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ABSTRACT
Short-read chromosome level genome assembly of Digitaria exilis
Liubov Gapa

Genomics has become an important tool in agriculture. Many modern crop
breeding approaches such as genomic selection and genome editing require
detailed information of the genomic composition of a crop species. However, the
assembly of high-quality genome sequences is prone to technical artifacts that
arise from inaccuracies in the sequencing technology and assembly algorithms.
This is particularly true for the genomes of cereal crops, which are often very large,
repeat-rich, and polyploid. Until recently, the highly continuous assembly of such
cereal crop genomes from short-read data was mainly possible with proprietary
assembly tools. In this work, we combined data generated with several short-read
sequencing protocols and genomics technologies, including paired-end and matepair reads with multiple insert sizes, 10X linked reads, Hi-C contacts, and optical
maps to assemble a chromosome level reference genome of Digitaria exilis (fonio
millet) with open-source tools. Fonio millet is a semi-domesticated cereal orphan
crop native to West Africa that has a high potential for desert agriculture. We
implemented the TRITEX pipeline - a recently developed open-source pipeline for
the assembly of large Triticeae genomes. We modified the pipeline to include 10X
and Hi-C reads into the assembly process independently. We then compared the
TRITEX assembly to the fonio reference genome, which had previously been
assembled from the same input data but using proprietary algorithms. We found
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the two assemblies highly similar in content with high concordance in the local
order (0.91 Pearson coefficient for alignments). However, we detected many small
putative discrepancies between the two assemblies. While the TRITEX assembly
was able to produce a highly continuous genome assembly, further work is needed
to characterize the putative discrepancies in more detail.
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Chapter 1
Introduction
1.1 Genomics in plant science and agriculture
Genomics is a recent field of molecular biology that focuses on studying the
structure, function, evolution, mapping and editing of genomes. It is an
interdisciplinary research field that requires the development of both molecular
methods, such as protocols for sequencing, and computational algorithms.
Genomic methods are becoming increasingly important in plant science and in
plant breeding (Wallace, et al., 2018). The knowledge of a complete genome
sequence serves as a basis to identify causal variants of multigenic traits (Smith,
et al., 2019) and allows to study genome structure and evolution (Schreiber, et al.,
2018; Wendel, et al., 2016), as well as the role and nature of mobile elements
(Wicker, et al., 2018). There is also a recent interest in neo-domestication
(Cannarozzi, et al., 2018; Dawson, et al., 2019; Zou, et al., 2019) – a process of
domesticating wild or semi-domesticated plants with the help of genomics. The
rise of genomics is complemented by the development of sophisticated genome
editing tools, which allows to make precise changes to plant genomes (Chen, et
al., 2019).
A first important step in many genomic studies is the establishment of a highquality reference sequence, which must reflect the true genomic composition of
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the organisms as closely as possible - in content, contiguity and order. However,
this step is prone to various problems and artifacts that will be discussed below.
1.2 Problems of assembling plant genomes
The problems of assembling a high-quality and near-complete genome of any
organism can be categorized in three major groups based on their origin: sample
preparation, sequencing platform, and algorithmic limitations (Table 1).
Table 1.1: Common problems of genome assembly.

Sources
Sample preparation errors
Sequencing platform artifacts
Algorithmic limitations

Examples
Contamination with non-target DNA
DNA degradation
Fragmentation of DNA
GC bias and uneven coverage
Base-calling errors
Graph resolving methods
Collapsing repetitive sequence

Sample preparation–related problems can lead to assembly of incomplete
genomes and integration of ‘alien’ fragments coming from off-target sources.
Limitations of sequencing platforms, such as the requirement of DNA
fragmentation (Goodwin, et al., 2016; Slatko, et al., 2018), creates the necessity
of reconstructing the original sequence from short reads (Schatz, et al., 2010),
which may have an uneven sequencing coverage (characteristic to platforms
requiring amplification step (Tilak, et al., 2018)). Nucleotide-calling errors add more
complexity to this issue. There are strategies to detect some of these errors and
partially correct for them during the data analysis step. However, the data
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processing itself may introduce additional artifacts, e.g. mis-assemblies (Sohn and
Nam, 2016).
Plant genome assembly presents additional challenges that are often not found
in bacterial, human or other animal genomes. These include polyploidy – whole
genome duplications, a high degree of repetitiveness, and extremely large genome
sizes (Edger, et al., 2019; International Wheat Genome Sequencing Consortium,
2018; Kreplak, et al., 2019; Zhuang, et al., 2019). For example, the genome of
bread wheat is hexaploid, consists of 80% repeat-rich regions, and has a size of
almost 16 Gb, which is five times larger than the human genome. Polyploid
genomes require special attention to correctly resolve haplotypes and to segregate
sub-genomes, which is especially challenging in autopolyploids. Long and frequent
repeats prevent placing of fragments in the correct order, and the large size of a
genome makes every step of the assembly process computationally challenging,
requiring lots of memory and processing power (Kyriakidou, et al., 2018).
1.3 Current sequencing approaches to generate chromosome-level plant
genome assemblies
The quality and completeness of a genome assembly may be classified
differently. For example, a ‘gold standard’ assembly consist of partially phased
haplotypes (in case of polyploids – homeologs), while a ‘platinum’ assembly is fully
phased gap-free genome (Ballouz, et al., 2019). According to the contiguity alone,
assemblies may be classified into contigs, scaffolds, chromosome-level assembly
or a complete assembly. To reconstruct a high-quality continuous reference
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sequence, it is important to devise a strategy that deals with expected genome
assembly problems.
For example, to deal with DNA contaminations post factum, sequencing data
can be checked with contamination screeners by finding alignments to known
contaminants genomes, and by performing nucleotide content analysis, which
allows to detect GC content unevenness indicating contamination (Wood and
Salzberg, 2014).
To overcome sequencing platform-related problems, different sequencing and
scaffolding technologies are often combined to achieve chromosome-level
assemblies. Currently, there are two major strategies to construct high-quality
genome assemblies: 1) those that rely on long-read sequencing technologies to
construct the backbone of the assembly and 2) those that solely rely on short-read
sequencing. Long-read sequencing technologies, such as Pacific Biosciences’
single molecule real time sequencing (SMRT) and Oxford Nanopore Technology
(ONT), that can sequence very large fragments called reads (in range from 10 to
20 Kb in SMRT, up to 2 Mb in ONT), which serve as a great help to solve problems
related to fragmentation, repeats and polyploidy (Jung, et al., 2019; Zimin, et al.,
2017). The major disadvantage of long-read sequencing technologies is a higher
base-calling error rate compared to the most common short-read sequencing
technologies. However, there are circular consensus approach and several hybrid
methods that allow to correct for errors (Jiao and Schneeberger, 2017). Long-read
sequencing in combination with other techniques may allow production of nearly
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gap-free, continuous assemblies that accurately represent the original DNA
(Belser, et al., 2018; Zhang, et al., 2016).
A second strategy to generate high-quality genomes is based on short-reads
only and exploits several protocols to perform whole genome sequencing (WGS),
majorly with Illumina platforms producing short fragments (read length 150-250
bp). Short-read data provide highly accurate sequence information, but polyploidy
and high repeat content poses the biggest challenges because the small fragments
do not span through large repetitive regions. To address the repeat assembly
problem and join fragments together, paired-end (PE) and mate-pair (MP) reads
are used, which consist of two short 150-250 bp reads separated by a known
distance called insert. The insert size can range from 300 bp to several kilobases.
Other short-read protocols can be introduced to improve assemblies, e.g. linked
reads of 10X Genomics (Hulse-Kemp, et al., 2018; Yeo, et al., 2018), also known
as pseudo-long reads, which can help to scaffold and correct mis-assemblies.
Chromosome-conformation capture (Hi-C) uses proximity information from the
chromatin structure to scaffold fragments (Dudchenko, et al., 2017; Zhang, et al.,
2019) (Figure 1). Many notable publications that used a short-read strategy for
high-quality plant genome assembly were done by using the proprietary
DeNovoMagic software provided by the NRGene company (www.nrgene.com).
This assembler combines several PE and MP libraries with different insert sizes
and linked reads of 10X Genomics to generate, despite gaps, scaffolds with
megabase contiguity, properly oriented and ordered, that could be further
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scaffolded in pseudomolecules with the help of Hi-C (Avni, et al., 2017; Edger, et
al., 2019; Springer, et al., 2018).

Figure 1.1: Common types of reads that are used in genome assembly (Adapted
from 10xgenomics.com, Lieberman, et al., 2009). A) Long reads, B) single-end
short reads, C) pair-end reads, D) mate-pair reads construction, E) linked reads
construction, F) Hi-C reads construction.
1.4 Algorithmic approaches in genome assembly and TRITEX pipeline
The sequence reads, generated with various protocols, are used as input by an
assembler which connects the reads back in the original sequence. From an
algorithmic point of view, there are two major ways to assemble a genome: 1) to
generate an overlap-layout-consensus sequence (OLC, commonly used with long
reads) by finding shared parts of reads and joining them together, or 2) to build
and resolve a De Bruijn graph, which represents all overlapping k-mers
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(sequences of length k with a single nucleotide frameshift that each read is split
into) rather than the complete read, by choosing the longest paths (Figure 2). Kmers are more flexible and better suited for working with short-read data, because
splitting to k-mers allows to detect errors within the short read and remove
erroneous parts of reads from the pool and the assembly (Melsted and
Halldorsson, 2014).

Figure 1.2: Overview of two major assembly algorithms (Adapted from Ayling, et
al., 2019). A) overlap-layout-consensus (OLC) and its principal steps of finding
consensus from the reads, and B) a De Bruijn approach of splitting reads into the
k-mers and building a graph from them.
Variations of these two approaches that help to address plant genome assembly
problems include different k-mer size and multi k-mer approaches that address the
problem of low-complexity regions (Wright, et al., 2019), assisted local assembly
(Wang, et al., 2018) that makes use of existing genomes of related species,
Hamiltonian/Eulerian

graph

representation

that

affect

repetitive

region

reconstruction (Gnerre, et al., 2011) and other (Kyriakidou, et al., 2018). There are
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also assemblers that use different graph structures (e.g. repeat graph) to adapt to
noise in long reads and make use of its contiguity (Kolmogorov, et al., 2019).
One of the recently developed pipelines using short-read sequencing data for
large plant genome assemblies is called TRITEX. The input data set of TRITEX is
identical to the one used in the proprietary DeNovoMagic assembler. TRITEX
further integrates information from Hi-C and POPSEQ genetic maps, which is a
single nucleotide polymorphism (SNP)-based genetic map derived from a
segregating population (Mascher, et al., 2013), to produce chromosome-level
assemblies. The difference to the DeNovoMagic assembler is that TRITEX relies
on open-source software – a very important change that facilitates further
improvements of the assembler and enables control and transparency of the
assembly process. Running on open-source, TRITEX has reached promising
results by assembling the large and repeat-rich barley and wheat genomes with
high contiguity and accuracy (Monat, et al., 2019).
1.5 Methods for evaluation of the genome assembly
Whatever sequencing and assembling strategy is chosen, there are common
methods to check how well the resulting assembly represents the real DNA
sequence, and correct it if necessary.
One of the most valuable resources for validation is an existing reference
sequence of the same species, of whatever completeness stage. One can
compare the new assembly with the previously generated assembly by means of
simple metrics describing contiguity (such as N50 - length of smallest
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contig/scaffold that, when summed up with contigs/scaffolds of same or higher
length, makes up 50% of the assembly), by estimating shared sequence and
concordance of order, and by detailed structural comparisons, with methods
developed for structural variation discovery (Escaramís, et al., 2015), or
specifically for mis-assembly detection (Mikheenko, et al., 2018). However, the
usage of a reference genome is limited by its accuracy and completeness.
In the absence of a reference genome, a good metric to evaluate assembly
quality is the completeness, which refers to the relation of an assembly size to an
estimated genome size. This estimation can be generated with flow cytometry,
using fluorescently labelled DNA from a single nucleus as a bridge to DNA amount
and size in base pairs; or it can be generated directly from the sequencing data
using k-mer analysis approaches that estimate parameters of a k-mer pool such
as total number of k-mers, peaks in k-mer distribution, and peak depth. These
parameters are used to estimate genome sizes, and as well to reveal the
heterozygosity and repetitiveness of genomes (Hozza M., 2015; Mapleson, et al.,
2017). Similarity of assembly size and estimated genome size is a good quality
sign, however all genome size estimation methods have limitations affecting its
accuracy (Veeckman, et al., 2016).
To assess the quality of an assembly, it is important to have a deep look not just
at the nucleotide level, but at genome operating units - genes. One widely used
approach is called BUSCO, which looks for gene models resembling to a group of
highly conserved single-copy orthologs, characteristic to various large taxonomic
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groups, in the assembly (Simao, et al., 2015). Gene models are discovered ab
initio by Hidden Markov model algorithms, as well as by homology-based methods
(Salzberg, 2019). When found by BUSCO, these orthologous gene models are
classified as a complete (single-copy or duplicated), fragmented or missing. This
rapid test provides a general summary for the quality of the assembly, especially
useful for de novo reconstructed sequences with no known genes to look up for.
Another important source of assembly validation is a variety of cytogenetic
approaches, such as fluorescent in situ hybridization with specific probes that help
to detect and allocate parts of the assembly in an actual DNA. Dense genetic maps,
physical maps i.e. generated by BAC-to-BAC fingerprinting, as well as optical
maps (Jiao, et al., 2017), are also serving as independent resources in both longand short-read strategies to validate the assembly, detect and correct misassemblies, join and reorder scaffolds.
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Objectives
The main objective of the presented work was to establish the TRITEX pipeline,
which combines data generated by multiple types of short-read protocols and
open-source tools to produce scaffolds, and to find a solution to implement 10X
and Hi-C data independently. Here, we used this pipeline to assemble the genome
of the tetraploid Digitaria exilis (fonio millet) whose genome has been estimated to
be 893 Mb by flow cytometry. We worked with the same input data that was used
to create a D.exilis reference sequence with a suite of the proprietary software for
genome assembly: DeNovoMagic3 and HiRise. To achieve the main goal, several
tasks needed to be done:
● Produce high-quality genome assembly for fonio using TRITEX;
● Implement 10X, optical map and Hi-C data for scaffolding;
● Assess assembly quality by reference-free methods;
● Compare the TRITEX assembly to the reference sequence produced with
DeNovoMagic3 from the same data set.
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Chapter 2
Materials and Methods
2.1 Sequencing data
Several DNA sequencing libraries were prepared and sequences in
collaboration with NRGene company (www.nrgene.com) from High Molecular
Weight (HMW) DNA. This included two PE libraries (one library with overlapped
reads) and three MP libraries with different insert sizes for each library (Table 2,
Figure 3). PE and MP reads are inward- and outward-oriented pair of reads,
respectively, that flanks a region of certain known size called insert. In addition,
10X Genomics Chromium reads were also generated (Table 2). 10X Genomics
Chromium linked reads are uniquely barcoded PE reads that span a region of up
to several kilobases which can be considered as a pseudo-long read. Chromatin
conformation capture reads Hi-C were produced by sequencing two ligated pieces
of DNA that had been in close proximity to each other within in vitro reconstructed
environment following the Chicago protocol. All libraries were sequenced on the
Illumina HiSeq2500 platform.
Firstly, all libraries were quality checked with the FASTQC toolkit
(www.bioinformatics.babraham.ac.uk/projects/fastqc).

Contamination

with

a

foreign DNA was evaluated with strict and enriched alignment (>1 hit) in KRAKEN’s
minikraken database (Wood and Salzberg, 2014). GC content analysis was
performed with KAT (Mapleson, et al., 2017), and contamination with the
chloroplast DNA was assessed with FASTQC (--contaminants) and blastn
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(Camacho, et al., 2009) search using D.exilis chloroplast DNA as query from
Mariac, et al. (2014).
Expected coverage of the libraries was calculated based on an estimated
genome size of 893 Mb (Table 2).
Table 2.1: Raw sequencing data information, that was used to assemble the fonio
genome.

ID

Library type

PE450
PE800

PCR-free PE
PCR-free PE
MP (Nextera
Gel Plus)
MP (Nextera
Gel Plus)
MP (Nextera
Gel Plus)
10X
Chromium
Hi-C Chicago

MP3
MP6
MP9
10X
Hi-C

Insert size,
bp
450-470
700-800

Read
length, bp
250
150

2000-4000

Coverage

# bases

197X
124X

176.216 Gb
110.520 Gb

150

89X

79.704 Gb

5000-7000

150

80X

71.552 Gb

8000-10000

150

71X

63.947Gb

-

150

83X

74.583 Gb

-

151

122X

109 Gb

2.2 Genome assembly
The main method used to assemble a new version of the fonio millet genome
followed the TRITEX pipeline (https://tritexassembly.bitbucket.io/). This pipeline
has been designed for Triticeae genome assembly, and several steps were
modified accordingly for our specific dataset, which is explained below (Figure 3).
All computations were performed on a GNU/Linux workstation with configuration
64 cores and 500 Gb RAM.

25

2.2.1 Read correction and trimming
The PE800 library was filtered from adaptor sequences with cutadapt v1.18
(Martin, 2011). For all MP libraries (MP3, MP6, MP9), reads were trimmed of
adapters with Nxtrim v0.4.3-6eb8d5e (O'Connell, et al., 2015). Then, the read
correction for all the mentioned libraries above was performed using bfc v.r181 (Li,
2015). Finally, reads shorter than 100 bp after correction and trimming were
discarded from further analyses.
2.2.2 Merging overlapping reads, error correction of PE450 and genome size
estimation
Because the read size for the PE450 library is 250 bp, and the library was
prepared with an insert size of 450-470bp, these reads are overlapping. These
reads were merged into a single sequence using bbtools v38.14 (bbmerge -maxloose) (Bushnell, et al., 2017), and subsequently reads were corrected based
on k-mer hash and trimmed of singleton k-mers using bfc v.r181.
Merged PE450 reads were used to estimate the genome size with k-mer
analysis. ntCard v1.1.0 (Mohamadi, et al., 2017) was used to calculate the
abundance of range of k-mer sizes. For the k-mer size that gave the largest
number of distinct k-mers in the dataset, the calculated number of total k-mers,
total distinct k-mers and singleton k-mers were parsed to be processed by the
KmerStream v1.1 (Melsted and Halldorsson, 2014) to generate an estimated
genome size and an error rate for the estimation.
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Figure 2.1: Genome assembly pipeline that was established in the course of this
work. N50c – N50 for contigs, N50s – N50 for scaffolds.
2.2.3 Contig assembly and scaffolding with PE and MP libraries
Merged reads from the PE450 library were used to generate contigs with minia
v3.2.0 (Chikhi and Rizk, 2013) iteratively with increasing k-mer sizes (100, 200,
300, 350, 400, 450, 500). Each iteration used the error-corrected reads as well as
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the assembly of the preceding step as its input. Minimum size of contigs was set
to 500 bp.
Then, the contigs of the final iteration were used as input for scaffolding with the
PE800, MP3, MP6 and MP9 libraries using SOAPDenovo2 v2.04. (Luo, et al.,
2012). These libraries were mapped to the contigs from the previous step one by
one in order of increasing insert size, building a sparse De Brujin graph. Then, we
tested different --pair_num_cutoff values for each library (the parameter describes
required support of mapped read pairs for creating a link between nodes) to
determine such values with which SOAPDenovo2 produced the most continuous
output (measured as N50). Lastly, contigs were scaffolded with established best -pair_num_cutoff parameters and with gap filling option enabled, and then gaps
were additionally filled with GapCloser v1.12-r6 using the PE450 library.
2.2.4 10X super-scaffolding
In the TRITEX assemblies of the wheat and barley genomes (Monat, et al.,
2019), the integration of the 10X data required a POPSEQ genetic map of barley
(Mascher, et al., 2013) and wheat (Chapman, et al., 2015) to guide the assignment
of scaffolds to chromosomes and to discard spurious links between unlinked
regions. As this resource is not available for fonio millet, we adapted another
method for 10X integration. 10X reads were interleaved and barcodes processed
with

the

proprietary

software

from

10X

Genomics

called

longranger

(support.10xgenomics.com/genome-exome/software/pipelines/latest/what-islong-ranger), resulting in a single file with both forward and reverse reads. Using
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the scaffolds from the previous step, tigmint v1.1.2 (Jackman, et al., 2018)
detected and cut sequences at positions with few spanning molecules, arks v1.0.3
(Coombe, et al., 2018) generated graphs of scaffolds with connection evidence,
and LINKS was used to scaffold them into super-scaffolds (Warren, et al., 2015),
with default parameters.
2.2.5 Hybrid scaffold generation with optical map
An optical map was developed using the SAPHYR system in collaboration with
the CNRGV Plant Genomics Center, Toulouse, France. The super-scaffolds from
the arks output were used as input to perform a hybrid scaffolding with the optical
map using the hybridScaffold pipeline from the Bionano Access software
(bionanogenomics.com/support/software-downloads) using default parameters.
2.2.6 Pseudomolecule construction with Hi-C
The Hi-C reads were mapped onto the hybrid scaffolds using bwa-mem (Li and
Durbin, 2009). Ambiguously mapped reads were removed, remaining reads were
sorted by position and duplications were removed with juicer tools v1.5
(Dudchenko, et al., 2017), generating a catalog of Hi-C contacts. Contact
information was then processed. For this, the genome assembly was split into
pieces of a fixed size (e.g., 1 Mb or 1 Kb), which were represented as rows and
columns of a contact matrix; each entry in the matrix reflects the normalized
number of contacts observed between the corresponding pieces of the assembly.
This matrix was visualized as an association map using juicebox v1.9.8 (Durand,
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et al., 2016). This map was used to generate an assembly file with coordinates
and IDs of closely associated hybrid scaffolds that had many Hi-C contacts, and
then these hybrid scaffolds were joined into pseudomolecules by 3D-DNA v180419
(Dudchenko, et al., 2017) scripts in accordance to the observed dense contacts
between hybrid scaffolds (Figure 4).

Figure 2.2: Hi-C contacts map with A) highlighted hybrid scaffolds and B)
pseudomolecules, enclosing the hybrid scaffolds.

Pseudomolecules were aligned to the reference sequence with minimap2 (Li,
2018) and their orientation and names changed accordingly with bedtools v2.29.0
(Quinlan and Hall, 2010).
2.2.7 Unanchored chromosome
To decide on a threshold of scaffold sizes that were retained in the unplaced
chromosome (scaffolds that were retained in the assembly, but could not be
assigned to a pseudomolecule), we calculated distinct k-mer abundance in the
unanchored dataset filtered by different minimum size lengths (1 Kb, 1.5 Kb, 15
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Kb) with KAT (Mapleson, et al., 2017). To investigate the source of the unanchored
small sequences that were filtered out, we calculated the sequence complexity
with macle v0.1 (Pirogov, et al., 2019) for filtered sequences, and compared it to
the same value for the retained sequences. Gepard (Krumsiek, et al., 2007) was
used to generate a dot-plot alignment of unplaced scaffolds on itself to discover
ambiguous alignments characteristic for repetitive and low-complexity sequences.
To check for contaminant source of unplaced sequences, we used FASTQC (-contaminants) to look for overrepresented sequences, KAT to detect GC content
variation and kraken to detect contaminants, as described earlier.
Retained unanchored sequences were concatenated as a single chromosome
U with 100 N separating each of the contigs or scaffolds.
2.3 Comparison between the TRITEX assembly and the reference sequence
The pseudomolecules of the TRITEX assembly were split into 10 Kb pieces and
aligned to the reference sequence assembled recently in the Cereal Genetics and
Genomics lab (our unpublished data) with minimap2 v2.16-r922 (-a --cs) (Li, 2018).
The average Pearson correlation between coordinates of the alignment and its
target was determined.
To visualize the alignment, we generated dotplots of alignment assembly-toreference with d-genies (Cabanettes and Klopp, 2018) with using a 95% identity
filter.
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Completeness of the genome assembly was assessed using the 1,375 singlecopy genes from the embryophyta database odb v.10 orthologs of BUSCO v3.1.0
(Simao, et al., 2015). Completeness was also assessed by mapping PE450
merged reads back on the TRITEX assembly with minimap2 (--ax) and extracting
unmapped reads.
2.4 Crossing efficiency
Following a protocol for emasculation of highly self-fertilizing plants (Gupta, et
al., 2012), F1 crosses were generated for the pairwise combinations of six different
accessions (used as pollen recipients) with the reference accession (pollen donor)
under slightly modified conditions (temperature, maturity of mother’s flowers,
exposure time) (appendix, Table 1). 216 seeds of putative F1 plants were sown
and grown in the KAUST Core Lab Greenhouse (garden black soil, 25-30° C,
regular watering). Leaf tissue of 192 plants was collected after two weeks of growth
for DNA extraction using the EconoSpin protocol (Ivanova, et al., 2008).
To generate molecular markers, resequencing data of six fonio accessions were
mapped to the reference DeNovoMagic assembly with bwa (Li and Durbin, 2009).
Alignments were processed with GATK (DePristo, et al., 2011) and Picard tools to
discover local variants following standard pipeline for variant discovery. With
vcftools v0.1.17 (Danecek, et al., 2011), we selected only large (>50bp) insertions
that were present in all six accessions, but absent in the reference, and also large
deletions that were common to all six accessions. Specific primers were designed
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flanking the insertion sites (first marker) and falling within deletion (second marker)
using Primer3 (Untergasser, et al., 2012).
The PCR fragments were amplified using a standard protocol (appendix, Table
2), then fragments were separated on a 2% agar gel with TAE buffer and GelRed
dye, and visualized in a UV transilluminator.
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Chapter 3
Results
3.1 Assembly of pseudomolecules representing the 18 chromosomes of
fonio and assessing assembly completeness
The aim of this work was to establish the TRITEX pipeline to assemble a highquality genome of Digitaria exilis. As a result, we constructed a final assembly (with
code name TRITEX) of 751 Mb size (704 Mb gapless). This is close to the k-mer
based estimation of the genome size (744,8±6 Mb, k=280bp) and represents ~83%
of the flow cytometry estimation of 893 Mb. The large (>100 Mb) discrepancy
between the two genome size estimations, k-mer based and flow cytometry, is
possibly due to the genome size and repeat content, which theoretically may lead
to an underestimation in k-mer based size estimation methods (Hozza M., 2015).
Previous studies actually demonstrate a negative correlation between k-mer based
genome size estimation and repeat content in some plant genome assemblies
(broomcorn, gingko, wheat) (Chapman, et al., 2015; Guan, et al., 2016; Zou, et al.,
2019). However, we can consider the assembly as nearly complete, as ~99,92%
of the input reads mapped back to the TRITEX assembly (with ~0.08%, or 90.4Mb
of unmapped reads), and 97.8% complete BUSCO gene models were found.
3.1.1 Comparison of the TRITEX assembly to the NRGene reference
We used the approach to obtain contigs and scaffolds as described in the
TRITEX pipeline (Monat, et al., 2019), and a different approach to introduce 10X

34

linked reads data and generate superscaffolds. To assess the performance of the
TRITEX pipeline, the fonio TRITEX assembly was compared to the NRGene
assembly that was constructed with the same input data. We observed that
NRGene scaffolds were outperforming TRITEX by nearly all metrics. However, we
must have taken into account assembly size difference and improperness of
directly comparing N50 in this case, and use NG50 instead which is impossible
due to unknown exact genome size. The only detectable outperformance was the
maximal contig length being twice larger the size in TRITEX assembly compared
to the NRGene assembly (Table 3). Also, our approach was able to scaffold
without introducing any large chimera, while the NRGene’s DeNovoMagic3
assembler produced at least one large chimeric contig, which we were able to
resolve with the optical map (our unpublished data).
Table 3.1: Comparative metrics of the TRITEX assembly stages and NRGene assembly.

Contigs

Total size of
859,027,326
assembly, bp
347,446
#contigs
#scaffolds
29,956
N50 contigs, bp
N50 scaffolds, bp
0
Gaps, bp
1,373,729
Max contig
0
Max scaffold

1

Scaffolding

10X

NRGene 1

902,268,249

902,307,581

810,471,847

336,220
291,196
37,155
1,710,936
28,933,597
1,374,082
8,191,191

336,618
291,189
37,155
6,451,739
28,972,929
1,374,082
22,792,120

306,079
287,032
64,775
9,263,997
5,165,460
547,419
26,046,118

NRGene assembly contains all scaffolds and super-scaffolds that were the output of the
DeNovoMagic3 assembler after 10X integration (including unplaced)
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3.1.2 Hybrid assembly and pseudomolecule construction
We were able to construct 45 hybrid scaffolds from 144 super-scaffolds by
integrating optical map data. Unplaced super-scaffolds were removed from further
scaffolding process and stored separately (section 3.1.3). Then a complete
chromosome set, 18 pseudomolecules, was obtained by scaffolding the 45 hybrid
scaffolds with chromatin conformation capture Hi-C introduction (Table 4).
Table 3.2: Genome assembly metrics after optical map and Hi-C integration
stages of the pipeline (chromosome U is not shown).
Total size of assembly, bp
#contigs
#scaffolds
N50 contigs, bp
N50 scaffolds, bp
Gaps, bp

Hybrid assembly
696,908,409
32,161
45
52,327
20,186,197
31,272,388 (4%)

Hi-C
696,908,544
32,161
18
52,327
41,532,767
31,272,523 (4%)

The resulting pseudomolecules corresponded to the expected 1n chromosome
number of fonio (2n = 4x = 36) (Abdul and Jideani, 2019). Sequence similarity
revealed pairwise homeologous relationships between pairs of pseudomolecules.
A pairwise analysis of the k-mer distribution (Gordon, et al., 2019), not presented)
however failed to assign pseudomolecules to one of the two subgenomes, which
is most likely due to high similarity between the two subgenomes.
The elapsed wall-clock time for roughly all the assembly steps (excluding optical
map generation and integration) is 6.4 days, with the most demanding steps being
the read preprocessing, loop scaffolding with PE and MP, and Hi-C contact
processing.
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3.1.3 Unanchored sequence (chromosome U)
The total size of the assembly decreased at the optical map stage (Table 3 &
Table 4). This is because the superscaffolds that were not anchored to a hybrid
scaffold were excluded at this stage and condensed as an artificial sequence
named chromosome U, totaling 218 Mb in size. Ninety-two percent of the total size
of chromosome U was attributed to scaffolds with a length between 500 and 1,000
bp (Figure 5, A). As a comparison, the size of scaffolds included in the hybrid
scaffolds was in the range of 80 Kb-22 Mb. The steps of the pipeline responsible
for emergence of these small scaffolds were contig assembly with minia and misassembly correction with tigmint. The small scaffolds, which could not be
assembled and integrated into a larger context, might have originated from the
artifacts of contig assembly or from repetitive and low-complexity sequences
(Kreplak, et al., 2019), which we decided to remove from the final assembly by
removing scaffolds smaller than 1 Kb.
To decide on the cut-off threshold of 1Kb, we considered the trade-off between
reducing the number of scaffolds and keeping as much content as possible. A 1
Kb threshold was chosen, as it was removing 92% of the chromosome U
sequences, which contributed only ~1% of distinct k-mers of the total chromosome
U. The sequence complexity coefficient of the small (<1 Kb) scaffolds was 0.1036
as compared to 0.5189 for scaffolds larger than 1 Kb of chromosome U, where 0
represents sequences repeated exactly elsewhere and 1 is for random sequences.
These numbers and a dot-plot of unanchored sequences against themselves,
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which revealed numerous ambiguous alignments (Figure 5, B), suggests that our
hypothesis about their origin from unresolved repetitive sequence was likely.
Finally, the retained scaffolds in chromosome U (>1 Kb), accounted for ~49 Mb
and included 4,766 scaffolds, with a contig N50 of 5,399 bp, a scaffold N50 of
74,475 bp, and 21% attributed to Ns.

Figure 3.1: Length distribution in non-anchored super-scaffolds, n - number of
scaffolds (A), self-alignment of unanchored scaffolds (B).
3.2 Comparison with the reference sequence
We compared the fonio TRITEX assembly with the existing reference
chromosome-level genome sequence (Table 5). The reference was produced from
the same input dataset with the following assembly strategy: DeNovoMagic3
assembler generated the superscaffolds, which were further corrected and
scaffolded with optical map data (unpublished), and HiRise integrated Hi-C data to
generate pseudomolecules corresponding to 18 chromosomes. The two
assemblies are very similar, as they produced a linear alignment in the dot-plot
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and have a 0.91 Pearson correlation coefficient of alignment concordance. A
whole-genome dot-plot shows a high degree of collinearity, except for
chromosomes 7A and 7B that have a large (>1 Mb) terminal inversion and also
some disruptions in the proposed centromere regions (Figure 6). TRITEX also
produced almost twice as many gaps as the reference assembly (Table 5). Despite
the good overall similarity of the two assemblies, on smaller scale comparison we
observed many small putative discrepancies (Figure 6, B). Due to the lack of time,
these putative discrepancies could not be characterized in detail.
Table 3.3: Comparative metrics for the TRITEX assembly and the reference sequence
(RefSeq).

Size, bp

Gaps, bp

TRITEX 696,908,544 31,272,523
RefSeq 655,723,161 17,011,468

#contig
52,327
18,026

N50
N50
#scaffold contig, scaffold,
bp
bp
18
52,327 41,532,767
18
83,702 38,778,756

Figure 3.2: Visual comparison of the TRITEX assembly against the reference.
(A) Dot plot visualization of all 18 pseudomolecules, (B) different scale look at
several regions of chromosome 7A with visible discrepancies.
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3.2.1 Quality assessment by BUSCO
Search of reconstructed single-copy orthologs revealed that most of the
orthologs were present in the assembly (97.8% from 1,375 gene models), with a
major portion duplicated (86.2% of gene models), which points to the ploidy level
of fonio genome. We also observe a small number of gene models fragmented
(0.2%) or missing (2%), which suggests a good quality of the assembly. The
orthologs search analysis in the reference sequence has shown similar results,
including level of fragmentation, indicating a high level of content correspondence
between the two assemblies (Table 6).
Table 3.4: BUSCO gene models search summary for TRITEX assembly and reference
sequence (RefSeq).

Complete BUSCOs:
single-copy
duplicated
Fragmented BUSCOs
Missing BUSCOs
Total BUSCO groups
searched

RefSeq
1,337
152
1,185
4
34

TRITEX
1,344
159
1,185
3
28
1,375

3.3 Crossing efficiency
As a first application of the genome assembly, we conducted a genotyping
experiment to estimate the crossing efficiency, which would be useful for future
breeding experiments. Fonio millet is considered a highly inbreeding species,
which makes the crossing of different accessions very challenging (Gupta, et al.,
2012). To genotype putative crosses, we used DNA of potential F1 heterozygous
plants, which were generated by crossing the reference accession with six other
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fonio accessions, to amplify the two markers. One marker was flanking a common
insertion that was present in all six accessions but not in the reference. In
heterozygous plants this marker would produce two amplifications products of
different size (small for reference DNA, larger for insert-containing second parent
DNA). The second marker that was designed to amplify a fragment within a region
that was missing in the six accessions but not in the reference, would produce a
single product in a heterozygous plant (Figure 7).

Figure 3.3: Markers for heterozygosity test – a common insertion marker
producing a smaller fragment in the reference and larger in all other accessions
(left) and a common deletion marker producing product in reference only (right).
1,2,3,4,5,6 – fonio accessions DNA, R – reference accession DNA, M – artificial
heterozygous mix of reference and one other accession (positive control), W –
water (negative control).
From 192 harvested putative F1 crosses, none had shown a positive sign of
heterozygosity with either marker, signifying a zero crossing efficiency in fonio for
the applied crossing protocol.
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Chapter 4
Discussion
In the TRITEX paper, the authors claimed that their pipeline will work well with
any diploid and allopolyploid inbreeding cereal. By establishing the TRITEX
pipeline, and integrating 10X and Hi-C independently, we were indeed able to
assemble a continuous chromosome-level fonio genome with open-source tools.
The assembly was of comparable quality to the reference created with a
proprietary algorithm. Although there is still a portion of the genome supposedly
missing from the final assembly (based on the size estimation by flow cytometry),
and some scaffolds are unanchored to chromosomes, this assembly can already
be used as a resource for genomic studies and applications, such as variants
calling and designing probes for crossing efficiency testing.
However, as a whole, the proprietary DeNovoMagic assembler still outperforms
TRITEX in terms of assembly statistics. As in the TRITEX wheat assembly (Monat,
et al., 2019), the contiguity of the fonio assembly is lower than the NRGene
assembly, and internal gap content is higher. TRITEX has also been reported to
assemble a smaller number of complete transposable elements compared to
DeNovoMagic. Since the source code of the DeNovoMagic assembler is not made
public, we cannot draw any conclusions about the possible sources of the lower
contiguity and higher number of gaps of the TRITEX assembly. However, the
modularity and open-source nature of TRITEX allows us to think of possible
improvements, if the final goal is a ‘platinum’ genome assembly.
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As a general strategy, long-reads may be introduced for scaffolding and gapfilling steps, because long reads may provide a solution to bridge repetitive regions
and close gaps. Emergence of new inventive sequencing protocols and data types
produced, such as 10X linked reads, had not yet seen many ways of
implementation, although it too has a great potential. For example, in our work we
were able to assemble a genome without producing a large chimera (which is
confirmed by optical map and chromosome painting, not published), which is
possibly due to mis-assembly correction step using linked-reads. When linked
reads were used for scaffolding, with ARCS (Yeo, et al., 2018) we have got a better
scaffolding results than with arks and DeNovoMagic3 assembler, yielding scaffold
N50 of 11Mbp and maximum scaffold length 28 Mb. And there are even more
options for linked reads integration such as AbySS “lr” mode (Simpson, et al.,
2009) and Scaff10X (https://github.com/wtsi-hpag/Scaff10X). 10X may be used
not only for scaffolding and correction, as in presented work, but also for the
improvement of contiguity of gap-free sequence by inferring a physical map from
barcodes of reads (https://github.com/sjackman/talr).
Unanchored sequences, currently condensed in chromosome U, need to be
integrated and assigned to the actual chromosomes. For example, some of the
large scaffolds that were not anchored by optical map integration could still be
integrated with Hi-C reads if having enough contact information for confident
assignment (Dudchenko, et al., 2017). However, Hi-C does not allow to estimate
true distance between scaffolds, and also may orient scaffolds incorrectly due to
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tandem repeats, thus possibly being a source of artifacts in structural variant
studies (Ghurye, et al., 2017).
An optical map, generated with SAPHYR platform, is a potent independent
resource for scaffolding and mis-assembly correction, although having the major
flaw of not having many software options to work with such data. Like with 10X,
optical map integration for genome assembly remains a big new field for future
development and new applications (Udall and Dawe, 2018).
Since a genome assembly serves as a foundation for many different types of
analyses, we must make sure it is a strong and solid foundation. It was shown here
that the assembling strategy can have a profound effect on the final assembly,
even when the same input data set is used. In the near future, methods for the
rapid and precise discovery of such technical artifacts must be improved. This is
of particular importance with the current trend to develop and analyze pangenomes.
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Appendix

Table 1: Details on putative F1 cross generation. Generated seeds number is
approximated
Cross
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
C14
C15
C16
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
C28
C29
C30
C31
C32
C33
C34
C35
C36
C37
C38
C39
C40
C41
C42
C43
C44
C45
C46
C47

♀
CM05740 B
CM05740 B
CM05856 B
CM05856 B
CM05856 B
CM06496 A
CM05740 B
CM05740 B
CM05740 B
CM12246
CM12246
CM12246
CM06496 A
CM06496 A
CM06496 A
CM06496 A
CM05740 B
CM05740 B
CM05856 B
CM07892 A
CM12246
CM12246
CM12246
CM12246
CM06496 A
CM06496 A
CM06496 A
CM06496 A
CM06496 A
CM06496 A
CM07892 A
CM07892 A
CM12246
CM12246
CM05742 A
CM05742 A
CM07892 A
CM07892 A
CM07892 A
CM12246
CM05742 A
CM05742 A
CM05742 A
CM05742 A
CM07892 A
CM07892 A
CM07892 A

Emasculation notes
48°C, 5 min.; peeled out
47°C, 5 min.; peeled out
47°C, 5 min.; fully emerged
48°C, 5 min.; peeled out
49°C, 5 min.; partially peeled
49°C, 5 min.; partially peeled
48°C, 5 min.; peeled out
49°C, 5 min.; partially peeled
49°C, 5 min.; partially peeled
47°C, 5 min.; partially peeled
48°C, 5 min.; fully emerged
48°C, 5 min.; fully emerged
48°C, 5 min.; partially peeled
48°C, 5 min.; partially peeled
48°C, 5 min.; fully emerged
48°C, 5 min.; partially peeled
48°C, 5 min.; fully emerged
48°C, 5 min.; partially peeled
48°C, 5 min.; partially peeled
48°C, 5 min.; partially peeled
48°C, 5 min.; peeled out
48°C, 5 min.; peeled out
48°C, 5 min.; fully emerged
48°C, 5 min.; partially peeled
48°C, 5 min.; fully emerged
48°C, 5 min.; partially peeled
48°C, 5 min.; partially peeled
48°C, 5 min.; partially peeled
48°C, 5 min.; fully emerged
48°C, 5 min.; fully emerged
48°C, 5 min.; partially peeled
48°C, 5 min.; partially peeled
48°C, 5 min.; partially peeled
48°C, 5 min.; partially peeled
50°C, 5 min.; partially peeled
50°C, 5 min.; partially peeled
50°C, 5 min.; fully emerged
50°C, 5 min.; fully emerged
50°C, 5 min.; fully emerged
50°C, 5 min.; partially peeled
48°C, 5 min.; partially peeled
48°C, 5 min.; partially peeled
48°C, 5 min.; partially peeled
48°C, 5 min.; fully emerged
48°C, 5 min.; partially peeled
48°C, 5 min.; partially peeled
48°C, 5 min.; partially peeled

♂
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C
CM05836 C

Seeds generated
30
30
30
20
10
10
50
30
6
20
20
20
30
30
20
30
17
20
30
20
20
20
4
30
0
50
50
50
50
50
30
13
20
20
0
3
0
0
30
20
20
20
20
20
20
20
20

Sampled DNA
6
6
6
6
5
4
6
6
6
6
6
5
6
6
6
3
15
4
4
4
4
4
4
4
0
3
4
4
3
3
4
6
4
4
0
2
0
0
4
3
4
3
4
2
3
0
0

Table 2: PCR protocol used for genotyping. Steps 2 to 5 cycled 35 times.
Step
Temperature, C
Time

1
94
2 min

2
94
30 sec

3
64
30 sec

4
72
1.5 min

5
72
5 min

