies. (from Jiao et al. 2017) 

(A-C) Assembly contiguity of the assemblies of three species: A. alpina, E. syriacum, C. 

planisiliqua. The x-axis indicates the cumulative length of contigs sorted by length 

(expressed as percent of the entire assembly). The y-axis shows individual contig or 

scaffold length. The dashed line indicates the N50/L50 values. (D) Misassemblies identified 

by my improved scaffolding workflow for integrating optical maps (in two steps show in 

green and blue), and their overlap with Illumina mate-pairs (yellow) (E) Misassemblies 

identified by my improved scaffolding workflow for integrating Dovetail chromatin 

conformation capture data (also in two steps show in green and blue), and their overlap 

with Illumina mate-pairs (yellow). (F) Inter-chromosome misassemblies detected by a F2 

genetic map in the seven assemblies (as shown in (A)).  
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Table 2 Assembly statistics (from Jiao et al. 2017) 

 PacBio assembly  Optical mapping   Chromatin capture   Combined integration 

 Falcon PBcR  IrysSolve My workflow  HiRise My workflow  Optical mapping + 
Chromatin capture 

Iterative 
integration 

A. alpina             
Assembly length [Mb] 328.2 347.1  332.6 336.3  328.2 329.6  337.0 337.0 

Ambiguous bases [Mb] 0 0  4.9 9.4  0.03 2.1  10.4 10.6 

Contig number (>10 kb) 1,204 2,074  1,044 900  995 901  841 817 

N50 [Mb] / L50 0.8 / 121 0.9 / 99  1.4 / 75 2.3 / 46  1.3 / 72 2.0/ 47  3.2 / 36 3.8 / 31 
CN50 [Mb] / CL50 0.8 / 16 0.9 / 13  1.4 / 10 2.4 / 6  1.4 / 9 2.1 / 6  3.2 / 5 4.0 / 4 

Longest contig/scaffold [Mb] 3.3 6.2  5.2 8.6  5.3 8.3  8.3 8.6 
Nucleotide error rate [%]* 0.0012 0.0008  - -  - -  - - 

Errors (mate-pairs)** 59 60  59 24  38 30  21 20 
Errors (genetic map)  20 20  20 4  11 5  4 3 

            
E. syriacum            

Assembly length 226.4 231.8  227.4 229.4  - -  - - 
Ambiguous bases [Mb] 0 0  1.1 3.2       

Contig number (>10 kb) 228 944  168 119  - -  - - 
N50 [Mb] / L50 3.3 / 14 1.0 / 51  6.5 / 10 17.5 / 6  - -  - - 

CN50 [Mb] / CL50 3.7 / 2 0.9 / 7  6.5 / 2 18.7 / 1  - -  - - 
Longest contig/scaffold [Mb] 16.5 7.7  21.6 22.4  - -  - - 

Nucleotide error rate [%]* 0.0042 0.0045  - -  - -  - - 

            
C. planisiliqua            

Assembly length 177.7 175.2  179.2 184.3  - -  - - 
Ambiguous bases [Mb] 0 0  1.8 6.9       

Contig number (>10 kb) 557 917  507 464  - -  - - 
N50 [Mb] / L50 3.6 / 14 1.5 / 23  6.9 / 11 8.9 / 9  - -  - - 

CN50 [Mb] / CL50 5.0 / 2 1.4 / 4  6.9 / 2 7.4 / 2  - -  - - 
Longest contig/scaffold [Mb] 8.6 12.1  10.1 15.2  - -  - - 

Nucleotide error rate [%]* 0.0065 0.0031  - -  - -  - - 

* Nucleotide errors were estimated with short read alignments. Errors were corrected after estimation of error rates. Nucleotide error rates of final assemblies are thus expected 
to be even lower as shown.  
** Only mate-pair patterns in regions without thoroughly aligned optical consensus maps are shown. 
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2.1.2 Assembly quality and contiguity control 

The PacBio assembly error rates at single nucleotide level were estimated using the Illumina 

short reads which were also used for genome assembly polishing. This estimation showed the 

error rates of all six assemblies before polishing were quite low (<0.01%, Table 3). Most of the 

errors found in both Falcon and PBcR assemblies were short InDels, which could be mostly 

caused by InDel-biased sequencing errors in PacBio raw reads and very few residual 

heterozygosity (A. alpina: 0.086%; C. planisiliqua: 0.061%; E. syriacum: 0.045%).  

 

Table 3 PacBio assembly nucleotide-level accuracy estimation. (from Jiao et al. 2017) 

 A. alpina  E. syriacum  C. planisiliqua 

 Falcon PBcR  Falcon PBcR  Falcon PBcR 

Mismatch 580  468   275  603   1,429  624  

Indel 3,479  2,312  9,274  9,631   9,945  4,640  

Error rate 0.0012% 0.0008%  0.0042% 0.0045%  0.0065% 0.0031% 

 

Apart from single-nucleotide errors, I also used three Illumina mate-pair libraries with 

different average fragment sizes of 5 (Lib.1), 7 (Lib.2), and 10 kb (Lib.3) from A. alpina to estimate 

large-scale of misassemblies which linked two or multiple unlinked regions together as the 

example shown in Fig. 5 A . In total, 50.8 (Lib.1), 50.1 (Lib.2) and 26.5 (Lib.3) million reads were 

produced, 87.0%~94.2% of these reads could be mapped to Falcon or PBcR assembly contigs, 

77.3%~89.7% of these mate-pairs could be both mapped to the assemblies and 19.6%~24.5% 

of aligned pairs were mapped on different contigs (Table 4). These both-mapped read pairs were 

checked to select those where could be mapped two different contigs and at least one of the 

paired reads was mapped to the contig’s internal region (Table 4). Based on such read pairs, I 

found 59 and 60 large-scale misassembled regions in Falcon and PBcR contigs, respectively 

(Fig. 3 D, E). As incorrect mapping of mate pairs might introduce wrong distribution patterns and 

resulted in false identification of misassemblies, I also used a genetic map with 734 markers 

from A. alpina. These marker sequences were aligned to contigs of both Falcon and PBcR 

assembly, to identify inter-chromosome misassemblies by searching for contigs with multiple 

markers but from different linkage groups. This alignment analysis showed both Falcon and 

PBcR assembly had 20 inter-chromosome misassembled regions (on 19 Falcon contigs and 15 

PBcR contigs), whereas they had no common misassembled regions (Fig. 3 F).  
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Table 4 Mate-pair library read statistics. (from Jiao et al. 2017) 

 Reads mapped reads  mapped pairs  inter-contig pairs 

  Falcon PBcR  Falcon PBcR  Falcon PBcR 

Lib. 1 

(5 kb) 
50,804,106  91.7% 94.2% 

 
86.3% 89.7% 

 
19.6% 23.9% 

Lib. 2 

(7 kb) 
50,138,688  90.3% 92.7% 

 
83.6% 86.9% 

 
20.4% 24.3% 

Lib. 3 

(10kb) 
26,492,772  87.0% 89.5% 

 
77.3% 81.0% 

 
20.5% 24.5% 

Inter-contig pairs: read pairs mapped on different contigs 

 

2.1.3 Optical mapping data integration 

To scaffold the assembly contigs for each species, optical mapping data was generated on 

BioNano Iyrs system. In total, around 1.7, 0.8 and 0.5 million single molecule maps were 

produced for A. alpina, E. syriacum, and C. planisiliqua (Table 5, Fig. 4). These maps had an 

average length of 157, 145 and 200kb and represented 722, 446 and 410x physical coverage. 

These maps were further assembled by BioNano Genomic’s IrysSolve software, resulting in 

consensus maps with N50 values of 625 kb, 924 kb and 1.5 Mb. These consensus maps were 

further aligned to the Falcon and PBcR contigs (Table 6). Although most of these maps could be 

confidently aligned, 79, 10 and 23 conflicts were observed in the alignments with the Falcon 

assembly contigs of A. alpina, E. syriacum, and C. planisiliqua. Similarly, 69, 41 and 25 conflicts 

were found in the alignments with the PBcR assembly contigs. 
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Figure 4 Length distribution of optical mapping molecules for the three genomes. (from 

Jiao et al. 2017) 

 

 

Table 5 Optical mapping data and consensus map statistics. (from Jiao et al. 2017) 

 Number 

of maps 

Avg. map 

length(kb) 
Coverage  

Assembly 

size(Mb) 
N50(kb) L50 

Nick sites 

/ 100kb 

A. alpina 1,729,537  157  722  322.8 624.6 166 9.6 

E. syriacum 810,303  145  446  233.8 924.3 77 11.2 

C. planisiliqua 461,383  200  410  199.7 1,474.2 41 12.3 
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Table 6 Consensus map (c-map) alignment statistics. (from Jiao et al. 2017) 

 A. alpina  E. syriacum  C. planisiliqua 

 Falcon PBcR  Falcon PBcR  Falcon PBcR 

Aligned c-map number 601 604  318 315  156 152 

Aligned c-map length (%) 97.3  97.7   97.5  97.1   90.1  89.2  

Covered c-map length (%) 85.0  87.6   94.0  89.3   82.3  77.3  

Aligned contig number 495 446  140 430  151 262 

Aligned contig length (%) 91.2 87.2  98.8 93.8  92.8 89.8 

Covered contig length (%) 77.9 75.8  94.1 87.5  89.7 85.7 

Aligned c-map/contig length: the total length of consensus maps/contigs, which can be aligned by 

contigs/consensus maps. Covered c-maps/contigs length: the total length of consensus map/contig 

regions, which were covered by contigs/consensus maps. 

 

In the workflow of BioNano’s Irys software, all the conflicting consensus maps and assembly 

sequences are not considered for hybrid scaffolding. This scaffolding workflow could merge 253, 

80 and 67 contigs and improved CN50 to 1.4 Mb, 6.5 Mb and 6.9 Mb in the three Falcon 

assemblies (Table 2). However, this workflow did not solve and utilize the conflicting alignments 

where potential misassemblies exist.  

To improve this, I tried to determine whether the consensus maps or the contigs sequence 

in the conflicting alignments were misassembled (Fig. 5). First, I checked if two maps showed 

conflicting alignments with one contig at the same region, which indicated a misassembly of the 

contig (Fig. 5 C). Moreover, I checked whether the conflicting consensus map was well aligned 

with the contig from another assembler at the conflicting region, which also indicated the contig 

had a misassembly in this region (Fig. 5 D). However, when the contig from other assembly also 

presented the same conflict, the consensus map was considered to be misassembled. In the 

other cases that I could not determine which was misassembled, I just flagged both the 

consensus maps and contigs as potentially misassembled. Finally, I found 93% of the conflicts 

could be assigned as misassembly of sequences, while only 7% of conflicts were caused by 

misassembly of maps. These misassembled regions had significantly higher content of 

transposon elements, which suggested the repeats still challenged the long-read assembly and 

were not correctly assembled by current assembly tools. Similarly, across the three PBcR 

assemblies, 47, 23 and 35 misassembled regions in contigs were found and also enriched 

transposon elements (Fig. 6 and Table 7). 

In my improved scaffolding workflow, these potentially misassembled sequences or maps 

were split at the misassembled regions. This workflow improved the scaffold CN50 of three 

Falcon assemblies to 1.6 Mb (A. alpina), 8.9 Mb (E. syriacum) and 7.4 Mb (C. planisiliqua). 

Similar assembly improvements were obtained by performing this workflow on PBcR assemblies. 
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Beside the increase of contiguity, it corrected 19 (95%) inter-chromosome misassemblies 

detected by the genetic map and 29 (49%) of large-scale misassemblies identified by mate-pair 

reads. Interestingly, this integration could be further improved. As hybrid consensus maps or 

called consensus scaffold maps from the hybrid scaffolding with one assembly might contain the 

connection information that were not included from the hybrid consensus maps scaffolding with 

another assembly. Therefore, I did a second round of hybrid scaffolding by integrating the PBcR-

based hybrid consensus maps into the Falcon-based scaffold sequences (Fig. 5 B). After this 

final integration, the CN50 values reached 2.4 Mb (A. alpina), 18.7 Mb (E. syriacum) and 7.4 Mb 

(C. planisiliqua) (Table2, Fig. 3 A-C). The CL50 values were 6, 1 and 2 meaning that some of 

chromosome arms might be completely covered. In addition, 19 (95%) inter-chromosome 

misassemblies and 35 (59%) large-scale misassemblies were removed, suggesting my workflow 

could greatly increase assembly contiguity as well as assembly accuracy. 

 

 

 

Figure 5 Optical mapping based assembly correction and scaffolding. (from Jiao et al. 2017) 

(A) Example of misassembly breakage and new scaffolding using optical mapping data. Three 

misassemblies in contig-5097 were detected based on the optical map alignments (and also validated 

by the genetic maps, markers shown with red ticks). The original contig was broken, and the 

subsequent scaffolding of the four contigs, which resulted from breaking the original contig at the 

misassemblies, assembled them into larger scaffolds, which were validated by the genetic map. LG: 
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linkage group. (B) Improved scaffolding workflow for integrating optical maps. The integration 

includes breaking of misassembled contigs and consensus maps (c-maps) and subsequent hybrid 

scaffolding between broken contigs and c-maps. (C) An example shows that the conflicts exist in 

alignments of two c-maps (CMAP-183 and CMAP-361) against Falcon contig 000108F, indicating a 

misassembled sequence. (D) The origin of the underlying misassembly is hard to be determined 

when a conflict only exists between one sequence (e.g. Falcon contig 000090F) and one c-map 

(CMAP-625). However, such a c-map might be fully aligned by a sequence from another assembly 

(e.g. PBcR contig scf7180000005182), suggesting the c-map (CMAP-625) is correctly assembled 

and thereby the sequence (000090F) is misassembled. 

 

 

 

Figure 6 Distribution of transposable element content (%) in misassembled regions in the 

six initial assemblies (three species, two assembly tools) as compared to the average TE 

content density across the assembly (indicated with dashed lines). (from Jiao et al. 2017) 
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Table 7 Misassembled regions are enriched for transposable elements (TEs). (from Jiao et 

al. 2017) 

Species Assembler Misassemblies TE-rich 

A. alpina Falcon 63 43 (68%) 

A. alpina PBcR 47 36 (77%) 

C. planisiliqua Falcon 15 15 (100%) 

C. planisiliqua PBcR 23 20 (87%) 

E. syriacum Falcon 7 6 (86%) 

E. syriacum PBcR 35 34 (97%) 

Sum Falcon 85 64 (75%) 

Sum PBcR 105 90 (86%) 

Note: Misassemblies include all conflicting regions between optical mapping data and sequence 

contigs. TE-rich column describes how many of the misassembled regions harbor more TEs 

than the genome average. 

2.1.4 Chromatin capture data integration 

In addition to optical mapping data, chromatin conformation capture sequencing data for A. 

alpina genome was also generated. This data was produced in in vitro chromatin (Chicago library) 

from Dovetail Genomics. Read pairs of this sequencing are similar with reads from Hi-C 

sequencing, which have been applied for assembly scaffolding (Putnam et al. 2016). In total, 

155.8 million read pairs were produced and nearly 39% and 40% of them could be mapped to 

the Falcon and PBcR assembly contigs. As expected, most of the aligned pairs in the same 

contigs were separated by less than 25kb. However, still some of them had distance of up to 

multiple hundred kb, including 1.3% of them with a distance over 25 kb (Fig. 7) 
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Figure 7 Insert size distribution of the Dovetail Genomics data of A. alpina. (from Jiao et al. 

2017) 

 

To do genome scaffolding, the software HiRise was firstly run. This scaffolding method can 

identify and split potentially misassembled sequences, and scaffold the error-corrected contigs 

iteratively using read pairs mapped to different contigs. After running this scaffolding, the CN50 

of A. alpina Falcon assembly was improved from 771 kb to 1.4 Mb (Table 2). Again based on the 

genetic map, however, only four of the 20 inter-chromosome misassemblies were corrected and 

two additional such misassemblies were generated. While the number of misassemblies 

identified with mate-pair data decreased from 59 to 38. 

Similar with above integration workflow using optical mapping data where two sets of hybrid 

maps from  different assembly integrations were combined, I also attempted to improve the 

scaffolding based on chromatin conformation capture data. To do this, the HiRise PBcR scaffolds 

were transformed into artificial in-silico optical maps (Fig. 8) for doing hybrid scaffolding between 

these in-silico maps and HiRise Falcon-based scaffold sequences. After doing such improved 

scaffolding, the scaffolds CN50 reached 2.1 Mb. Furthermore, 19 of 20 those inter-chromosome 

misassemblies and 20 of the 59 those large-scale misassemblies were corrected during this 

integration (Fig. 3 E). However, four additional misassembles were also introduced due to 

partially complementary misassemblies between Falcon-bassed scaffolds and PBcR-based 

scaffolds. 
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Figure 8 Assembly scaffolding using chromatin capture data. (from Jiao et al. 2017) 

(A) Improved scaffolding workflow for integrating chromatin conformation capture data. (B) 

Misassembly detection by mapping positions of read pairs of Dovetail chromatin capture sequencing. 

In the region 300-500 kb of Falcon contig 000171F, a region with absence of spanning read pairs 

was shown at around 410 kb. This misassembled region was identified by HiRise. MQ: mapping 

quality. 

 

2.1.5 Comparing and combining optical mapping and chromatin capture data 

As shown above, the independent integrations of optical mapping and chromatin conformation 

capture sequencing data had similar improvements on both Falcon and PBcR assemblies (Fig. 

3 A). However, it does not mean they provide almost redundant scaffolding information. 

Considering these two technologies have different challenges in scaffolding, they may improve 

scaffolding even better when combined together. On the one hand, Dovetail Hi-C scaffolding 

cannot perform well in tandem repeat regions due to the inaccurate alignments of short Illumina 

short reads, while optical maps may span these regions. On the other hand, optical maps are 

often broken in those regions with closely linked restriction sites, but Dovetail Hi-C data is not 

affected by these sites (Pendleton et al. 2015).   

Therefore, I further scaffolded the scaffolds from the optical mapping-based integration, 

based on the Dovetail Hi-C data using the HiRise tool. The CN50 value increased to 3.2 Mb 

while CL50 decreased to 5, implying the connecting information from these two technologies 

was partially complementary (Table 2). By examining the broken regions introduced by HiRise, I 

found HiRise was very conservative when finding potential misassemblies. Actually, some of 

misassembled regions found by HiRise were not true as the connections of these regions were 
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perfectly supported by optical consensus maps. Then I additionally integrated the hybrid 

consensus maps generated from the integration of optical mapping data, to re-scaffold falsely 

broken scaffolds during the previous step of HiRise scaffolding. After this iterative integration, 

the final assembly of A. alpina had CN50 value of 4.0 Mb, CL50 value of 4, and a longest scaffold 

of 8.6 Mb (Fig. 3 A, Table 2). Besides, all the 20 inter-chromosome misassemblies in the original 

Falcon contigs were corrected even though three new ones were also introduced during 

scaffolding. Simultaneously, 39 (66%) of large-scale misassemblies in these contigs identified 

by mate-pair data were also resolved. 

2.1.6 Assembly of chromosomes 

Chromosomes of plant genomes often have very long repetitive regions, especially centromere, 

telomere and rDNA cluster, which substantially challenge the assembly of whole chromosomes. 

Centromeres frequently contain tandem repeat arrays of short sequence with size up to hundred 

kb (Henikoff et al. 2001). To check whether my assembly scaffolds covered the centromeric 

regions, I firstly searched for tandem repeats that were highly abundant since such repeats are 

generally regarded as the candidates of centromeric repeats (Melters et al. 2013). Furthermore, 

as the Arabidopsis lyrata genome represents the ancestral karyotype of Brassicaceae family and 

has some centromeres conserved with other Brassicaceae species (Schranz et al. 2006), I also 

aligned each of three assemblies against A. lyrata genome to find syntenic regions flanking its 

centromere. In addition, as a typically descriptive pattern, the repeat and gene density along 

each scaffold were calculated. This is analyzed to check whether they match the typical feature 

that Brassicaceae chromosome has high repeat and low gene density around the centromere, 

while low repeat and high gene density at the ends of euchromatic regions.  

The tandem repeat analysis revealed clear candidates for centromeric repeats in A. alpina 

and C. planisiliqua. Their tandem repeat monomers were 496 bp and 221 bp, respectively (Table 

8). These monomers frequently arranged into higher order in the repeat arrays as observed 

previously (Melters et al. 2013). The centromeric repeat arrays in most of the scaffolds were 

closely linked into a cluster at the end of scaffolds or across the entire sequence, like one 

extreme example where one 690 kb scaffold of A. alpina had 23 centromeric repeat arrays 

distributed across its whole sequence. This again implied that centromeric region were hard to 

be assembled. 

 

.  
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Table 8 Location of rDNA and centromeric repeat arrays. (from Jiao et al. 2017) 

species Scaffold scaffold length array start array end unit number unit length type 

A. alpina scaffold_113 318,510 3,526 69,721 114 119 5S 

A. alpina scaffold_397 24,131 45 23,774 49 119 5S 

A. alpina scaffold_443 21,612 206 21,553 42 119 5S 

A. alpina scaffold_648 15,052 168 14,847 31 119 5S 

A. alpina scaffold_364 26,159 395 25,761 22 119 5S 

A. alpina scaffold_358 26,695 338 26,560 19 119 5S 

A. alpina scaffold_838 9,551 495 9,402 19 119 5S 

A. alpina scaffold_867 8,656 373 8,463 18 119 5S 

A. alpina scaffold_935 7,005 139 6,807 14 119 5S 

A. alpina scaffold_958 6,069 31 5,611 12 119 5S 

A. alpina scaffold_986 5,253 172 5,200 11 119 5S 

A. alpina scaffold_1023 4,275 29 4,066 9 119 5S 

A. alpina scaffold_15_1 1,417,828 1,960 56,842 6 5,350 NOR 

A. alpina scaffold_310 31,895 5,871 19,752 2.3 5,350 NOR 

A. alpina scaffold_474 20,252 2,662 19,196 2 5,350 NOR 

A. alpina scaffold_740 12,257 2,269 12,244 2 5,350 NOR 

C. planisiliqua scaffold_309 16,420 230 16,255 32 119 5S 

C. planisiliqua scaffold_18 3,088,089 3,078,359 3,087,683 19 119 5S 

C. planisiliqua scaffold_55 94,367 7,779 93,989 10 5,353 NOR 

C. planisiliqua scaffold_107 45,594 1,302 44,719 5.7 5,353 NOR 
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C. planisiliqua scaffold_186 26,997 746 26,982 3.3 5,353 NOR 

C. planisiliqua scaffold_276 18,011 213 17,658 2.7 5,353 NOR 

C. planisiliqua scaffold_319 15,920 1,422 15,260 2 5,353 NOR 

E. syriacum scaffold_89 15,746 25 15,694 34 119 5S 

E. syriacum scaffold_92 15,505 170 15,132 32 119 5S 

E. syriacum scaffold_10 9,524,166 4,937,560 4,998,160 7.3 5,352 NOR 

A. alpina scaffold_5 8,313,247 8,311,056 8,313,247 4.4 495 CENT 

A. alpina scaffold_9 7,192,857 7,119,231  7,121,434  2.2 992 CENT 

A. alpina scaffold_9 7,192,857 7,165,320  7,192,857  55.3 509 CENT 

A. alpina scaffold_9 7,192,857 7,172,465  7,192,857  41.3 495 CENT 

A. alpina scaffold_38 3,081,905 3,019,109 3,020,774 3.4 495 CENT 

A. alpina scaffold_45 2,631,477 1 11,579 11.7 992 CENT 

A. alpina scaffold_56 1,882,626 1  1,253  2.5 495  CENT 

A. alpina scaffold_56 1,882,626 17,725  19,905  4.4 496  CENT 

A. alpina scaffold_56 1,882,626 45,692  48,362  2.7 990  CENT 

A. alpina scaffold_76 977,799 958,286  960,453  4.4 496 CENT 

A. alpina scaffold_91 632,066 26,864  31,481  4.7 990  CENT 

A. alpina scaffold_91 632,066 67,829  69,937  2.1 992  CENT 

A. alpina scaffold_91 632,066 89,451  91,919  4.9 496  CENT 

A. alpina scaffold_91 632,066 137,083  139,689  2.6 990  CENT 

A. alpina scaffold_91 632,066 148,864  149,954  2.2 494  CENT 

A. alpina scaffold_91 632,066 198,453  200,567  4.3 496  CENT 
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A. alpina scaffold_91 632,066 206,431  209,096  5.4 496  CENT 

A. alpina scaffold_91 632,066 214,409  217,369  6.0 496  CENT 

A. alpina scaffold_91 632,066 228,424  229,525  2.2 495  CENT 

A. alpina scaffold_91 632,066 275,256 276,293 2.1 495 CENT 

A. alpina scaffold_91 632,066 300,707  301,921  2.5 495  CENT 

A. alpina scaffold_91 632,066 317,899  320,453  2.6 992  CENT 

A. alpina scaffold_91 632,066 325,857  327,338  3.0 495  CENT 

A. alpina scaffold_91 632,066 350,460  352,447  4.0 496  CENT 

A. alpina scaffold_91 632,066 369,166  371,648  5.0 496  CENT 

A. alpina scaffold_91 632,066 400,514  407,036  6.6 992  CENT 

A. alpina scaffold_91 632,066 441,588  448,065  13.1 496  CENT 

A. alpina scaffold_91 632,066 487,579  490,436  5.8 495  CENT 

A. alpina scaffold_91 632,066 527,132  529,024  3.8 496  CENT 

A. alpina scaffold_91 632,066 540,161  541,320  2.3 495  CENT 

A. alpina scaffold_91 632,066 552,453 553,501 2.1 495 CENT 

A. alpina scaffold_91 632,066 564,545  565,927  2.8 496  CENT 

A. alpina scaffold_91 632,066 604,422  608,152  3.8 990  CENT 

A. alpina scaffold_95 568,052 547,850  550,320  5.0 496  CENT 

A. alpina scaffold_95 568,052 556,005  557,812  3.6 496  CENT 

A. alpina scaffold_95 568,052 558,740  566,921  16.6 494  CENT 

A. alpina scaffold_104 448,397  345,740  346,823  2.2 494  CENT 

A. alpina scaffold_104 448,397  372,076  374,246  4.4 497  CENT 
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A. alpina scaffold_104 448,397  399,500  400,687  2.4 497  CENT 

A. alpina scaffold_104 448,397  442,174  443,663  3.0 493  CENT 

A. alpina scaffold_109 359,092  420  3,045  5.3 493  CENT 

A. alpina scaffold_109 359,092 8,217  13,055  4.9 989  CENT 

C. planisiliqua scaffold_1 15,208,799 10,089,605 10,090,827 5.5 221 CENT 

C. planisiliqua scaffold_1 15,208,799 10,113,773 10,116,480 2.6 1,059 CENT 

C. planisiliqua scaffold_1 15,208,799 10,182,906 10,183,676 3.5 221 CENT 

C. planisiliqua scaffold_1 15,208,799 10,202,604 10,204,237 3.7 441 CENT 

C. planisiliqua scaffold_1 15,208,799 10,215,506 10,218,151 6.0 442 CENT 

C. planisiliqua scaffold_1 15,208,799 10,234,820 10,236,456 7.4 221 CENT 

C. planisiliqua scaffold_1 15,208,799 10,813,225 10,814,534 6.0 221 CENT 

C. planisiliqua scaffold_1 15,208,799 15,178,432 15,182,366 17.8 221 CENT 

C. planisiliqua scaffold_3 12,074,320 12,072,687 12,074,320 7.4 221 CENT 

C. planisiliqua scaffold_4 11,819,561 10,876,803 10,879,849 6.9 442 CENT 

C. planisiliqua scaffold_4 11,819,561 10,898,921 10,901,008 9.5 221 CENT 

C. planisiliqua scaffold_4 11,819,561 11,786,835 11,788,801 8.9 221 CENT 

C. planisiliqua scaffold_4 11,819,561 11,795,725 11,798,056 3.5 663 CENT 

C. planisiliqua scaffold_4 11,819,561 11,816,473 11,817,406 4.2 221 CENT 

C. planisiliqua scaffold_5 11,279,646 10,044,908 10,048,569 16.6 221 CENT 

C. planisiliqua scaffold_6 10,977,244 6,616,706 6,618,339 3.7 444 CENT 

C. planisiliqua scaffold_6 10,977,244 6,637,799 6,652,393 65.8 223 CENT 

C. planisiliqua scaffold_6 10,977,244 6,662,541 6,665,249 12.3 221 CENT 
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C. planisiliqua scaffold_6 10,977,244 7,771,294 7,772,850 2.3 665 CENT 

C. planisiliqua scaffold_6 10,977,244 10,951,673 10,977,244 116.4 221 CENT 

C. planisiliqua scaffold_12 6,996,948 6,985,637 6,989,964 19.5 221 CENT 

C. planisiliqua scaffold_12 6,996,948 6,994,638 6,996,948 3.5 662 CENT 

C. planisiliqua scaffold_14 5,442,335 22,323 25,214 13.1 221 CENT 

C. planisiliqua scaffold_14 5,442,335 50,727 51,662 2.1 441 CENT 

C. planisiliqua scaffold_14 5,442,335 3,457,147 3,458,221 4.9 220 CENT 

C. planisiliqua scaffold_17 3,665,691 3,662,919 3,665,691 4.2 663 CENT 

C. planisiliqua scaffold_18 3,088,089 545 2,783 5.1 439 CENT 

C. planisiliqua scaffold_18 3,088,089 3,127 7,527 20.1 220 CENT 

C. planisiliqua scaffold_18 3,088,089 11,140 12,990 8.4 221 CENT 

C. planisiliqua scaffold_21 1,970,407 1 25,718 38.9 662 CENT 

C. planisiliqua scaffold_21 1,970,407 125,391 143,691 10.4 1,765 CENT 

C. planisiliqua scaffold_21 1,970,407 290,182 291,688 3.4 442 CENT 

C. planisiliqua scaffold_21 1,970,407 317,023 317,943 4.2 221 CENT 

C. planisiliqua scaffold_21 1,970,407 499,090 499,748 3.0 220 CENT 

C. planisiliqua scaffold_23 1,380,778 2 1,418 6.4 221 CENT 

C. planisiliqua scaffold_23 1,380,778 7,537 35,224 41.7 659 CENT 

C. planisiliqua scaffold_23 1,380,778 276,925 280,180 3.7 882 CENT 

C. planisiliqua scaffold_23 1,380,778 292,068 294,546 5.7 442 CENT 

C. planisiliqua scaffold_37 230,006 21 1,790 2.7 656 CENT 

C. planisiliqua scaffold_37 230,006 13,495 18,680 23.5 221 CENT 
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C. planisiliqua scaffold_37 230,006 131,068 143,114 54.6 221 CENT 

C. planisiliqua scaffold_37 230,006 144,218 152,347 7.4 1,104 CENT 

 

5S: 5S rDNA arrays.  

NOR: nucleolus organizer region, including 18S, 5.8S and 25S rDNA, only those with at least two units were shown.  

CENT: putative centromeric repeat arrays. Only scaffolds more than 200 kb were shown. 
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Table 9 Location of telomeric repeat arrays. (from Jiao et al. 2017) 

species scaffold scaffold length array start array end unit number unit sequence 

A. alpina scaffold_161 91,596 1 1,980 283.3 AAACCCT 

A. alpina scaffold_31 3,882,864 3,880,881 3,882,863 284.7 TAGGGTT 

C. planisiliqua scaffold_8 9,101,398 9,097,573 9,101,397 550 AGGGTTT 

C. planisiliqua scaffold_7 9,129,079 9,125,697 9,129,079 485.6 GTTTAGG 

C. planisiliqua scaffold_11 7,283,533 7,279,710 7,283,533 532.3 TAGGGTT 

C. planisiliqua scaffold_1 15,208,799 1 3,224 462.9 AAACCCT 

C. planisiliqua scaffold_2 12,270,481 1 2,816 402.3 AACCCTA 

E. syriacum scaffold_11 8,766,530 8,748,992 8,766,530 2509 TTTAGGG 

E. syriacum scaffold_12 6,520,592 6,510,080 6,520,592 1507.3 GTTTAGG 

E. syriacum scaffold_9 12,372,032 1 6,880 991.4 CCCTAAA 

E. syriacum scaffold_6 17,487,894 17,481,731 17,487,894 877.7 TTTAGGG 

E. syriacum scaffold_3 20,634,497 20,628,542 20,634,497 851.7 GGTTTAG 

E. syriacum scaffold_4 18,658,056 18,652,321 18,658,056 810.9 TTAGGGT 

E. syriacum scaffold_7 14,560,423 14,555,641 14,560,423 688.1 TTTAGGG 

E. syriacum scaffold_16 4,329,799 1 2,111 304.4 ACCCTAA 

E. syriacum scaffold_2 21,647,715 1 700 102.4 AAACCCT 
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In E. syriacum, I could not find obvious candidates of centromeric repeats as no 

tandem repeats had significantly high abundance. According to the sequence 

alignment (Fig. 9 A), I found that three scaffolds presented homology spanning the 

entire centromeric region of A. lyrata. For example, scaffold-2 could be aligned across 

the whole chromosome 2 and partial chromosome 1 of A. lyrata. However, the repeat 

density of scaffold-2 gradually increased from one end to another, but gene density 

decreased along the same direction. This did not match a typical pattern of the 

chromosome structure. Although this scaffold spanned an entire ancestral 

chromosome, this pattern much resembled a chromosome arm where chromosome 

rearrangements and centromere loss occurred during the evolution. Other two 

scaffolds had homology to whole ancestral centromeres (CEN3 and CEN4), but they 

had no typical distribution of gene and repeat densities for the chromosome 

organization. 

Although there were no scaffolds with homology across complete ancestral 

centromeres in A. alpina and C. planisiliqua, the scaffold sequences of C. planisiliqua 

presented four large regions (on scaffold-3, -5, -6 and -14) where the centromeric 

repeats were estimated, without any homology to the A. lyrata genome. Besides, gene 

density was much lower but repeat density was much higher at one side of three 

regions (on scaffolds-3, -5 and -6) of them. All these together suggested that C. 

planisiliqua assembly covered partial centromeric sequences that were not assembled 

even in the gold reference assembly of A. lyrata genome (Fig. 9 B).  
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Figure 9 Comparing the assemblies of E. syriacum and C. planisiliqua to the 

ancestral karyotype present in the genome of A. lyrata. (from Jiao et al. 2017) 

A. lyrata chromosomes are shown at the right side of each figure with colored blocks. White 

breaks in these blocks indicates their centromeres. Assembly scaffolds longer than 1 Mb 

are represented by light blue blocks. The two histograms outside of chromosome 

karyotypes show the gene (orange) and repeat (blue) densities calculated with window 

sizes of 1 Mb for A. lyrata and 200 kb for E. syriacum or C. planisiliqua. (A) Three scaffolds 

of E. syriacum have homology to the two flanking regions of A. lyrata CEN2, CEN3 and 

CEN4. (B) Scaffolds 3, 5, 6 and 14 cover up to 7 Mb of potential centromeric regions, which 

are not spanned in the core assembly of A. lyrata, as no homology parts are found in these 

regions. 

 

Apart from the centromeric regions, I also searched for rDNA clusters in the three 

assemblies (Table 8). In A. alpina, E. syriacum and C. planisiliqua, I found 16, 3 and 7 

rDNA clusters. The maximum unit number was 114 in a 5S rDNA cluster of A. alpina 

and the largest size was 86 kb found in a nucleolus organizer region of C. planisiliqua. 

Almost of the rDNA clusters were found across nearly the whole sequence of short 

scaffolds, while the others were at the end of scaffolds. This indicated that no cluster 

covered the whole sequence of the real rDNA cluster, also suggested that rDNA cluster 

repeats often resulted in fragmented assembly. In addition, I identified 2, 9 and 5 
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telomeric regions in the three assemblies (Table 9). The longest one was found in E. 

syriacum with more than 1,500 units of the short telomeric repeat sequence. 

2.1.7 Assembly finalization and gene annotations  

Finally, the A. alpina assembly scaffolds were ordered and orientated into eight 

pseudo-molecules according to the genetic map and cytogenetic maps from previous 

study (Willing et al. 2015). In total, 135 scaffolds with total length of 312 Mb were 

anchored into the chromosomes. Furthermore, protein-coding genes and transposon 

element were annotated for further study. Overall 29,740, 33,001, 34,766 protein-

coding genes were predicated for A. alpina, E. syriacum and C. planisiliqua (Table 10). 

Additionally, 50.5%, 37.7% and 36.5% of their assembly scaffolds were annotated as 

transposon elements across the three genomes (Table 11).  

To examine whether each assembly step affect the quality of the protein-coding 

gene annotation, I aligned the annotated genes of final assemblies to each 

intermediate assemblies to check alignment mismatches and gaps (Table 12 and Table 

13). The PacBio assemblies before polishing using PacBio raw reads had considerable 

number of gene aligned with mismatches and InDels, while the assemblies after such 

polishing had only 0.6%~3.0% such imperfectly aligned genes. Such percent of these 

genes was negatively correlated with the depth of filtered raw subreads. Only 0.003-

0.17% of genes were not perfectly aligned to the assemblies after correction using 

Illumina reads. These examinations suggested the importance of assembly corrections 

after de novo assembly of PacBio reads. 

 

Table 10 Summary of protein-coding gene annotations. (from Jiao et al. 2017) 

 A. alpina E. syriacum C. planisiliqua 

Gene number 29,470  33,001  34,766  

Total gene length  75,645,144  51,262,375  52,103,293  

Gene region percent 23.2% 22.7% 29.4% 

Coding region percent 10.5% 14.9% 19.2% 
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Table 11 Summary of transposable element annotations. (from Jiao et al. 2017) 

 A. alpina  E. syriacum  C. planisiliqua 

 
number of 

elements 

percentage 

of sequence 

 number of 

elements 

percentage 

of sequence 

 number of 

elements 

percentage 

of sequence 

SINE 5,996  0.36%  1,731  0.15%  441  0.09% 

LINE 13,889  3.63%  8,872  2.46%  4,632  1.51% 

LTR 78,148  29.01%  43,042  20.16%  27,599  18.53% 

DNA 52,824  6.50%  27,592  5.21%  16,103  4.42% 

Unclassified 80,500  10.98%  49,449  9.73%  26,625  11.98% 

Total 231,357 50.48%  130,686 37.71%  75,400 36.53% 

 

 

 

 

 

 

Table 12 Number and percent of perfectly aligned genes against each 

intermediate assembly. (from Jiao et al. 2017) 

 PacBio raw PacBio polished Illumina corrected 1st OM scaffolded 

A. alpina 13,512 29,294 

 

29,420 

 

29,423 

 45.850% 99.403% 99.830% 99.841% 

E. syriacum 11,982 32,035 33,000 33,000 

 36.308% 97.073% 99.997% 99.997% 

C. planisiliqua 13,809  33,956 34,765 34,765 

 39.720% 97.670% 99.997% 99.997% 
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Table 13 Number of mismatches and alignment gaps of genes blasted against 

each intermediate assembly. (from Jiao et al. 2017) 

  PacBio raw PacBio polished Illumina corrected 1st OM scaffolded 

  Mismatch Gaps mismatch gaps mismatch Gaps mismatch gaps 

A. a. Genes 47,168 94,066 46 320 13 32 0 4 

A. a. Exons 15,296 31,286 5 60 0 22 0 1 

E. s. Genes 10,506  84,397 13  1,068 0  0  0  0  

E. s.  Exons 6,391 45,581 11 486 0  0  0  0  

C. p. Genes 20,391  75,389 103  1,170 0  0  0  0  

C. p. Exons 14,841  43,875 85  732 0  0  0  0  

A. a.: A. alpina E. s.: E. syriacum; C. p.: C. planisiliqua 

 

2.2 Comparative genomic and genotypic characterization of annual-

perennial interspecific introgression lines constructed from two 

divergent Arabis species 

2.2.1 The assembly and annotation of A. montbretiana 

Around 74 Gb Illumina paired-end and mate-pair reads from A. montbretiana were 

generated, representing 280 coverage of the genome (Table 15). The initial assembly 

sequences included 257.7 Mb assembled into 2,715 scaffolds, with contig N50 of 40 

kb and scaffold N50 of 1.8 Mb (Table 14). An analysis of the k-mers in the reads 

approximated an estimated genome size of 265Mb, which was very close to the 275Mb 

estimation by flow cytometry. Our assembly spanned 94% of the estimated genome 

space, although it contained 67 Mb ambiguous sequences. A total of 232.2 Mb 

sequence organized in 173 scaffolds were further ordered and oriented into eight 

chromosomes based on the cytomolecular comparative maps (Fig. 10 A). To assist the 

gene annotation, 401 million Illumina RNA-seq reads were generated from different 

tissues sampled from seven growth stages (Table 16). By integrating evidences from 

ab initio prediction, homologous proteins and RNA-seq transcripts alignments, 29,917 
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protein-coding genes with 31,821 transcripts were annotated (Table 14). The number 

of annotated protein-coding genes within the A. montbretiana genome was around 

1,000 genes less than in the perennial A. alpina and A. lyrata (Rawat et al. 2015), but 

nearly 3,000 more as compared to the annual A. thaliana (Lamesch et al. 2012), 

implying diploid annual species have less genes than their perennial sisters. The 

average gene length of A. montbretiana was 2.2 kb, smaller as compared to A. alpina 

(2.4 kb), but similar to A. lyrata (2.1 kb) and A. thaliana (2.2 kb). Finally, the 

completeness of our assembly and annotation were evaluated by the toolkit BUSCO 

with the plant linage specific single-copy core gene set. This assessment revealed 

1,391 (96.6%) and 1,388 (96.3%) complete genes in the assembly and the annotation, 

respectively. 

 

Table 14 Summary of the A. montbretiana genome assembly and annotation 

 Number Size 

Scaffolds 2,715 257.7Mb  

Contigs 13,528  191.1Mb  

Scaffolds N50  1.8Mb 

Contigs N50  40.0kb 

Anchored scaffolds 173 232.2Mb 

Gene models 29,917 64.1Mb 

Transcripts 31,821 42.0Mb 

Mean gene length  2.2kb 
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Figure 10 Genome comparisons between A. montbretiana and A. alpina.   

(A) Karyotype evolution and comparison between A. montbretiana and A. alpina. ACK: 

Ancestral Crucifer Karyotype, defined in ref. (Schranz et al. 2006). (B) Dot plot of whole 

genome sequence alignment between A. montbretiana and A. alpina. Only alignment 

blocks with length more than 5 kb and identity larger than 90% are shown here. (C) 

Genome content comparison between A. montbretiana and A. alpina. The left pie charts 

show the genome content in A. montbretiana (top) and A. alpina (bottom). The top right 

histogram shows the total length of each transposon superfamily in A. montbretiana(red) 

and A. alpina (blue), the bottom right plot shows LTR(long terminal retrotransposon) 

insertion time distribution in A. montbretiana (red) and A. alpina (blue). (D) Genome content 

length of unaligned regions between A. montbretiana (red) and A. alpina (blue). LTR: long 

terminal retrotransposon; LINE: long interspersed nuclear element; SINE: short 

interspersed nuclear element; DNA: DNA transposon; OR: other repeats; N: assembly gap; 

INT: intergenic region. (E) Genome content and alignment types of aligned regions 
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between A. montbretiana (red) and A. alpina (blue). SYN: syntenic region; INV: inversion; 

ITX: intra-chromosome translocation; CTX: inter-chromosome translocations; CNV-G: 

gained copy number variation, namely species-specific duplications 

2.2.2 Highly divergent genomes in Arabis annual-perennial species 

In the last chapter I described an improved long-read genome assembly of A. alpina 

(Jiao et al. 2017), which allowed us to study the genome divergence of the two Arabis 

species. Like the annual A. thaliana and perennial A. lyrata, these two Arabis species 

also experienced large genome size and organization changes. A. montbretiana 

genome is nearly 100 Mb smaller than the A. alpina mainly due to the different 

transposon element (TE) richness, as TEs only make up 33.6% (64 Mb) of A. 

montbretiana genome but 53.0% (172 Mb) of the A. alpina genome (Fig. 10 C). Most 

of the TEs in A. alpina are from the two long terminal repeat (LTR) retrotransposon 

super families, Copia and Gypsy which occupy 18 Mb and 47 Mb more sequence in A. 

alpina, respectively (Fig. 10 C). This difference in these two Arabis is higher than that 

between the 125 Mb genome of A. thaliana and the 230 Mb genome of A. lyrata, which 

only consist of 13% and 31% TEs, respectively. Further analysis of the age distribution 

of intact LTRs showed A. alpina had significantly higher rates of recent retrotransposon 

activity. However, A. montbretiana has no such recent retrotransposon expansion with 

an insertion time peak around 5 Mya, close to the estimated species separation time. 

Despite the large difference of TE contents, their genic region sizes are close.  

Together, our findings suggest that A. montbretiana has a smaller genome because of 

the significantly lower TE activity as compared to A. alpina.  

Apart from the great difference of genome size, the two Arabis genomes exhibit 

only a few large-scale karyotype changes (Fig. 10 A). The cytomolecular comparative 

map revealed a chromosome arm translocation between chromosome five and 

chromosome eight, and a centromere (CENT) repositioning on chromosome three in 

A. montbretiana, as compared with A. alpina. The chromosome arm translocation 

occurred after they separated from the common ancestors within the A. montbretiana 

lineage as A. alpina chromosome five was similar to the ACK. Besides, their 
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pericentromeric region distribution might also have dramatic differences according to 

the comparison of gene and repeat distribution along the chromosomes (Fig. 18, Fig. 

S1 - S7). Based on our previous genetic map of A. alpina (Jiao et al. 2017), I estimated 

that A. alpina had nearly 180 Mb pericentromeric regions, making up 58% of the 

assembly. As no genetic map for A. montbretiana exists, it is hard to its estimate 

pericentromeric regions in this species. 

The cytomolecular comparative maps cannot identify moderate or small genome 

rearrangements due to the relatively low resolution of the BAC FISH experiments. To 

further compare the two genomes at higher resolution, I performed a whole genome 

sequence alignment (Fig. 10 B, D, E). In total, 186 Mb A. alpina and 131 MB A. 

montbretiana genome regions could be aligned with sequence identity larger than 90%. 

As expected, the large A. alpina genome presented much more copies in those 

duplicated alignment regions. Around 60.7 Mb (CNV-G) sequences in A. alpina had 

less copies in A. montbretiana, while only 4.8 Mb sequences in A. montbretiana 

originated from species-specific duplications (namely CNV-G) (Fig. 10 E). Most of the 

aligned sequences were from intergenic (Aa: 64 Mb, Am: 47 Mb) and genic (Aa: 48Mb, 

Am: 56 Mb) regions. The aligned genic regions of A. montbretiana and A. alpina made 

up 88% and 84% of their total genic spaces, respectively. The unaligned or highly 

differentiated regions were mostly repetitive (Aa: 67 Mb, Am: 18 Mb) or intergenic (Aa: 

38 Mb, Am: 20 Mb) and included the assembly ambiguous nucleotides (Fig. 10 D).  

Using the reference of the A. alpina genome, I defined syntenic blocks (SYNs) 

where were contiguously aligned to form a longest path of 98Mb, with the same order 

and orientation between A. montbretiana and A. alpina. Based on the 98 Mb syntenic 

path, I identified 1,279 (2.2 Mb) inversions (INVs), 13,752 (15.8 Mb) intra-chromosome 

translocations (ITXs) and 11,430 (10.4 Mb) inter-chromosome translocations (CTXs) 

(Fig. 10 E). Here, those continuously aligned regions only with small insertion and 

deletions were called as “contig”-blocks. Most of the SYN contig-blocks were from 

intergenic (44.3 Mb) or genic (41.3 Mb) regions, while most ITX and CTX contig-blocks 

were rich in repetitive sequences (ITX: 10.4Mb, CTX: 6.5Mb). Furthermore, those 

contig-blocks with same alignment type separated by unaligned or highly divergent 
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sequences could be connected to form a large “scaffold”-block, which probably 

emerged from single genome rearrangement event followed by rapid sequence 

divergence. However, small rearrangements could reoccur in the scaffold-blocks and 

resulted in separated scaffold-blocks. To examine these, the adjacent large scaffold-

block separated by short scaffold-blocks were regarded as “super-scaffold”-block. 

Based on this definition, 40 super-scaffold genome rearrangements larger than 50 kb 

were identified including 22 INVs, 13 ITXs and 5 CTXs (Fig. 11). Altogether, these 

different levels of genomic rearrangements with nucleotide variations and short InDels 

contributed to the genome divergence between these two close Arabis sisters during 

life-cycle transition. 

 

Figure 11 Large-scale genomic rearrangements between A. montbretiana and A. 

alpina.  

Chromosomes are represented by grey (for A. montbretiana, AM1 - AM8) or light blue 

karyotypes (for A. alpina AA1 - AA8). Different types of rearrangements are indicated by 

differently colored links (INV: light blue; ITX: green; CTX: red). Only 40 ones larger than 50 

kb were shown here. 
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To further check the variations in protein-coding genes, I firstly performed gene 

family clustering analysis. 17,855 gene families were clustered including 24,521 genes 

from A. alpina and 23,873 genes from A. montbretiana. 6,198 and 6,044 genes are 

potentially lineage-specific in A. alpina and A. montbretiana, respectively. These 

considerable number of specific genes might be overestimated due to incomplete 

assembly and annotation or ortholog assignment. Moreover, 1,483 gene families 

include different number of genes from A. alpina and A. montbretiana.  

Based on these gene family clusters and syntenic regions defined by the whole 

genome alignments, I identified 16,304 syntenic and 5,690 non-syntenic gene pairs 

including 2,937 INV, 1,497 ITX, and 1,256 CTX gene pairs between A. alpina and A. 

montbretiana. Among of them, 10,616 syntenic and 3,672 non-syntenic gene pairs 

were from one-to-one orthologous families (Fig. 12. A). Syntenic gene pairs exhibited 

significantly higher protein sequence alignment identity and lower Ka/Ks ratio, as 

compared to ITX and CTX gene pairs (Mann–Whitney U test, p-value < 2.2e-16, Figure 

12 C, D). While the INV gene pairs showed similar distribution of protein sequence 

alignment identity and Ka/Ks ratio. Interestingly, seven ortholog pairs whose orthologs 

in A. thaliana are flower control related genes locate in different homologous 

chromosomes between the two Arabis genomes. Four pairs are one-to-one orthologs, 

whose orthologs in A. thaliana are AT3G04610, AT4G20370, AT5G61850 and 

AT5G65070, respectively (Fig. 12 B). For example, in the ortholog pair Aa_G61540 – 

Am_236410, the A. alpina gene is on chromosome 8 while A. montbretiana gene is on 

chromosome 3.  
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Figure 12: Gene comparison between A. montbretiana and A. alpina.  

(A) Histogram of syntenic (SYN) and rearranged (INV, ITX, CTX) gene pairs from one-to-

one orthologous gene families or the other not one-to-one (N-vs-M) orthologous gene 

families. (B) Examples of flower- related CTX genes. (C) Distribution of protein sequence 

alignment identity of ortholog gene pairs. (D) Ka/Ks distribution of ortholog gene pairs 

2.2.3 Genotyping of Arabis annual-perennial introgression lines 

To study the genetic basis of the annual-perennial life cycle switch, our collaborators 

constructed interspecific introgression lines by introgressing genomic segments of A. 

montbretiana into the recurrent parent A. alpina (Fig. 13). The offspring of the 

backcrossing (BC1) were further used to do one, two or three round of self-crossing 

(BC1S1, BC1S2, BC1S3). The whole population including the two parents and 460  

progenies were sequenced using the genotyping-by-sequencing (GBS) method 

(Elshire et al. 2011), resulting in an average read number of 1.2 million per sample. 

After removing low quality samples, the population of 416 progenies were from nine 

BC1S1 families and seven BC1S2 families with 15 to 35 individuals.  

By utilizing the read alignments from the parental genomes against the A. alpina 

reference genome, 6,431 markers were selected for genotyping. These markers had 
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relatively even distribution along the chromosomes except for the centromeric regions 

and chromosome terminals, where there was under and over representation 

respectively (Fig. 14), with two markers per 100kb on average. According to the whole 

genome alignment described above, 5,977 markers were found in SYN regions, while 

164, 82, and 120 markers were in INV, ITX, and CTX regions, respectively. The 

remaining 88 markers were on the scaffolds, which were not anchored to the 

chromosomes. 

 

 

Figure 13 Schematic diagram for the introgression of A. montbretiana into A. 

alpina genetic background.  

The parental species are A. alpina (accession: Pajares) and A. montbretiana. The 

progenies from the families marked by green boxes were sampled and sequenced using 

the GBS method. BC: backcrossing. S: selfcrossing  
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Figure 14 Marker distribution along the chromosome.  

X axis corresponds to the genome position, y axis indicates the marker number. The 

marker number was calculated using a 1 Mb sliding window with step size of 100 kb. The 

grey bars show the centromere positions. 

 

Finally, 175 Mb (56%) regions of both alleles in A. alpina genome were replaced. 

While 120 Mb (38%) of A. alpina genome being exchanged by a single allele of A. 

montbretiana. The introgressed regions had different sizes, including a region, which 

spanned nearly the entire chromosome 6, and showed nearly complete fixation for the 

A. montbretiana genome within a single line. In contrast, only 24% of chromosome 4 

were introgressed into homozygous A. montbretiana genetic background. Interestingly, 

there was one family which included various individuals with extended heterozygosity 
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within centromeric region of chromosome 8 (CENT8), while other individuals of this 

family (and all other individuals of all other families) were fixed for A. alpina in this 

region, but none of the individuals show fixation of the A. montbretiana CENT8. 

Intriguingly, this pattern was perfectly linked to heterozygosity on CENT5 within this 

family (Fig. 15 A,B) and presumably relates to the chromosome arm translocation 

between the two chromosomes suggesting that it is not possible to fix either of the 

centromeres without fixing the other centromere for the same parental genome. 

Moreover, as I have not observed fixed A. montbretiana CENT5 and CENT8 regions it 

remains unclear whether both centromeres could be introgressed, or if these can only 

be heterozygous or fixed for A. alpina (Fig. 15 C). Interestingly, however, this 

dependence of the CENT5 and CENT8 does not imply that the chromosome arms of 

these chromosomes cannot recombine as parts of chromosome 5 and 8 were fixed for 

the A. montbretiana alleles. 

 

 

Figure 15 Recombination between A. alpina chromosome 5, 8 and A. 

montbretiana chromosome 5, 8.  
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(A, B) Recombination maps of chromosome 5 and 8 in family BC1_4_S1. Genotypes are 

indicated by different colors, yellow: homozygous A. alpina, red: homozygous A. 

montbretiana, grey: heterozygous. The centromere positions were marked by the green 

arrows. (C) The schematic diagram shows examples for unbalanced (top left and top right) 

or balanced (bottom left and bottom right) chromosome arm arrangements, which could 

lead to copy number changes of chromosome arms. The middle part represents the 

karyotype of chromosome 5 and 8 in A. alpina (yellow bars) and A. montbretiana (red bars). 

The chromosome arms were named after the ancestral karyotype. The grey circles present 

the positions of centromeres. CENT5: chromosome 5 centromere, CENT8: chromosome 

8 centromere. 

 

In total, I detected 3,811 recombination breakpoints across all lines (Fig. 16). As 

our previous study suggested A. alpina had very high percent of pericentromeric 

regions which resulted in large regions with suppressed recombination. I asked 

whether the A. montbretiana presented smaller pericentromeric regions and whether 

this feature would influence inter-species recombination events during meiosis. 

Although I had no direct evidence such as recombination maps or chromatin epigenetic 

marks to show where the pericentromeric regions is located in A. montbretiana, I 

estimated the extend of the peri-centromere following the typical distribution of low 

gene and high repeat density. I compared the gene and repeat density along the 

chromosome between the two Arabis genome. I found A. montbretiana obviously had 

smaller regions with high repeat density, which suggests that A. montbretiana also has 

smaller pericentromeric regions. Further, I found 273 recombination breakpoints in 

these putative pericentromeric regions (Fig. 18, Fig. S1-S7). In particular, 

recombination on chromosome 1 and 6 were highly increased with 30 and 19 different 

recombination breakpoints for both of them (Fig. 17, Fig. 18, and Fig. S5). While other 

chromosomes such as chromosome 2, 4, 5 and 8 had less than ten different breakpoint 

positions in their putative peri-centromeres (Fig. 17, Fig. S1, Fig. S3, Fig. S4, and Fig. 

S6). This result indicated that the heterogeneous pericentromeric structures among 

different chromosome influenced the recombination events in the pericentromeric 
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regions varyingly. As no genome-wide landscape of recombination in A. montbretiana 

F2 was available and also our introgression lines were not tailored for detecting 

recombination events between the two Arabis species, I could not conclude whether 

A. montbretiana could significantly increase the recombination frequency in 

pericentromeric regions within the inter-species offspring. 
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Figure 16 Recombination map.  

Yellow: homozygous A. alpina, Red: homozygous A. montbretiana, Grey: heterozygous. 

Each column corresponds one progeny. Progenies from the same family are drawn close. 

Different families are separated by a small distance. The left part includes nine BC1F2 

families and the right part includes seven BC1F3 families 

 

 

Figure 17 Recombination breakpoint distribution along the chromosomes.  

Green bars indicate the recombination breakpoints. Blue and red curves show the gene 

and repeat density, respectively. The percentage was calculated using a 1 Mb sliding 

window with a step size of 100 kb. X axis corresponds to the genome position of A. alpina, 

unit: Mb. Left Y axis indicates the gene or repeat percent. The orange points represent the 

genetic marker positions on the physical position as the x-axis shows, and genetic 

positions as the right Y axis shows. 
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Figure 18 Pericentromeric recombinations in inter-species introgression lines. 

Comparison between A. montbretiana and A. alpina chromosome 1.  

The red and blue curves indicate the gene and repeat density along the chromosome, 

respectively. The density was calculated by using a 1 Mb sliding window with step size of 

100kb. The grey lines between the upper and lower plots represent all one-to-one 

orthologous gene pairs between these chromosomes. The bottom green bars indicate the 

recombination breakpoint positions identified in the Arabis introgression lines. The narrow 

gray bars in the plots correspond the centromere positions. The dashed green bars indicate 

the range of pericentromeric region in A. alpina based on the genetic distance varying 

along the physical positions. X axis corresponds to the genome position, unit: Mb. Left Y 

axis indicates the gene or repeat percent. The orange points represent the physical 

position of the genetic marker, where their genetic positions is shown on the right Y axis. 

Comparisons in other chromosomes are shown in Fig. S1 – S6. 
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2.2.4 Recombination mediated gene copy number variation 

Chromosome segregation or crossovers can introduce different combinations of the 

two genetic backgrounds. In general, allelic or syntenic homologous regions will not be 

affected by the recombination in terms of copy changes. Recombination in non-

syntenic homologous regions can lead to chromosomal rearrangements and is usually 

suppressed, however, recombination in syntenic regions can combine different alleles 

of rearranged regions leading to copy number changes in the recombinant genomes 

(Wijnker et al. 2013). Here, as I found a substantial amount of translocated genes 

between the two parental genomes, I expected a high degree of copy number 

variations (CNVs) of translocated genes in the progenies (Fig. 22, Fig. 23). Assuming 

an orthologous gene, which is single-copy but resides in different genomic regions 

between the two Arabis genomes, the gene copy number in progenies can vary from 

zero to four. Among of the 1,256 genes in CTX regions, I found 363 which showed all 

the five possible copy numbers between the different recombinant lines (Fig. 19). 

Besides, 750 CTX genes did not show any zero copy number allele in any of the 

recombinant lines, suggesting these genes might be essential. For example, ortholog 

genes in the large CTX region between A. alpina chromosome 3: 30.06-30.42 Mb and 

A. montbretiana chromosome 5: 31.1-31.4 Mb (Fig. 20 A-B) had one, two, three and 

four copies in 1, 274, 134, and 48 progenies, respectively. However, there was no line 

without the translocated region. In another example of a large CTX region (A. alpina: 

chr3 2.16-2.27Mb, A. montbretiana: chr6 4.69-4.78Mb), even no single-copy number 

variation was observed in all progenies (Fig. 20 C-D). Moreover, I also observed zero 

copy-number variations of 127 one-to-one CTX genes in at least ten progenies.  
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Figure 19 CNV of translocated genes in the Arabis introgression lines.   

Each column indicate one translocated gene sorted along the x axis by their positions on 

A. alpina chromosome Each translocated gene’s copy number range from 0 to 4 exists in 

number of progenies as the y axis indicates, CNV=U: the copy number are hard to be 

determined. 
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Figure 20 Two examples showing CNVs of translocated genes in Arabis 

introgression lines.  

(A-B) two large translocated regions and genotyping of progenies showed no zero copy 

number of the orthologous genes. The top part shows two large translocations (A: A. alpina 

chr3: 30.06-30.42 Mb vs A. montbretiana chr5: 31.07-31.41Mb; B: A. alpina 2.16-2.27Mb 

vs A. montbretiana 4.69-4.78Mb) indicated by light grey color. Genes in the translocations 

are represented by orange bars. The flanking syntenic regions are indicated by dark grey 

color (Note: A. alpina chromosome 8 up arm and A. montbretiana chromosome 5 low arm 

are homologous). The lower part shows genotypes of translocated regions and their 

flanking regions. Only recombination maps of families BC1_4_S1, BC1_5_S1 and 

BC1_17_S1 are shown here. Three different colors indicate different genotype (yellow: 

homozygous A. alpina; red: homozygous A. montbretiana; grey: heterozygous). The 

translocated regions are indicated by the arrows. The copy number of translocated genes 

varies across progenies, which can be identified by the genotypes of flanking syntenic 

regions as shown in Fig. 22. Four different colors correspond to different copy number 

variations (CNVs). 
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3. Material and Methods  

3.1 High-quality plant genome assembly using long-read sequencing 

and long-range scaffolding technologies  

 

This section (3.1) was the basis a manuscript which was published into a research 

article in Genome Research (Jiao et al. 2017), which lists me as first author. All the 

analysis results not generated by me were not shown here. Data from my colleagues 

or my collaborators was clearly pointed out as described in each subsection of 3.1.  
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3.1.1 Plant selection, sample preparation and sequencing   

Three diploid and self-compatible relatives of A. thaliana in Brassicaceae family were 

selected mainly based on their phylogenetic positions in this family and genome size. 

A. alpina (2n=16), is from the tribe Arabideae (expanded lineage II), while E. syriacum 

(2n=14) is from the tribe Euclidieae (lineage III), and C. planisiliqua (2n=14) is from the 

tribe Conringieae (expanded lineage II). The seed of C. planisiliqua was from 

BrassiBase (http://brassibase.cos.uni-heidelberg.de; Koch et al. 2012; Kiefer et al. 

2014) database with accession code HEID921022 (herbarium voucher HEID503985). 

The seed of E. syriacum was from Kew Millenium Seedbank with accession code 

KEW653912. The seed of A. alpina was from the reference accession Pajares (Willing 

et al. 2015).  

Plants were prepared by colleagues in MPIPZ (Benjamin Hartwig, Christiane 

Kiefer, Ulrike Hümann). All the PacBio sequencings libraries were prepared and 

sequenced on a PacBio RS II sequencer using C4v1 sequencing reagents, by my 

colleagues (Bruno Huettel, Richard Reinhard) in the Max Planck-Genome Centre, 

Cologne, Germany. Illumina paired-end sequencing of E. syriacum was performed on 

a HiSeq2500 platform by Max Planck-Genome Centre, Cologne, Germany. Illumina 

reads of A. alpina and C. planisiliqua were reused from previous projects (Bewick et 

al. 2016; Willing et al. 2015). Mate-pair libraries were constructed and sequenced 

following the earlier method (Heavens et al. 2015) by my collaborators (Gonzalo Garcia 

Accinelli, Bernardo Clavijo) in Earlham Institute. Earlham Institute’s Platforms.  

The Illumina paired-end reads were used to evaluate heterozygosity degree based 

on 25-mer frequencies using the tool Jellyfish (Marçais and Kingsford 2011) and 

genomescope.R (https://github.com/schatzlab/genomescope).  

3.1.2 Genetic map of A. alpina 

The genetic map was generated by my colleagues in MPIPZ (Edouard Severing, 

Stefan Woetzel, Eva Madrid-Herrero). An F2 mapping population including 389 
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individuals was constructed using three self-pollinated F1 hybrids between two A. 

alpina accessions from the French Alps.  

3.1.3 Optical mapping 

All the optical mapping data was generated by my collaborators (David Baker, Daniel 

Swan) in Earlham Institute. Earlham Institute’s Platforms and Pipelines group followed 

IrysPrep™ Fix’n’Blend Plant DNA extraction protocol supplied by Bionano Genomics.  

3.1.4 PacBio assembly  

PacBio raw reads from each species were imported into the software SMRT Analysis 

v2.3 to filter out subreads with length less than 500bp or bases quality (QV) smaller 

than 80. Two de novo assembly tools Falcon (v0.3.0) and PBcR (with Celera 

Assembler 8.3rc2), were used to assemble the remaining subreads. For Falcon, the 

minimal read length in the read correction and assembly steps was set to obtain input 

subreads with the total length around 25x as suggested. For PBcR, 40x filtered 

subreads were selected to do read self-correction with MHAP and 25x of the longest, 

corrected subreads were used for assembly with the Celera Assembler. Both contigs 

from Falcon and PBcR were polished based on the remapping of filtered subreads 

using the tool Quiver. 

3.1.5 Estimations of assembly error rate 

The assembly error rate was estimated in different ways. First, the single nucleotide 

errors were identified based on the alignments of Illumina paired-end reads. Reads 

were mapped to each Falcon and PBcR assembly of the three species using BWA (v 

0.7.12) (Li and Durbin 2009). SNPs and InDels were called by the tool SAMTools (Li 

et al. 2009). This level of assembly error rates were then calculated by dividing the 

total number of homozygous SNPs and InDels by the total length of covered regions 

with mapping quality higher than 25 and a coverage larger than five.  

Furthermore, the level of large-scale misjoins for A. alpina assembly was 
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evaluated with Illumina mate-pairs sequenced from three fragment libraries with 

different insert-size (5kb, 7kb, and 10kb). First, reads were mapped to each of the 

assemblies from different steps or data integration using BWA. Then, the reads pairs 

aligned to different contigs were selected to find those where both or one read was 

aligned to the inner part of contigs. Here the start or end of inner part of a contig was 

defined as the total value between average insert size of the respective library and 

three standard deviations of the insert size distribution. Only read alignments with 

mapping quality over 30 and without any mismatch or gaps were used for downstream 

analysis. The resulting clusters with more than five such read pairs indicated a 

misassembled region. Finally, a consensus set of misassembled regions was obtained 

by merging the analyzing results of all three libraries. 

Additionally, the inter-chromosome misassemblies of A. alpina were identified 

using a genetic map with 734 markers. All marker sequences were aligned to the 

assembly by the tool blastn, to check whether a sequence have markers from different 

linkage groups. 

3.1.6 Definition of CN50 and CL50 

Let 𝐶 represent a list of all contigs sorted by descending length. Assign them into 𝑛 

distinct sets of contigs, where n equals the chromosome number. Here the first (longest) 

contig is assigned to set 1, the second to set 2 and so on (Fig. 21). The n+1 longest 

contig is then assigned to set n again, and the n+2 longest contig is assigned to set n-

1 and so on. Use 𝑆 to represent such a contig set s sorted by descending length. For 

each set, find one contig 𝑐𝑖 ∈ 𝑆 matching the below formula  

 

∑𝑙𝑒𝑛𝑔𝑡ℎ(𝑐𝑘)

𝑖

𝑘=1

≥
∑ 𝑙𝑒𝑛𝑔𝑡ℎ(𝑐𝑘)
|𝑆|
𝑘=1

2
 

 

where 𝑖 ∈ 𝑆 and no 𝑗 < 𝑖 exists, which matches the same criterion. Let 𝑀 represent 

the set of contigs matching above formula. I define  
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𝐶𝑁50 = 𝑚𝑒𝑑𝑖𝑎𝑛(⋃𝑙𝑒𝑛𝑔𝑡ℎ(𝑐𝑘)

|𝑀|

𝑘=1

) 

 

where 𝑐 ∈ 𝑀 and CL50 is defined as the order number i of the CN50 contig 𝑐𝑖 ∈ 𝑆. 

 

Figure 21 Definition of CN50 and CL50 statistics. (from Jiao et al. 2017) 

N50 and L50 refer to one particular contig of a sequence assembly. This contig along with 

all longer contigs make up more than 50% of the total assembly size. The length of this 

contig is given by the N50 value, whereas its order number (in an ordering where contigs 

are sorted by length) is given as L50 (though some people prefer to annotate it vice versa). 

However, even in perfect assemblies, the L50 is not 1 (as it optimally would be), as the 

number of chromosomes limits the L50 value. This effect is marginal if an assembly 

consists of many contigs, however, in assemblies with high contiguity, this effect can be 

drastic and interfere with the interpretation of the L50 value.  

CN50 and CL50 are introduced to normalize the N50 statistics for chromosome 

number (n). Contigs are assigned to hypothetical chromosomes, where the longest 

contig is assigned to the first chromosome, the second longest is assigned to the 

second chromosome and so on. The n+1 longest contig is then assigned to the n-th 

chromosome again (in the above example contig #9 is assigned to hypothetical 

chromosome 8) and the n+2 longest contig is assigned to chromosome n-2 (here 
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contig #10 is assigned to chromosome 7), until all contigs are assigned. For each of 

the n contig sets N50 is calculated and the median of these values describes the CN50 

value. The order number (L50) of the respective CN50 contig (shown in the blue box) 

in the hypothetical chromosome finally represents the CL50 value.  

3.1.7 Integration of Optical Mapping data 

For each genome, the raw optical maps were imported and de novo assembled into 

consensus maps using the tool Assembler of the package IrysSove with cutoffs of P < 

8e-8 to generate draft consensus maps, P < 8e-9 to extend draft consensus maps and 

P < 8e-12 to merge the extended draft consensus maps. The resulting consensus 

maps were used for hybrid scaffolding with above PacBio sequence assemblies 

generated from Falcon or PBcR. This hybrid scaffolding procedure scaffolded not only 

the assembly sequences but also the optical consensus maps. 

To do hybrid scaffolding, two different scaffolding workflows were used. In the first 

workflow, the consensus maps were aligned to assembled sequences using the tool 

RefAligner with alignment cutoff of P < 1e-9. Only the aligned consensus maps not 

showing conflicting alignments were selected for hybrid scaffolding with the IrysSolve 

software.  

In the second workflow, consensus maps showing conflicting alignments were 

included as these conflicts indicated the consensus maps or assembly sequences 

were misassembled. The misassembled position was defined as the midpoint between 

the first unaligned restriction enzyme site and the last aligned restriction enzyme site 

at the conflicting regions. In addition, it was shifted accordingly if an InDel with two or 

more restriction enzyme sites were adjacent to the breakpoint. To determine whether 

the consensus maps or assembly sequences were misassembled, all conflicting 

alignments related to the sequences or maps were searched among alignments under 

relaxed alignment cutoff P < 5e-8. If at least two maps or sequences indicated the 

same conflicting alignment region in one sequence or map, the sequence or map was 

misassembled and would be broken at the misassembled breakpoint. If this conflicting 

alignment was only indicated by one map or sequence, the alignments between the 
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maps and the sequences from the other assembly (Falcon or PBcR) were checked to 

see whether the conflicting alignment region was also indicated by another sequence. 

If not, the sequence was misassembled and would be also broken but the sequence 

from another assembly was not at this conflicting region. If there is no alignment 

information at this conflicting region from another assembly, both sequence and map 

were split. After all these conflicting alignments were solved, I did hybrid scaffolding 

again with the tool RefAligner (P < 1e-9). This step was performed for the Falcon and 

PBcR assembly, respectively. Finally, the scaffolds from Falcon-based hybrid 

scaffolding were aligned to the hybrid consensus maps from the PBcR-based hybrid 

scaffolding using the tool RefAligner (P < 1e-9). Again, the misassembled scaffold 

sequences or maps were split as above and were further used for the final hybrid 

scaffolding with alignment P < 1e-9.  

In both of the two approaches above, the gap length between the contigs or 

scaffolds was estimated based on the distance of spanning restriction sites. The gaps 

were filled with the respective number of ambiguous base “N”. 

 

3.1.8 Integration of Dovetail Genomics chromatin conformation capture data 

The reads of chromatin conformation capture sequencing were generated by the 

Dovetail Genomics Company. Reads were mapped to A. alpina Falcon and PBcR 

assembly contigs using BWA with mapping quality cutoff of 30 and then used for 

scaffolding using HiRise software. In order to improve the HiRise scaffolding 

performance, in silico consensus maps were transformed from the PBcR-based HiRise 

scaffolds based on the nick site of BspQI, then aligned to Falcon-based HiRise 

scaffolds using RefAligner with P < 1e-9 as cutoff. Again, the scaffolds and maps were 

broken before scaffolding to remove conflicting alignments as described above. Due 

to the variable insert length of Chicago read pairs, the gaps of between adjacent 

contigs were hard to be determined and were simply filled 100 base “N”. 
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3.1.9 Integration of optical mapping and chromatin conformation capture data 

To integrate optical mapping and chromatin conformation capture data, firstly the 

second optical mapping scaffolding workflow was performed as described above only 

except that the chromatin capture read pairs were also used to help determining 

whether the contigs or the consensus maps were misassembled in conflicting 

alignment regions. Secondly, the Chicago read pairs were aligned to the resulting 

hybrid scaffold and used for scaffolding by HiRise. Then, the hybrid consensus maps 

from the first step of optical mapping data integration were aligned to scaffold 

sequences from the second step of HiRise scaffolding (alignment cutoff P < 1e-9). 

Again, the potentially misassembled maps and scaffolds were broken and used for 

final scaffolding.  

3.1.10 Estimation of centromeric regions 

Firstly, the centromere positions in A. lyrata genome assemblies were defined based 

on the A. thaliana centromere positions (The Arabidopsis Genome Initiative 2000)., the 

cytogenetic maps (Schranz et al. 2006) and a whole genome alignment between A. 

lyrata and A. thaliana using the nucmer tool from MUMmer version 3.23 (Kurtz et al. 

2004) with parameters “--mum -l 40 -g 90 -c 90 -b 200”. Then, I did whole genome 

alignment between A. lyrata genome and each of the three assemblies using nucmer 

with parameters “--mum -l 20 -g 90 -c 65 -b 200”. In each alignment, the adjacent 

alignment regions were merged into homology blocks. A scaffold potentially spanned 

the centromere when both the flanking sides of an A. lyrata centromere were homology 

with this scaffold. A scaffold may only partially cover the centromere when only side of 

an A. lyrata centromere was homology with this scaffold. Additionally, assembly 

sequences were also screened to identify centromeric tandem repeats (Melters et al. 

2013). The tandem repeat arrays were predicated by the tool TRF with parameters “1 

1 2 80 5 200 2000 -h”. The candidate centromeric repeat units were defined from the 

clustering of the longest tandem arrays.   
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3.1.11 Annotation and finalization of the assemblies  

For general usage, the A. alpina assembly further improved to remove residual 

misjoined sequences and sequences were anchored into chromosomes based on the 

genetic map and the previous cytogenetic map (Willing et al. 2015).  

Protein-coding genes of E. syriacum and C. planisiliqua were annotated by 

integrating evidences from ab initio predictions and homology protein sequence 

alignments. Three ab initio prediction tools were used including GlimmerHMM (v3.0) 

(Majoros et al. 2004), SNAP (v2013) (Korf 2004) and Augustus (v3.0) (Stanke and 

Waack 2003). Protein sequences from eight Brassicaceae species (A. thaliana, A. 

lyrata, Capsella rubella, Brassica rapa, Eutrema salsugineum, Schrenkiella parvula, A. 

alpina, Arabis montbretiana) were aligned to the assembly using the tool Scipio (v1.4) 

(Keller et al. 2008). These evidences were further integrated into consensus gene 

models by EVidenceModeler (EVM) software (v2012) (Haas et al. 2008). For A. alpina, 

the earlier gene models were updated based on the new assembly (Willing et al. 2015). 

Repeats were annotated using the tool RepeatMasker (v4.0) based on a custom 

Brassicaceae repeat library. 

3.1.12 Scripts and data access 

All the scripts related the workflows in this project can be found in the on-line 

Supplement Material of the publication (Jiao et al. 2017) and the GitHub website 

(https://github.com/wen-biao/OM-HiC-scaffolding). All raw genome sequencing data, 

optical mapping data and the assembly sequences have been uploaded into the 

European Nucleotide Archive with the BioProject ID PRJEB16743. Gene annotations 

can be found in the on-line Supplemental Material of the publication 

(http://genome.cshlp.org/content/early/2017/04/05/gr.213652.116/suppl/DC1). 

https://github.com/wen-biao/OM-HiC-scaffolding
http://genome.cshlp.org/content/early/2017/04/05/gr.213652.116/suppl/DC1
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3.2 Comparative genomic and genotypic characterization of annual-

perennial interspecific introgression lines constructed from two 

divergent Arabis species 

3.2.1 Plant sample preparation, genome sequencing and RNA-seq of A. 

montbretiana  

All respective samples were prepared by my colleagues in MPIPZ. Two short DNA 

fragment libraries and two long DNA fragment libraries were constructed for Illumina 

whole genome sequencing. Seven RNA-seq samples were collected at different 

growth periods. These sequencing data is summarized in Table 15 and Table 16. 

 

Table 15 The Illumina reads for A. montbretiana genome de novo assembly 

Library 
Read  

Length(bp) 

Sequencing 

Depth 

Paired-End 180bp 2*100 179.9  

Paired-End 500bp 2*121 81.4  

Mate-Pair 3Kb 2*30~50 1.0  

Paired-End_20Kb 2*30~100 17.8  

 

Table 16 The Illumina RNA-seq reads of A. montbretiana 

Tissue Read Length Read Number 

leaves 2*101 58,422,899 

cotiled 2*101 54,709,620 

vegetapic 2*101 57,748,666 

seedlings 2*101 62,577,078 

cauline 2*101 56,173,527 

florabuds 2*101 54,867,518 

siliq 2*101 56,781,274 

total  401,280,582 
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3.2.2 Cytomolecular comparative maps of A. montbretiana 

This work was done by our collaborators Martin Lysák and his colleagues at CEITEC 

– Central European Institute of Technology, Masaryk University, Brno, Czech Republic. 

In Brassicaceae, most species share the common chromosome karyotype blocks with 

the Ancestral Crucifer Karyotype (ACK) where 24 blocks are defined according to the 

model plant A. thaliana. Using comparative chromosome painting based on A. thaliana 

BACs, the conservation of (or possible rearrangements in) these blocks can be 

identified in any Brassicaceae genome. The arrangement of these blocks displays the 

cytomolecular comparative maps. 

3.2.3 Genome assembly of A. montbretiana 

Genome sequences were assembled by the tool ALLPATHS-LG with default 

parameters using the Illumina sequencing reads (Gnerre et al. 2011). The assembled 

scaffold sequences were blasted against sequences of A. thaliana mitochondrial (The 

Arabidopsis Genome Initiative 2000), A. alpina chloroplast (Melodelima and Lobréaux 

2013) and NCBI bacterial nucleotide sequences, to detect organellar and remove 

contaminant sequences.   

To anchor the scaffolds to chromosomes, I first improved the A. alpina genome 

reference sequences version 5 (Jiao et al. 2017) by adjusting the order and orientation 

of several scaffolds based on the genotyping result of Arabis introgression lines. This 

updated A. alpina genome sequences and cytomolecular comparative maps of A. 

montbretiana were used to guide the anchoring of scaffolds to chromosomes. All 

scaffolds were aligned against A. lyrata genome using the tool nucmer in MUMmer 

package with parameters setting of “--mum –l 20 –g 90 –c 65 –b 200” (Kurtz et al. 

2004), to find the Ancestral Crucifer Karyotype (ACK) blocks. Here, the ACK block 

positions in A. lyrata were identified based on the whole genome alignments between 

A. thaliana and A. lyrata, ACK of A. lyrata (Schranz et al. 2006) and the ACK block 

positions of A. thaliana (Lysak et al. 2016). Then all scaffolds that unambiguously 
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aligned against ACK blocks were anchored and oriented into eight chromosomes 

based on the cytomolecular comparative maps (Fig. 10 A). 

3.2.4 Genome annotation of A. montbretiana 

Protein-coding genes were annotated by a pipeline integrating evidences from ab initio 

prediction, RNA-seq paired-end reads mapping and homologous protein alignments. 

Firstly, ab initio gene predictions were performed using the tool AUGUSTUS (version 

3.2.3) (Stanke and Waack 2003) and GlimmerHMM (version 3.0.3) (Majoros et al. 

2004). Besides, nearly 200 million paired-end RNA-seq reads from seven libraries 

sampled from tissues under different growth periods were generated, and mapped to 

the A. montbretiana assembly using tophat2 (version 2.1.0) with default parameters 

(Kim et al. 2013a), followed by assembling the transcripts using the tool Cufflinks 

(version 2.2.1) (Trapnell et al. 2010). Moreover, I aligned protein sequence from A. 

thaliana (The Arabidopsis Genome Initiative 2000), Populus trichocarpa (Tuskan et al. 

2006), Vitis vinifera (French et al. 2007), Oryza sativa (Goff 2002) to A. montbretiana 

genome using tblastx (Altschul et al. 1997). All proteins with alignment e-value less 

than 1e-5 were aligned to A. montbretiana genome again, this time using exonerate 

with alignment percent cutoff of 50% (Slater and Birney 2005). Then, all evidences 

from above were combined to generate consensus gene models using the tool 

EVidenceModeler (version 1.1.0) (Haas et al. 2008). Finally, I used the tool PASA 

(version 2.0.0) to update the consensus gene models by adding UTR annotations and 

models for alternatively spliced isoforms (Haas et al. 2003).  

To identify transposable element related genes, I integrated the result of 

transposable element annotation, scanning result of TE-related protein domain HMM 

profiles using the tool HMMER 3 (version 3.1; http://hmmer.org/) and blastp result with 

A. thaliana proteins. When genes coding regions were overlapped by a region with 

similarity to a TE with at least 20% or had TE-related protein domains, they were 

annotated as TE-related genes unless they additionally featured a blastp hit to an A. 

thaliana protein.  

http://hmmer.org/
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TEs were annotated using RepeatModeler (version 1.0.8) and RepeatMasker 

(version 4.06; http://www.repeatmasker.org) with default parameters. Intact LTR were 

identified using the tool LTRharvest in GenomeTools package version 1.3.7 (Ellinghaus 

et al. 2008). To predict the LTR insertion time, all pairwise intact LTRs were firstly 

aligned using the tool MUSCLE (version 3.8.31) (Edgar 2004). Then the distance k of 

each pair LTR was calculated using the tool dismat from the EMBOSS package version 

6.6.0.0 (Rice et al. 2000). The insertion time T of each LTR pair was calculated based 

on the formula T=k/(2r). Here the nucleotide substitution rate r was set 7e-9 per site 

per year and base (Ossowski et al. 2009).  

3.2.5 Identification of genome synteny and rearrangements  

To find syntenic and rearranged genomic regions between A. alpina and A. 

montbretiana, I run the whole genome sequence alignment tool nucmer from the 

software package MUMmer version 3.2.3 (Kurtz et al. 2004) with parameter setting of  

“---mum –l 40 –g 90 –c 90 –b 200”. After filtering redundant short alignment blocks, the 

uniquely aligned blocks were used to find the longest syntenic regions using the 

Heaviest Increasing Subsequence algorithm, which is based on the specific sorting of 

the genome coordinates of A. alpina and A. montbretiana. Based on the syntenic block 

(SYN) backbone, other rearranged blocks including inversion (INV), intra-chromosome 

translocation (ITX), and inter-chromosome translocation (CTX) were assigned 

accordingly. For duplicated alignments, I clustered them into alignment groups where 

each group contained all regions which could be aligned to one or more of others. 

Assuming there are N regions of A. alpina and M regions of A. montbretiana in one 

group, a matrix with N rows and M columns was built. In this matrix, each element 

represents one possible alignment pair. This type of alignment could be assigned as 

SYN, INV, ITX, or CTX according to the syntenic backbone. One region from A. alpina 

can have multiple aligned regions in A. montbretiana with different alignment types. 

For these cases, the final alignment type of this region was assigned based on the 

priority order: SYN > INV > ITX > CTX. Once an alignment pair was assigned a type, 

the two regions would be deleted from the matrix and their pair combination would be 
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fixed. When regions from one genome or both genomes were removed from the matrix, 

this process of assignment of pair combination and alignment type was finished. Finally, 

the remaining regions from one genome were assigned as gained copy number 

variation (CNV-G). 

3.2.6 Comparative gene family analysis of A. montbretiana and A. alpina   

The ortholog gene family analysis was done by iteratively running the tool OrthoMCL 

(Li et al. 2003). The remaining un-clustered genes from one genome were assigned 

their best blastp hit in another genome. These paired ortholog genes were assigned 

as syntenic (SYN) gene or rearranged (INV, ITX or CTX) genes based on their genome 

positions and the syntenic genome regions defined by whole genome sequence 

alignment. For those none one-to-one ortholog families, I checked all the possible 

ortholog pair combinations to assign them as syntenic or rearranged pairs. This would 

generate a matrix with row and column number equal to gene number of A. alpina and 

A. montbretiana. In the matrix, each element presented the ortholog type (SYN, INV, 

ITX or CTX) for each gene pair combination. For each gene of one genome, its final 

paired ortholog would be determined following the ortholog types priority (priority order: 

SYN > INV > ITX > CTX). Once the gene pair was assigned an ortholog type, it would 

be deleted from the matrix and their combination was fixed. Finally, those unpaired 

genes in the gene family would be assigned as CNV-Pre (for A. alpina) or CNV-Abs 

(for A. montbretiana) using the A. alpina genome as the reference. 

3.2.7 Genotyping of the introgression population 

The Arabis interspecific introgression population were generated by our collaborators, 

Christiane Kiefer and other colleagues in MPIPZ. Briefly, the population were 

constructed by firstly crossing between A. montbretiana and A. alpina, then 

backcrossing to the recurrent parent A. alpina, followed by one, two or three arounds 

of self-crossing (BC1S1, BC1S2, and BCSF3) as shown in Fig. 13 . 460 progenies 

were selected for Genotyping-by-Sequencing (GBS). 
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Each individual’s sequencing reads were extracted from the GBS reads files 

according to their specific barcode. Only “good” reads were kept for analysis. Here, I 

defined “good” reads, when they satisfied the requirements introduced in a previous 

study (Elshire et al. 2011): (1) Containing barcode and the four-base remnant of the 

ApeKI cut site (CWGC); (2) No ambiguous base "N" in the first 64 bases after the 

barcode end; (3) Not containing the eight bases of common adaptor in their first 50 

bases after the barcode end. Reads were trimmed if they contained the common 

adaptor “AGATCGGA”, then mapped to A. alpina reference genome using the tool 

BWA (Li and Durbin 2009). Genotypes were called with the tool SAMTools (Li et al. 

2009). I used a GBS read-based analysis of the two parental genomes of A. alpina and 

A. montbretiana to select SNP markers for genotyping. I selected SNPs from A. 

montbretiana reads alignment with mapping coverage>=5, mapping quality >=25 and 

A. montbretiana allele’s reads mapping ratio>=0.9, while I discarded those SNPs which 

were also called with the A. alpina reads or with less than five reads supporting A. 

alpina allele. Moreover, I filtered those close to the assembly gaps with distance less 

than 500bp and only kept one of adjacent SNPs whose distances were less than 50bp. 

To reduce the disturbance from repeats during genotyping, I firstly extracted 100bp 

genome sequence from each flanking side of above filtered SNP markers, and aligned 

these fragments to the A. alpina and A. montbretiana genomes. If an alignment showed 

more than one hit (mismatch<=4, gap<=1 or mismatch=5, gap=0), I discarded the 

respective SNP marker.  

The remaining SNPs were used as genotyping markers. The genotype at each 

marker position of each recombinant individual was assigned according to the 

respective number of supporting reads from A. montbretiana and A. alpina. When the 

total mapped reads were less than four, the genotype was defined as undetermined 

“U”. When the ratio of mapped reads from allele A. montbretiana was (1) larger than 

0.9, the genotype was determined as homozygous A. montbretiana “MM”; (2) less than 

0.1, the genotype was determined as homozygous A. alpina “AA”; (3) between 0.1 and 

0.9, the genotype was determined as heterozygous “AM”. 

To identify the recombination breakpoints as accurately as possible, only initial 
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genotypes at syntenic markers were remained. To correct residual genotyping errors, 

a sliding window with seven marker was used for imputation. The recombination 

breakpoints were defined as the middle point between adjacent markers showing 

different genotypes. 

After removing those progenies with low number of sequencing reads, low number 

of informative genotypes, or weird genotyping result due to possible sample 

contamination, 416 progenies across nine BC1S1 families and seven BC1S2 families 

remained for downstream analysis. 

3.2.8 Genotyping the copy number of translocated genes  

The copy number variation of translocated genes were determined according to the 

genotypes of their flanking syntenic regions as shown in Fig. 22 and Fig. 23. 

 

 

Figure 22 Recombination mediated copy number variations of translocated 

genes. Different colors indicates different genotypes.  

The top row shows the chromosome of two parental genomes. It indicates an inter-



Plant genomic studies 

76 
 

chromosome translocated region Aa2-Am2. The flanking regions Aa1, Aa3, Aa4, and Aa5 

are accordingly syntenic with Am1, Am3, Am4, and Am5. The middle and bottom row show 

the genotype based on the reference genome of A. alpina. All genotypes at regions of Aa1, 

Aa3, Aa4 and Aa5 together indicate the genotype of translocated region Aa2 and the copy 

number of genes in Aa2 in different scenarios. For example, when a diploid progeny 

inherits both copies of chromosome 1 both from A. alpina and both copies of chromosome 

2 from A. montbretiana, it will have four copies of the translocated gene. As the GBS 

analysis is performed with A. alpina as reference sequence the reads of all four genes will 

align to the chromosome 1 (as this is where the gene resides in A. alpina) and lead to a 

heterozygous genotype in this regions, while the flanking (non-translated) regions while 

display a homozygous genotype. Likewise, other progenies can present different copies of 

the translocated genes leading to different genotypic patterns if the chromosomes are 

inherited in a difference way.  

 

 

Figure 23 Large-scale arrangements of intra-chromosome translocations.  
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A.al: A. alpina, A.mo: A. montbretiana. The gray rectangles represent the homologous 

chromosomes. The small yellow and red rectangles shows the aligned regions. The 

dashed grey lines connect the homologous regions between A. alpina and A. montbretiana. 

The dashed black lines indicate the intra-chromosome translocations. Distances are 

marked with s, b1, b2, a1, a2 and d, which are described in detail below. 

 

 For the translocated genes with the homologous chromosome, I focused on genes 

with a translocated distance d larger than a particular cutoff. The translocated distance 

d was defined and calculated according to the four cases shown in Fig. 22. For 

example in the case of Fig. 23 A, d is calculated with the formula: d = s + (a1+a2)*b1/b2. 

Here, b1 and b2 are the distances between the translocation region in A. montbretiana 

and its upstream first (Am.TU1) and downstream first (Am.TD1) syntenic region, 

respectively. The a1+ a2 represents the distance of these two syntenic region in A. 

alpina. While s indicates the distance between the translocated region in A. alpina and 

the syntenic region referring to that region Am.TU1. Here, the threshold for d was set 

as 5 Mb, any translocated gene pair with d larger than this were used for CNVs analysis 

among all progenies. 
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4 Discussion 

4. 1 High-quality plant genome assembly using long-read sequencing 

and long-range scaffolding technologies 

This section (4.1) was the basis a manuscript which was published into a research 

article in Genome Research (Jiao et al. 2017), which lists me as first author. All the 

analysis results not generated by me were not shown here. Data from my colleagues 

or my collaborators was clearly pointed out as described in the corresponding 

subsections of 3.1.  
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WBJ with help of all other authors. 

 

In this project, three Arabidopsis relatives’ genomes were firstly assembled only using 

PacBio long reads. I developed different scaffolding workflows to integrate optical 

mapping and chromatin conformation capture data. For evaluating assembly contiguity 

independent of chromosome number, a new statistic chromosome-N50 (CN50) was 

introduced. 

Although the high error rates of PacBio reads, the PacBio assemblies had 

nucleotide error rates lower than one in 10kb, which were as accurate as the Sanger 

sequencing-based assemblies. However, these primary PacBio assembly contigs 

suffered from large-scale and inter-chromosome misassemblies mostly due to the 

highly repetitive regions. My improved workflows could identify and resolve such 

misassemblies during the integration of optical mapping and/or chromatin 

conformation capture data. The integration of optical mapping data revealed most of 

conflicts between assembly sequences and consensus maps. More relaxed 

parameters for de novo assembly of consensus maps might increase the contiguity of 

maps and more misassemblies. However, as these misassemblies could be resolved 

during scaffolding, the final assembly might still have higher assembly contiguity and 

accuracy, implying an optimal parameter setting will allow to better the final assembly. 

Integration of chromatin conformation capture data could generate similar 

improvements on assembly contiguity and also resolve large-scale or inter-

chromosome misassemblies. Furthermore, this data did not show highly redundant 

scaffolding information with optical mapping data. Short contigs are frequently not 

scaffolded by optical mapping data since they may not be accurately aligned to optical 

maps due to insufficient restriction sites. However, contig size does not greatly affect 

the scaffolding using chromatin conformation capture data as this scaffolding can also 

perform well when the primary assembly only has N50 of 25kb (Putnam et al. 2016). 

In fact, more short contigs were scaffolded during integration of chromatin contact data. 

Additionally, assembly contiguity could be also improved by integrating contiguity 

information from different assembly tools. Actually, I found that no inter-chromosome 
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misassemblies was shared between Falcon and PBcR contigs, implying that both 

Falcon and PBcR could perform better in some regions while the other does not, also 

the algorisms of assemblers should be improved accordingly. 

In the future, longer sequencing reads might make scaffolding technologies 

obsolete when reads increase longer enough to span any complex or repetitive regions. 

Nevertheless, before this surprising advancements appear, the art of genome 

assembly may still require more sophisticated methods to integrate both the sequence 

and scaffolding data together to untangle complex graph in the initial construction of 

contigs. This integration will do the initial contig assembly and scaffolding in a one-step 

procedure, promising significant improvements on assembly efficiency and quality. 

4. 2 Comparative genomic and genotypic characterization of annual-

perennial interspecific introgression lines constructed from two 

divergent Arabis species 

Previous researches revealed considerable variation of genome size and chromosome 

karyotype among closely related species diverged over short time scales, such as 

Arabidopsis. Here, the annual species A. montbretiana has a genome, which is 100 

Mb smaller than its perennial sister A. alpina. Our analyses suggested that their 

genome size difference was mostly caused by differences in their recent transposon 

element activity. This mechanism of genome sequence expansion or contraction was 

similar with that of Arabidopsis where the smaller genome of A. thaliana was generated 

by reduced transposon element activity or elimination and shortening of intergenic and 

intronic sequences (Hu et al. 2011). Most of currently available genome size estimation 

in Arabideae indicated that perennials tend to have larger genomes (Bennett et al. 

2011), such as perennial Arabis procurrens (352Mb), Arabis tibetica (323 Mb), Arabis 

nordmanniana (C Kiefer et al., 2017) (assembly size 342Mb). However, detailed 

evolutionary processes of genome sequences remain still undetermined without high 

quality genome assemblies of ancestors or outgroups. Apart from genome size change, 

chromosome karyotype also showed rearrangements in the two Arabis species. 
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Comparison with the ancestral crucifer karyotype (Schranz et al. 2006; Lysak et al. 

2016), both A. alpina and A. montbretiana have experienced several large-scale 

karyotype rearrangements, but both still remained the ancestral chromosome number. 

Even though they only diverged five million years ago, one chromosome arm 

translocation and one centromere reposition occurred. More cytomolecular 

comparative maps of other Arabis species will highlight the underlying chromosome 

karyotype rearrangements concurrent with evolutionary life-cycle transitions. 

However, higher resolution of genome sequences relies on accurate 

chromosome-level genome assembly. The high-quality A. montbretiana and A. alpina 

genome assemblies provided us an opportunity to deeply investigate the genome 

evolution. Detailed comparative genomic analysis between A. montbretiana and A. 

alpina showed numerous genome rearrangements and ortholog gene family 

differences including a large number of translocated regions and more than one 

thousand inter-chromosome translocated orthologous genes. In conclusions, this 

study indicated that substantial genome divergences at different scales were possibly 

concurrent with the life-cycle transition. 

These two highly divergent parental genomes resulted in some special genotypes 

in their inter-species progenies. Firstly, crossover mostly emerged in syntenic regions. 

This pattern is similar with intraspecific hybridization. As our genetic markers were not 

dense enough due to the common problem of GBS, I were not able to accurately 

determine the recombination positions at very high resolution. Whole genome 

sequencing of meiotic tetrads should find more accurate recombination positions, 

which was often tailored for genome-wide study of recombination and gene conversion 

events (Lu et al. 2012; Wijnker et al. 2013). Besides, recombination is often repressed 

in pericentromeric regions. However, it may occur more frequently in inter-specific 

crossing when the donor genome have different organization of pericentromeric 

regions. Numerous crossovers in pericentromeric regions were observed among 

progenies. However, as the study was not designed for investigating inter-specific 

recombination, I cannot conclude whether the Arabis with smaller pericentromeric 

regions increase the recombination frequency significantly. Moreover, as substantial 
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translocations exist between the parental genomes, progenies presented copy number 

variations of translocated genes. This phenomena of recombination-mediated CNVs 

of translocations was previously observed in A. thaliana crossing between two different 

accessions (Wijnker et al. 2013). Here, I identified 1,256 inter-chromosome 

translocated genes at whole genome-wide level and determined their copy number in 

each introgression line. Interestingly, some gene presented all possible copy number 

among progenies while some genes not, even had no zero copy. Gene copy number 

variation often result in diverse phenotypic traits (Sutton et al. 2007; Hanikenne et al. 

2008). Besides, progenies with different genetic background or copy number of allelic 

genes may present allelic biased or specific gene expression. Thus, the CNV of 

translocated genes may influence gene expression and even specific phenotypic traits. 

Interestingly, seven translocated flower-control related genes might affect the flowering 

when they present different copies in progenies. Further experiments will elucidate 

these in the future.     

Finally, my workflow on identifying CNVs of translocated genes could be also 

applied in other inter-specific or intra-specific genotyping studies. Especially, the inter-

specific crossing lines between cultivates and wild types are widely utilized in crop 

breeding, where it can be expected that substantial translocated genes exist between 

cultivars and wild accessions. While genome-wide study of recombination-mediated 

CNVs relies on high-quality assembly of parental genomes. As the current genome 

sequencing cost decreases greatly and multiple long-read or long range genomic 

technologies advance, more genome assemblies within the same species or closely-

related species will become available, which in turn contributes to this study.  

4. 3 Concluding remarks 

In my thesis, I assembled plant genomes using both second and third generational 

sequencing technologies. Compared to the assemblies based on the second 

generation sequencing data, genome assemblies by utilizing third generational 

sequencing method have much higher contiguity, similar accuracy, and substantial 
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completeness. Especially, those genomes with highly repetitive or heterozygous 

regions cannot be assembled well by using short reads, which now can be available 

by using long reads. Besides, the long-range scaffolding genomic methods can also 

improve the assembly contiguity and accuracy. As these genomic technologies are 

complementary in assembly improvements, they can be efficiently combined together 

to detangle other more complex plant genomes, such as extremely large, 

heterozygous genomes or autopolyploid genomes. 

Simultaneously, other researches can benefit from high-quality genome 

assemblies, like comparative genomic studies. Before the widely application of third 

generation genomic technologies, only a few of comparative genomic studies are 

performed among phylogeny closed species. These phylogeny closed species or sister 

species are often used for constructing introgression populations. However, they may 

have greatly genomic divergence which frequently results in failures in single parent 

genome based genomic analysis. Conversely, parents’ genomes aware based 

analyses can shed light on the understanding of divergent evolution of parent genomes 

and help to identify causal genes controlling important traits. 
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Supplement 

 

Figure S1 Pericentromeric recombinations in inter-species introgression lines. 

Comparison between A. montbretiana and A. alpina on chromosome 2.  

The red and blue curves indicate the gene and repeat density along the chromosome, 

respectively. The density was calculated by using a 1 Mb sliding window with step size of 

100kb. The grey lines between the upper and lower plots represent all one-to-one 

orthologous gene pairs. The bottom green bars indicate the recombination breakpoint 

positions identified in the Arabis introgression lines. The narrow gray bars in the plots 

correspond to the centromere positions. The dashed green bars indicate the range of 

pericentromeric region in A. alpina based on the genetic distance varying along the 

physical positions. X axis corresponds to the genome position, unit: Mb. Left Y axis 

indicates the gene or repeat percent. The orange points represent the genetic marker 

positions on the physical position as the x-axis shows, and genetic positions as the right Y 

axis shows.  
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Figure S2 Pericentromeric recombinations in inter-species introgression lines. 

Comparison between A. montbretiana and A. alpina on chromosome 3. 

The red and blue curves indicate the gene and repeat density along the chromosome, 

respectively. The density was calculated by using a 1 Mb sliding window with step size of 

100kb. The grey lines between the upper and lower plots represent all one-to-one 

orthologous gene pairs. The bottom green bars indicate the recombination breakpoint 

positions identified in the Arabis introgression lines. The narrow gray bars in the plots 

correspond to the centromere positions. The dashed green bars indicate the range of 

pericentromeric region in A. alpina based on the genetic distance varying along the 

physical positions. X axis corresponds to the genome position, unit: Mb. Left Y axis 

indicates the gene or repeat percent. The orange points represent the genetic marker 

positions on the physical position as the x-axis shows, and genetic positions as the right Y 

axis shows.  
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Figure S3 Pericentromeric recombinations in inter-species introgression lines. 

Comparison between A. montbretiana and A. alpina on chromosome 4. 

The red and blue curves indicate the gene and repeat density along the chromosome, 

respectively. The density was calculated by using a 1 Mb sliding window with step size of 

100kb. The grey lines between the upper and lower plots represent all one-to-one 

orthologous gene pairs. The bottom green bars indicate the recombination breakpoint 

positions identified in the Arabis introgression lines. The narrow gray bars in the plots 

correspond to the centromere positions. The dashed green bars indicate the range of 

pericentromeric region in A. alpina based on the genetic distance varying along the 

physical positions. X axis corresponds to the genome position, unit: Mb. Left Y axis 

indicates the gene or repeat percent. The orange points represent the genetic marker 

positions on the physical position as the x-axis shows, and genetic positions as the right Y 

axis shows.  
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Figure S4 Pericentromeric recombinations in inter-species introgression lines. 

Comparison between A. montbretiana and A. alpina on chromosome 6. 

The red and blue curves indicate the gene and repeat density along the chromosome, 

respectively. The density was calculated by using a 1 Mb sliding window with step size of 

100kb. The grey lines between the upper and lower plots represent all one-to-one 

orthologous gene pairs. The bottom green bars indicate the recombination breakpoint 

positions identified in the Arabis introgression lines. The narrow gray bars in the plots 

correspond to the centromere positions. The dashed green bars indicate the range of 

pericentromeric region in A. alpina based on the genetic distance varying along the 

physical positions. X axis corresponds to the genome position, unit: Mb. Left Y axis 

indicates the gene or repeat percent. The orange points represent the genetic marker 

positions on the physical position as the x-axis shows, and genetic positions as the right Y 

axis shows.  
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Figure S5 Pericentromeric recombinations in inter-species introgression lines. 

Comparison between A. montbretiana and A. alpina on chromosome 7. 

The red and blue curves indicate the gene and repeat density along the chromosome, 

respectively. The density was calculated by using a 1 Mb sliding window with step size of 

100kb. The grey lines between the upper and lower plots represent all one-to-one 

orthologous gene pairs. The bottom green bars indicate the recombination breakpoint 

positions identified in the Arabis introgression lines. The narrow gray bars in the plots 

correspond to the centromere positions. The dashed green bars indicate the range of 

pericentromeric region in A. alpina based on the genetic distance varying along the 

physical positions. X axis corresponds to the genome position, unit: Mb. Left Y axis 

indicates the gene or repeat percent. The orange points represent the genetic marker 

positions on the physical position as the x-axis shows, and genetic positions as the right Y 

axis shows.  
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Figure S6 Pericentromeric recombinations in inter-species introgression lines. 

Comparison between A. montbretiana and A. alpina on chromosome 5 and 8.  

The red and blue curves indicate the gene and repeat density along the chromosome, 

respectively. The density was calculated by using a 1 Mb sliding window with step size of 

100kb. The grey lines between the upper and lower plots represent all one-to-one 

orthologous gene pairs. The bottom green bars indicate the recombination breakpoint 

positions identified in the Arabis introgression lines. The narrow gray bars in the plots 

correspond to the centromere positions. The dashed green bars indicate the range of 

pericentromeric region in A. alpina based on the genetic distance varying along the 

physical positions. X axis corresponds to the genome position, unit: Mb. Left Y axis 

indicates the gene or repeat percent. The orange points represent the genetic marker 

positions on the physical position as the x-axis shows, and genetic positions as the right Y 

axis shows.  
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