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Preface to the Series

Genome sequencing has emerged as the leading discipline in the plant sci-
ences coinciding with the start of the new century. For much of the twentieth
century, plant geneticists were only successful in delineating putative chro-
mosomal location, function, and changes in genes indirectly through the use
of a number of “markers” physically linked to them. These included visible
or morphological, cytological, protein, and molecular or DNA markers.
Among them, the first DNA marker, the RFLPs, introduced a revolutionary
change in plant genetics and breeding in the mid-1980s, mainly because
of their infinite number and thus potential to cover maximum chromosomal
regions, phenotypic neutrality, absence of epistasis, and codominant nature.
An array of other hybridization-based markers, PCR-based markers, and
markers based on both facilitated construction of genetic linkage maps,
mapping of genes controlling simply inherited traits, and even gene clusters
(QTLs) controlling polygenic traits in a large number of model and crop
plants. During this period, a number of new mapping populations beyond F2
were utilized and a number of computer programs were developed for map
construction, mapping of genes, and mapping of polygenic clusters or QTLs.
Molecular markers were also used in the studies of evolution and phyloge-
netic relationship, genetic diversity, DNA fingerprinting, and map-based
cloning. Markers tightly linked to the genes were used in crop improvement
by employing the so-called marker-assisted selection. These strategies of
molecular genetic mapping and molecular breeding made a spectacular
impact during the last one and a half decades of the twentieth century. But
still, they remained “indirect” approaches for elucidation and utilization of
plant genomes since much of the chromosomes remained unknown and the
complete chemical depiction of them was yet to be unraveled.

Physical mapping of genomes was the obvious consequence that facili-
tated the development of the “genomic resources” including BAC and YAC
libraries to develop physical maps in some plant genomes. Subsequently,
integrated genetic–physical maps were also developed in many plants. This
led to the concept of structural genomics. Later on, emphasis was laid on
EST and transcriptome analysis to decipher the function of the active gene
sequences leading to another concept defined as functional genomics. The
advent of techniques of bacteriophage gene and DNA sequencing in the
1970s was extended to facilitate the sequencing of these genomic resources
in the last decade of the twentieth century.
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As expected, sequencing of chromosomal regions would have led to too
much data to store, characterize, and utilize with the-then available computer
software could handle. But the development of information technology made
the life of biologists easier by leading to a swift and sweet marriage of
biology and informatics, and a new subject was born—bioinformatics.

Thus, the evolution of the concepts, strategies, and tools of sequencing
and bioinformatics reinforced the subject of genomics—structural and
functional. Today, genome sequencing has traveled much beyond biology
and involves biophysics, biochemistry, and bioinformatics!

Thanks to the efforts of both public and private agencies, genome
sequencing strategies are evolving very fast, leading to cheaper, quicker, and
automated techniques right from clone-by-clone and whole-genome shotgun
approaches to a succession of second-generation sequencing methods. The
development of software for different generations facilitated this genome
sequencing. At the same time, newer concepts and strategies were emerging
to handle sequencing of the complex genomes, particularly the polyploids.

It became a reality to chemically—and so directly—define plant genomes,
popularly called whole-genome sequencing or simply genome sequencing.

The history of plant genome sequencing will always cite the sequencing
of the genome of the model plant Arabidopsis thaliana in 2000 that was
followed by sequencing the genome of the crop and model plant rice in 2002.
Since then, the number of sequenced genomes of higher plants has been
increasing exponentially, mainly due to the development of cheaper and
quicker genomic techniques and, most importantly, the development of
collaborative platforms such as national and international consortia involving
partners from public and/or private agencies.

As I write this preface for the first volume of the new series “Compendium
of Plant Genomes”, a net search tells me that complete or nearly complete
whole-genome sequencing of 45 crop plants, eight crop and model plants,
eight model plants, 15 crop progenitors and relatives, and three basal plants is
accomplished, the majority of which are in the public domain. This means
that we nowadays know many of our model and crop plants chemically, i.e.,
directly, and we may depict them and utilize them precisely better than ever.
Genome sequencing has covered all groups of crop plants. Hence, infor-
mation on the precise depiction of plant genomes and the scope of their
utilization are growing rapidly every day. However, the information is
scattered in research articles and review papers in journals and dedicated web
pages of the consortia and databases. There is no compilation of plant gen-
omes and the opportunity of using the information in sequence-assisted
breeding or further genomic studies. This is the underlying rationale for
starting this book series, with each volume dedicated to a particular plant.

Plant genome science has emerged as an important subject in academia,
and the present compendium of plant genomes will be highly useful to both
students and teaching faculties. Most importantly, research scientists
involved in genomics research will have access to systematic deliberations on
the plant genomes of their interest. Elucidation of plant genomes is of interest
not only for the geneticists and breeders but also for practitioners of an array
of plant science disciplines, such as taxonomy, evolution, cytology,
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physiology, pathology, entomology, nematology, crop production, bio-
chemistry, and obviously bioinformatics. It must be mentioned that infor-
mation regarding each plant genome is ever-growing. The contents of the
volumes of this compendium are, therefore, focusing on the basic aspects
of the genomes and their utility. They include information on the academic
and/or economic importance of the plants, a description of their genomes
from a molecular genetic and cytogenetic point of view, and the genomic
resources developed. Detailed deliberations focus on the background history
of the national and international genome initiatives, public and private
partners involved, strategies and genomic resources and tools utilized, enu-
meration of the sequences and their assembly, repetitive sequences, gene
annotation, and genome duplication. In addition, synteny with other
sequences, comparison of gene families, and, most importantly, the potential
of the genome sequence information for gene pool characterization through
genotyping by sequencing (GBS) and genetic improvement of crop plants
have been described. As expected, there is a lot of variation of these topics in
the volumes based on the information available on the crop, model, or ref-
erence plants.

I must confess that as the series editor, it has been a daunting task for me
to work on such a huge and broad knowledge base that spans so many
diverse plant species. However, pioneering scientists with lifetime experience
and expertise in the particular crops did excellent jobs editing the respective
volumes. I myself have been a small science worker on plant genomes since
the mid-1980s and that provided me the opportunity to personally know
several stalwarts of plant genomics from all over the globe. Most, if not all,
of the volume editors, are my longtime friends and colleagues. It has been
highly comfortable and enriching for me to work with them on this book
series. To be honest, while working on this series, I have been and will
remain a student first, a science worker second, and a series editor last. And I
must express my gratitude to the volume editors and the chapter authors for
providing me the opportunity to work with them on this compendium.

I also wish to mention here my thanks and gratitude to the Springer staff,
particularly Dr. Christina Eckey and Dr. Jutta Lindenborn for the earlier set
of volumes and presently Ing. Zuzana Bernhart for all their timely help and
support.

I always had to set aside additional hours to edit books beside my pro-
fessional and personal commitments—hours I could and should have given
to my wife, Phullara, and our kids, Sourav and Devleena. I must mention that
they not only allowed me the freedom to take away those hours from them
but also offered their support in the editing job itself. I am really not sure
whether my dedication to this compendium to them will suffice to do justice
to their sacrifices for the interest of science and the science community.

New Delhi, India Chittaranjan Kole
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1Reference Genome Sequence of Flax

Frank M. You, Ismael Moumen, Nadeem Khan,
and Sylvie Cloutier

1.1 Introduction

Flax (Linum usitatissimum L., 2n = 2x = 30),
also called common flax or linseed, is a self-
pollinating crop belonging to the Linaceae family
(Singh et al. 2011). Its domestication by humans
started around 8000 to 10,000 years ago in the
Near-Middle East during the Neolithic period. It
then propagated to the Nile Valley, Europe, and
finally to the rest of the world (Fu 2011). To meet
the growing industry demand, flax is one of the
few crops that is cultivated as two main mor-
photypes: fibre and linseed (Liu et al. 2011). The
linseed-type flax is the oilseed type also known
as flaxseed. These two morphotypes have dif-
ferent morphology and agronomic traits. The
fibre-type accessions are generally taller and
have few branches, greater straw strength, and
fewer and smaller seeds than the linseed-type
accessions, which are comparatively shorter,
more branched, have greater seed weight, oil
content, and seed yield (Diederichsen and Ulrich
2009; You et al. 2017).

Fibre flax was one of the top three fibre crops
used in the textile industry, whereas linseed flax

ranked fifth oilseed crop in the world (Ottai et al.
2011). Flax has been widely cultivated in broad
geographical regions (Fig. 1.1). In the last
25 years, the main fibre production regions were
Europe (73.8%) and Asia (24.5%), while the
Americas (41.2%), Asia (35.4%), and Europe
(18.5%) were the leading producers of linseed
(Fig. 1.2). Fibre flax is mainly grown in Western
Europe, Russia, and China, while linseed flax is
primarily cultivated in Canada, USA, China,
India, Western Europe, Russia, and Kazakhstan
(Foulk et al. 2004; You et al. 2016; Soni 2021).
The fluctuations of linseed and fibre production
by the main world producing regions from 1994–
2019 are presented in Fig. 1.3. In recent years,
France has led fibre production, while Kaza-
khstan has become the top flax seed producer.

Recent advancements in flax research have
improved our level of knowledge regarding this
crop. Specifically, genomic studies have pro-
duced large amounts of genomic data, providing
the required resources to enhance flax genetic
improvement using genomics-based technologies
and strategies. One of the major achievements in
the past decade was the release of the first flax
reference genome sequence of the Canadian
cultivar CDC Bethune (Wang et al. 2012), fol-
lowed by its first version of chromosome-scale
pseudomolecules (You et al. 2018). Recently,
five more flax genotypes have been sequenced
(Dmitriev et al. 2020; Zhang et al. 2020; Sa et al.
2021), providing additional genome sequences
for the flax research community. These include
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the Chinese linseed cultivar Longya-10, the
Chinese fibre cultivars Heiya-14 and Yiya-5, and
the Russian fibre cultivar Atlant, as well as one
accession of pale flax (L. bienne), which is the
closest wild relative of cultivated flax. This
chapter briefly reviews the major advances in
flax genome sequencing, assembly, annotation,
and comparative analysis between these genome
sequences.

1.2 Flax Genome Assemblies

A reference genome developed from a genotype
of a species represents a standard of genome
sequence that delivers both the nucleotide
sequence of its chromosomes and its associated
structural information for genomics studies, pro-
viding a basis for comparison with other geno-
types within or between species. Since the first
plant genome assembly, i.e., Arabidopsis

thaliana, was published in 2000 (Arabidopsis
Genome Initiative 2000) and the first draft human
reference genome released in 2001 (Lander et al.
2001), hundreds of plant species have been
sequenced (Marks et al. 2021). The rapid evolu-
tion of sequencing technologies, the development
of new genome scaffolding techniques, and the
improvement of genome assembly algorithms
and software tools (Ghurye and Pop 2019; Wee
et al. 2019) have led to comprehensive and high-
quality genome assemblies covering long repeat
sequence gaps (Zimin et al. 2017a; Nurk et al.
2022). The third generation of sequencing tech-
nologies includes PacBio single-molecule high
fidelity (HiFi) sequencing (Hon et al. 2020) and
ultra-long-read Oxford Nanopore technology
(ONT) (Jain et al. 2016; Bocklandt et al. 2019).
The new genome scaffolding techniques have
optical mapping such as BioNano genome map-
ping (Lam et al. 2012) and Hi-C sequencing
(Belton et al. 2012; Burton et al. 2013).

Fig. 1.2 Average production of flax fibre and tow (a) and linseed (b) by region from 1994–2020. Source FAOSTAT

Fig. 1.1 Average production of flax fibre and tow (a) and linseed (b) in the world from 1994–2020. Source
FAOSTAT
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1.2.1 The First Version of the Flax
Genome Assembly
for CDC Bethune

CDC Bethune (Rowland et al. 2002), the Cana-
dian high-yielding and medium-late-maturing
linseed flax cultivar, developed by the Crop
Development Centre at the University of Sas-
katchewan, was selected for the development of
the first flax reference genome proposed in the
Genome Canada research project entitled “Total
Utilization Flax Genomics (TUFGEN)” which
ran between 2009–2014 (https://genomecanada.
ca/project/total-utilization-flax-genomics/). The
genome size of CDC Bethune was estimated at
368 Mb based on the bacterial artificial

chromosome (BAC)-based physical map (Ragu-
pathy et al. 2011) and at nearly 373 Mb based on
flow cytometry (Wang et al. 2012).

This pioneering CDC Bethune sequencing
project used a whole-genome sequencing
(WGS) strategy based on the Illumina sequenc-
ing platform. A total of 25.88 Gb Illumina short
reads, corresponding to 94X genome coverage
from seven paired-end and mate-pair libraries,
with an insert size of 300 bp to 10 Kb, were
generated. De novo assembly was performed
using SOAPdenovo (Li et al. 2009). This led to
an assembly consisting of 116,602 contigs
(302 Mb) or 88,384 supercontigs (scaffolds)
(318 Mb), covering approximately 81% of the
flax genome, estimated at 370 Mb (Wang et al.

Fig. 1.3 Fibre and tow
(a) and linseed (b) production
by the main world producing
countries from 1994–2019.
Source FAOSTAT
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2012). This assembly was the first flax reference
genome sequence and opened a new era to flax
genomic studies despite its large number of short
scaffolds, with a scaffold N50 of only * 693
Kb. The sequences and genome annotation
information are now available to download from
Phytozome (Table 1.1).

1.2.2 The Second Version
of the Flax Genome
Assembly for CDC
Bethune: Chromosome-
Level Pseudomolecules

A pseudomolecule refers to the DNA sequence
assembly representing a biological chromosome
or full genome. To achieve that the assembled
scaffolds or contigs are sorted and assigned to
individual chromosomes with the aid of con-
sensus genetic maps (Cloutier et al. 2012),
BAC-based physical maps (Luo et al. 2010),
and more recent scaffolding technologies,
including optical mapping, such as BioNano
genome mapping (Hastie et al. 2013; Stankova
et al. 2016) and Hi-C sequencing (Belton et al.
2012).

The first chromosome-level pseudomolecules
of CDC Bethune (v2.0) (You et al. 2018) were
constructed by integrating information from the
BAC-based physical map (Ragupathy et al.
2011), the simple sequence repeat (SSR) marker-
based consensus genetic map (Cloutier et al.
2012a), and the BioNano genome optical maps
(You et al. 2018). The long scaffolds in the
assembly v1.0 (Wang et al. 2012) were sorted and
assigned to the 15 chromosomes offlax. This new
316.2 Mb assembly represented the 15 chromo-
somes offlax with sizes ranging from 15.6 Mb for
chromosome (Chr) 15 to 29.4 Mb for Chr 1 (You
et al. 2018) (Table 1.2, Fig. 1.4). The pseudo-
molecules contain * 47 Mb of gaps within
original scaffolds generated by de novo assembly
and scaffolding with mate-pair sequences and
between sorted scaffolds estimated with BioNano
genome maps. The 15 chromosome sequences
were deposited in the NCBI database
(CP027619–CP027633). This chromosome-scale
reference sequence represents a significant
improvement over the first version of the draft
flax genome reference sequence (Wang et al.
2012), benefiting genome-wide SNP discovery,
QTL identification, genome-wide association
studies, and comparative genome analyses.

Table 1.1 Statistics of the
first version (Wang et al.
2012) of the flax genome
assembly and its annotation
as deposited and
summarized in Phytozome

Item Statistics

Annotation version v1.0

Total scaffold length (bp) 318,250,901

Number of scaffolds 88,420

Scaffold L50 132

Scaffold N50 (bp) 693,492

Total contig length (bp) 302,186,967

Number of contigs (bp) 116,824

Contig L50 4427

Contig N50 (bp) 20,125

Number of protein-coding transcripts 43,484

Number of protein-coding genes 43,471

Percentage of eukaryote BUSCO genes 97.7

Percentage of embryophyte BUSCO genes 92.1

L50: the minimum number of scaffolds or contigs containing half of the assembly; N50:
the length of the shortest scaffold or contig from the L50 set
Source https://phytozome-next.jgi.doe.gov/

4 F. M. You et al.

https://phytozome-next.jgi.doe.gov/


1.2.3 Recent Assemblies Expanding
the Representation
to Both Morphotypes
and to the Closest Wild
Relative of Cultivated Flax

In recent years, five other flax genotypes,
including one linseed and three fibre cultivars, as
well as one wild relative of flax (pale flax, L.
bienne) have also been sequenced and assem-
bled. Zhang et al. (2020) performed a WGS of
three flax genotypes: the linseed-type cultivar
Longya-10, the fibre-type cultivar Heiya-14, and
a pale flax accession (Fig. 1.5). Illumina paired-
end reads of 68.2, 73.5, and 49.1 high-quality
Gbp corresponding to 133, 142, and 93X gen-
ome coverage were generated for the three
genotypes, respectively. De novo assemblies
were performed using ALLPATH-LG (Gnerre
et al. 2011), scaffolding with mate-pair infor-
mation was conducted using SSPACE (Boetzer

et al. 2011), and gap-filling was performed using
GapCloser from the SOAPdenovo2 package
(Luo et al. 2012). As a result, assemblies of
306.0, 303.7, and 293.5 Mb genome sequences
with the scaffold N50 of 1,235 Kb, 700 Kb, and
384 Kb were obtained for Longya-10, Heiya-14,
and pale flax, respectively. Gaps in the assem-
blies were estimated at 5.8 Mb for Longya-10,
2.8 Mb for Heiya-14, and 5.6 Mb for the pale
flax genome. Hi-C data and a genetic map were
used to enhance the Longya-10 genome assem-
bly, leading to 434 scaffolds totaling 295.7 Mb
in length for the chromosomal-level assembly.
The longest scaffolds corresponding to 15 chro-
mosomes have a total length of 282.23 Mb
(Table 1.2).

Around the same time, Dmitriev et al. (2020)
released the genome sequence of the Russian
fibre cultivar Atlant using both ONT and Illu-
mina platforms. A total of 8.4 Gb ONT long
reads with an N50 of 12 Kb corresponding to

Table 1.2 Chromosome-scale pseudomolecules of the 15 chromosomes of the linseed cultivars CDC Bethune (You
et al. 2018) and Longya-10 (Zhang et al. 2020)) and the fibre cultivar Yiya-5 (Sa et al. 2021)

Chr CDC Bethune Longya-10 Yiya-5a

NCBI
accessions

Size
(Mb)

Gap
(Mb)

NCBI
accessions

Size
(Mb)

Gap
(Mb)

Size
(Mb)

Gap
(Kb)

1 CP027619.1 29.43 5.46 CM036262.1 22.66 0.36 31.79 0.82

2 CP027626.1 25.73 5.09 CM036263.1 22.13 0.26 29.85 0.60

3 CP027627.1 26.64 3.81 CM036264.1 21.91 0.36 26.36 0.40

4 CP027628.1 19.93 2.66 CM036265.1 21.42 0.31 24.86 0.40

5 CP027629.1 17.70 1.95 CM036266.1 20.60 0.35 24.52 0.60

6 CP027630.1 18.08 1.99 CM036267.1 19.56 0.33 28.49 0.70

7 CP027631.1 18.30 2.63 CM036268.1 18.79 0.38 17.72 0.60

8 CP027632.1 23.79 3.77 CM036269.1 18.16 0.38 31.05 0.40

9 CP027633.1 22.09 3.85 CM036270.1 17.74 0.21 32.04 0.90

10 CP027620.1 18.20 1.79 CM036271.1 17.30 0.29 33.28 0.50

11 CP027621.1 19.89 2.42 CM036272.1 16.85 0.36 31.41 0.20

12 CP027622.1 20.89 3.66 CM036273.1 17.15 0.24 19.88 0.40

13 CP027623.1 20.48 2.14 CM036274.1 16.35 0.24 21.42 0.20

14 CP027624.1 19.39 2.86 CM036275.1 16.86 0.26 39.91 0.40

15 CP027625.1 15.64 2.50 CM036276.1 14.75 0.25 30.52 0.40

Total 316.17 46.58 282.23 4.57 423.10 7.52
a NCBI accession numbers are not available for Yiya-5 because its assembly and annotation files are deposited in
Zenodo (https://doi.org/10.5281/zenodo.4872893)
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23X flax genome coverage and 22.6 million
250 bp paired-end reads corresponding to 30X
genome coverage were generated. The ONT
reads were assembled separately by several
assemblers, including Canu 2.0 (Koren et al.
2017), Flye 2.7 (Kolmogorov et al. 2019), Shasta
0.5.0 (Shafin et al. 2020), and wtdbg2 2.5 (Ruan
and Li 2020). Contigs were polished using Illu-
mina reads by Racon (Vaser et al. 2017), Medaka
(https://github.com/nanoporetech/medaka), and
POLCA in the assembler MaSuRCA (Zimin
et al. 2017b) to improve the accuracy. A com-
parison of the assemblies generated by the dif-
ferent assemblers and polishing tools indicated
that the most complete and accurate assembly
was obtained using Canu combined with the
polishing tools Racon + Medaka + POLCA.

This assembly was 361.7 Mb in length, but the
N50 was only 350 Kb (Table 1.3).

The Chinese fibre-type genotype Yiya-5, a
high fibre-yielding cultivar bred by the Xinjiang
Yili Institute of Agricultural Sciences, China, has
also been sequenced using the PacBio HiFi
sequencing technology. A total of 21.80 Gb of
circular consensus sequence (CCS) reads were
generated with an N50 of 12,191 bp. The reads
were assembled using Hifiasm (v0.13-r308)
(Chen et al. 2020), generating a draft assembly of
1,632 contigs totalling 537.51 Mb. Removal of
the redundant haplotigs yielded a refined
assembly (v1.0) of 336 contigs with an N50 of
9.61 Mb totalling 454.95 Mb. Using 58.61 Gb
high-quality Hi-C data, the contigs in the
assembly v1.0 were further scaffolded, resulting

Fig. 1.4 Circos map illustrating the 15 chromosome of
CDC Bethune with Track A, scaffolds integrated in the
pseudomolecules; Track B, BioNano contigs mapped to
scaffolds; Track C, bacterial artificial chromosome
(BAC)-based contigs mapped to scaffolds and BioNano
contigs; Track D, frequency distribution of long terminal

repeats (LTRs) on chromosomes with bin sizes of 0.1 Mb;
Track E, frequency distribution of resistance gene
analogues (RGAs) on chromosomes with bin sizes of
0.1 Mb; Track F, heat map of genes with bin sizes of
0.1 Mb; and Track G, the central region showing whole-
genome duplication (WGD). Source You et al. (2018)
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in 15 chromosome-length scaffolds totalling
423 Mb (v2.0) (Table 1.2) and covering 93.0%
of the sequences in the assembly v1.0.

For the chromosome-scale pseudomolecules,
Longya-10 has a smaller genome assembly size
with gaps (282.23 Mb) than CDC Bethune
(316.17 Mb), but similar genome assembly size
without gaps (277.7 Mb) compared to CDC
Bethune (269.6 Mb) (Table 1.2). The similarity
in pseudomolecule sizes between CDC Bethune
and Longya-10 could be because a similar
Illumina-based sequencing technology strategy
was used in both projects.

At 423 Mb, Yiya-5 v2.0 pseudomolecules
yielded a larger genome assembly size than CDC
Bethune and Longya-10, with chromosomes
ranging from 17.72 Mb (Chr 7) to 39.91 Mb
(Chr 14) and only 7.5 Kb of gaps. The Yiya-5
v2.0 genome assembly is highly collinear with
the CDC Bethune v2.0 genome assembly except
for the central regions of chromosomes that

likely contain the centromeric repeat sequences
resolved in the Yiya-5 assembly but missing in
the CDC Bethune v2.0 assembly (Sa et al. 2021)
(Fig. 1.6), suggesting that PacBio HiFi
sequencing scaffolded with Hi-C data has sig-
nificantly improved the genome assembly by
providing a more complete assembly of the
repeat sequences.

1.2.4 Quality Examination of Flax
Genome Assemblies

The Benchmarking Universal Single-Copy
Orthologue (BUSCO) is a widely adopted
assessment tool for genome assembly quality that
uses a predefined and expected set of single-copy
marker genes as a proxy for genome-wide com-
pleteness (Manni et al. 2021). To compare the
assembly quality of all seven flax assemblies, we
performed BUSCO analyses of the released

Fig. 1.5 Plant (a) and seed
(b) morphology of pale flax,
Longya-10, and Heiya-14.
Source Zhang et al. (2020)
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genome assemblies (Table 1.3) using the same
BUSCO eudicots_odb10 dataset (Fig. 1.7). Of
the protein-coding genes, a high percentage of
complete single-copy and duplicated genes
(*95%) with approximately 4% missing genes
was observed for the Atlant, Heiya-14, and
Longya-10 assemblies, indicative of high
assembly quality. Approximately 6–8% of the
genes were missing in the assembly of Yiya-5
and pale flax, and * 9.5% were absent from the
CDC Bethune assembly.

1.3 Repeat Sequence

Genome annotation of assembled genome
sequences aims to assign biological information
to sequences. Genome annotation primarily
consists of two steps: identification of non-
protein-coding elements, such as repetitive
DNA sequences, including the major transpos-
able element (TE) classes, and gene annotation
that involves the prediction of protein-coding
genes and their functional annotation.

Based on the mechanism of transposition, TEs
can be grouped into two major classes: Class I
retrotransposons, transposing via a copy-and-
paste mechanism involving RNA intermediates,
and Class II DNA transposons, transposing
through a simple cut-and-paste mechanism with-
out an RNA intermediate (Wicker et al. 2007).
TEs are extremely diverse, and the thousands of
distinct TE families in plants (Feschotte et al.
2002; Morgante 2006) account for a large portion
of the genome in many plant species. In eukary-
otic genomes, TEs contribute substantially to the
genome size and they play important roles in
structural and functional genomics (Tollis and
Boissinot 2012). These sequences are known to
cause significant changes in genomes, reflecting
evolutionary differences across species (Mehrotra
and Goyal 2014). In the genus Linum, there are
more than 200 diploid species, characterized by
karyotype variabilities observed as size, number,
and structure of chromosomes (Goldblatt 2007;
Rice et al. 2014). Such variability is mostly
determined by the amount and composition of
repeated sequences. Using high-throughputTa
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genome sequencing, Bolsheva et al. (2019) per-
formed a comparative study on repeat sequences
in 12 blue-flowered flax species, including culti-
vated and wild flax. These Linum species were
found to largely differ in their satellite DNA
families and relative content in genomes. Their
evolution was accompanied by waves of amplifi-
cation of satellite DNAs and long terminal repeat
(LTR) retrotransposons (Bolsheva et al. 2019).

The TE content of the flax genome assemblies
ranged from 23 to 55% (Wang et al. 2012; Zhang
et al. 2020; Sa et al. 2021) (Table 1.4). LTRs are
the most prominent TE type, accounting for 36–
80% depending on the genotypes (Table 1.4).
For example, LTRs accounted for 75.35%,
36.45%, 36.34%, 80.49%, and 36.47% of all TEs
identified in the assemblies of flax genotypes
CDC Bethune, Longya-10, Heiya-14, Yiya-5,

Fig. 1.6 Genomic synteny
similarity between Yiya-5
v2.0 and CDC Bethune v2.0.
Source modified from Sa et al.
(2021)

Fig. 1.7 BUSCO assessment
results of seven flax
assemblies including five
cultivated flax cultivars (two
linseed and three fibre) and
one pale flax accession
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and a pale flax accession, respectively
(Table 1.4).

Besides the inherent genome features of flax
genotypes, differences in TE proportions of the
assemblies may be a consequence of the
sequencing technologies used. The third-
generation sequencing platforms improved the
completeness of genome assemblies because
long reads can span entire repeat sequences. For
example, the fibre cultivar Yiya-5 was sequenced
using PacBio HiFi, generating an assembly of
454 Mb in size, of which 55% were repeat
sequences. Both the size of the genome and the
proportion of TEs in the Yiya-5 assembly are
significantly greater than those in the other four
flax genotypes (Tables 1.2 and 1.4). Another
factor affecting TE identification could be the
software tools and repeat libraries which differed
across the flax assemblies (Agrios 2005; Gon-
zalez and Deyholos 2012; Wang et al. 2012; You
et al. 2018; Zhang et al. 2020; Sa et al. 2021).

Therefore, a standardized TE identification pro-
cedure with a common set of software tools is
required to provide a better comparative TE
analysis of flax genomes (You et al. 2015).

1.4 Gene Annotation

The gene annotation of a draft assembly includes
gene prediction and their functional annotation.
There are three major strategies for protein-
coding gene prediction of assembled genome
sequences: ab initio-based, evidence-based,
and/or combination thereof. Ab initio gene pre-
diction methods use statistical models to identify
intrinsic gene content and signals and predict
potential protein-coding genes strictly based on
the genome sequence. As such, ab initio gene
prediction can identify putative genes even if
they share no similarity to known gene sequences
or protein domains. On the other hand, some

Table 1.4 Transposable elements (TEs) in the genome assemblies of five flax genotypes showing the percentages of
each TE types per genome and as a proportion of all identified TEs (in parentheses)

Type Sequence percentage (%) of genome and all TEs (in parentheses)

CDC Bethune v1.0a CDC Bethune v1.0b Longya-10 Heiya-14 Pale flax Yiya-5 v2.0

Class I: Retrotransposon

LTR/Copia 9.79
(40.09)

9.30
(40.33)

7.93
(20.50)

7.66
(20.76)

7.55
(20.56)

5.67
(10.24)

LTR/Gypsy 8.31
(34.03)

7.89
(34.22)

6.12
(15.82)

5.53
(14.99)

5.79
(15.77)

14.70
(26.55)

LTR/Unknown 0.30
(1.23)

0.28
(1.21)

0.05
(0.13)

0.22
(0.60)

0.05
(0.14)

3.82
(6.90)

Other 2.22
(9.09)

2.11
(9.15)

9.68
(25.03)

8.88
(24.07)

10.84
(29.52)

2.11
(7.55)

Class I total 20.62
(84.44)

19.58
(84.91)

23.78
(64.48)

22.29
(64.01)

24.23
(65.99)

26.29
(47.49)

Class II: Transposon

Class II total 3.80
(15.56)

3.62
(15.70)

4.84
(12.51)

4.79
(12.98)

4.13
(11.25)

9.98
(18.03)

Other repeats NA NA 10.06
(26.01)

9.82
(26.61)

8.36
(22.77)

19.09
(34.47)

Overall total 24.42
(100)

23.06
(100)

38.68
(100)

36.90
(100)

36.72
(100)

55.36
(100)

NA not available
Sources Wang et al. (2012) for CDC Bethunea; Gonzalez and Deyholos (2012) for CDC Bethuneb; Zhang et al. (2020)
for Longya-10, Heiya-14, and Pale flax; Sa et al. (2021) for Yiya-5
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may also be erroneous calls. The evidence-based
methods predict genes based on evidence for
their transcription obtained from cDNAs, RNA-
seq data, or other gene expression data such as
PacBio IsoSeq for example. The accuracy of
gene prediction relies on their expression in the
sample(s) sequenced and the integrity of the
sample(s). Some real genes may potentially be
missed because they are not represented in the
sample(s) or because their expression and/or the
quality of the sample(s) were too low. These may
be captured based on statistical models; hence, a
strategy that combines evidence-based and
ab initio approaches by mapping proteins,
expressed sequence tags (ESTs), and RNA-seq
data to the target genome to validate predicted
gene structures outperforms the individual
strategies through complementarity (Holt and
Yandell 2011; Hoff et al. 2016; Bruna et al.
2021).

In the last decade, some combined approach-
based software tools have been implemented and
continuously improved. These tools integrate
ab initio gene prediction, evidence from tran-
scripts, and homology-based gene prediction,
which relies on gene models of related and well-
annotated species into an automatic pipeline,
increased accuracy of protein-coding gene pre-
diction, and they provide an efficient way to
solve some computational complexities (Holt and
Yandell 2011; Hoff et al. 2016; Bruna et al.
2021). Maker2 (Holt and Yandell 2011) is a
pipeline that integrates ab initio gene predictors,
including SNAP (Korf 2004), Augustus (Stanke
et al. 2006), GeneMark (Lomsadze et al. 2014),
and RNA-seq data, whereas Braker2 is a more
recent pipeline for unsupervised RNA-seq-based
genome annotation that combines the advantages
of GeneMark-EP+ (Lomsadze et al. 2014) and
Augustus (Stanke et al. 2006).

Ab initio gene prediction for the assemblies of
the six flax genotypes (CDC Bethune, Longya-
10, Heiya-14, Atlant, Yiya-5, and pale flax
accession) has been performed (Wang et al.
2012; Dmitriev et al. 2020; Sa et al. 2021; Zhang
et al. 2021). In these annotations, Augustus was
used for ab initio gene prediction followed by
validation using ESTs (CDC Bethune) or RNA-

seq data sequenced from different tissues,
including stem and boll tissues (Longya-10,
Heiya-14, and pale flax), and leaf, stem, flower,
root, and bolls (Yiya-5). A total of 43,484 genes
with an average gene size of 2307 bp were pre-
dicted from the first version of the CDC Bethune
genome, with 89.5% of them aligned to one or
more proteins in the NCBI nr protein database
(Wang et al. 2012). A similar number of protein-
coding genes, approximately 43,500, with similar
gene lengths (2.3–2.5 Kb) were predicted for
Longya-10 (linseed), Heiya-14 (fibre), and the
pale flax accession. More protein-coding genes
were predicted for the fibre genotypes Yiya-5
(49,616) and Atlant (77,522), which were
sequenced using the third-generation sequencing
technologies PacBio HiFi and ONT, respec-
tively, and produced larger genome assemblies
(454.96 Mb for Yiya-5 and 361.80 Mb for
Atlant) than those obtained using Illumina short
reads (Table 1.5). Of note, the Yiya-5 predicted
genes are larger (3.7 Kb) than that of the other
four flax genotypes (Table 1.5).

Functional annotation is the process of
assigning biological information to the predicted
genes. The homology-based sequence alignment
tool BLAST and some other bioinformatics tools
such as InterProScan program (Jones et al. 2014),
eggNOG-mapper (Huerta-Cepas et al. 2017), and
DIAMOND (Buchfink et al. 2015) are com-
monly used for functional annotation. They are
based on dedicated databases, including egg-
NOG 5.0 (Huerta-Cepas et al. 2019), GO (Harris
et al. 2004), KEGG (Kanehisa et al. 2002), Pfam
(Mistry et al. 2021), Swiss-Prot (Bairoch and
Apweiler 2000), and NCBI non-redundant pro-
tein database nr.

Table 1.6 lists the number of predicted genes
that have been annotated using some common
gene annotation databases (Wang et al. 2012;
Dmitriev et al. 2020; Sa et al. 2021; Zhang et al.
2021). In the CDC Bethune assembly v1.0,
39,288 of 43,484 predicted genes aligned to one
or more Arabidopsis proteins, resulting in 35,727
predicted genes with assigned functions from the
protein annotation of Arabidopsis genes (Wang
et al. 2012). In the assembly v2.0 of Yiya-5, of
the 49,616 protein-coding genes, 34,938
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(70.42%), 42,697 (86.05%), 22,600 (45.55%),
21,611 (43.56%), 34, 654 (69.84%), and 41,847
(84.34%) genes had significant hits with Pfam,
eggNOG, GO, KEGG, Swiss-Prot, and nr data-
bases, respectively. Overall, 43,364 (87.40%)
genes were successfully annotated with at least
one database (Sa et al. 2021). In the assembly of
Atlant, 18,946 predicted genes were successfully
annotated using the Pfam database, 19,741 using
eggNOG, and 3,725 using UniProt (Dmitriev

et al. 2020). In the assemblies of Longya-10,
Heiya-14, and pale flax, even though similar
numbers of the predicted genes were obtained
from three genotypes (Table 1.5), large differ-
ences in hits to several annotation databases were
observed (Table 1.6) (Zhang et al. 2020). Over-
all, the annotation results of the four genome
sequencing studies differed substantially (Wang
et al. 2012; Dmitriev et al. 2020; Sa et al. 2021;
Zhang et al. 2021).

Table 1.5 Genes predicted from the genome assemblies of six flax genotypes

Cultivar Assembly Gene prediction tools used No. of
protein-
coding
genes

Average
gene
length
(bp)

Average
exon
length
(bp)

References

CDC
Bethune

v1.0 Augustus v. 2.5.5,
GLIMMERHMM v. 3.0.1

43,484 2,307 237 Wang
et al.
(2012)

Longya-
10

v1.0 Genscan v1.0, Augustus v2.5.5
GlimmerHMM v3.0.1, GeneID
v1.3, SNAP

43,668 2,505 238 Zhang
et al.
(2020)Heiya-

14
v1.0 43,826 2,501 236

Pale
flax

v1.0 43,424 2,344 231

Atlant v1.0 PASA 2.4.1, Augustus 3.3.3,
GlimmerHMM 3.0.4, SNAP v.
2006-07-28, GeneMark 4.61,
CodingQuarry 2.0,
EvidenceModeller 1.1.1

77,522 NA NA Dmitriev
et al.
(2020)

Yiya-5 v2.0 Braker2 v2.1.6 with HISAT2
v2.1.0, Augustus v3.4.0, GUSHR
v1.0.0

49,616 3,702 215 Sa et al.
(2021)

NA not available

Table 1.6 Number of annotated protein-coding genes for six flax genotypes

Database CDC Bethune v1.0 Longya-10 Heiya-14 Pale flax Atlant Yiya-5 v2.0

KOG 17,319 25,055 15,775 21,540 NA NA

GO 23,571 24,919 25,798 22,268 NA 22,600

KEGG 5999 9450 9677 13,978 NA 21,611

Pfam 32,166 NA NA NA 18,946 34,938

eggNOG NA NA NA NA 19,741 42,697

UniProt NA NA NA NA 3725 NA

Swiss-Prot NA 33,005 34,147 27,472 NA 34,654

NA not available
SourceWang et al. (2012) for CDC Bethune v1.0; Zhang et al. (2020) for Longya-10, Heiya-14, and Pale flax; Dmitriev
et al. (2020) for Atlant; and Sa et al. (2021) for Yiya-5
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1.5 Non-coding RNAs

Non-coding RNAs (ncRNAs) comprise the
majority of cellular RNAs and are a part of the
transcriptome without having protein-coding
roles. They play important roles in diverse bio-
logical processes, including translation (tRNA
and rRNA), synthesis of the translational appa-
ratus (snRNA), and gene regulation (miRNA).
The genome sequence of four flax genotypes has
been annotated for functional ncRNAs (Wang
et al. 2012; Zhang et al. 2021). More than 700
copies of both tRNAs and rRNAs and 115–297
copies of putative miRNA precursor loci were
identified from the four assemblies. More
ncRNA copies were detected in CDC Bethune
than in the flax cultivars Longya-10 and Heiya-
14 and the pale flax accession (Table 1.7).

1.6 Chloroplast Genome

The chloroplast (cp) is the photosynthetic double
membrane-bound organelle that converts light
energy to carbohydrates in plants and algae. The
size of the chloroplast genome (plastome) of
autotrophic angiosperms is generally conserved
(Guo et al. 2021). The average cp genome size of
land plants is 151 Kb, with most ranging from
130 to 170 Kb (Guo et al. 2021). The majority of
cp genomes are circular DNA molecules with
two copies of inverted repeats (IRs) of approxi-
mately 20–28 Kb, one large single-copy region
(LSC) of 80–90 Kb, and one small single-copy

region (SCR) of 16–27 Kb (Jansen et al. 2005; Li
and Zheng 2018). The large IR might help to
protect the cp genome from major structural
changes (Wu et al. 2011; Wu and Chaw 2014).
The cp genomes were found to have highly
conserved gene content and order and have been
widely used for plant species identification, tax-
onomy, and phylogenetic analysis (Raubeson
and Jansen 2005). Thus, cp genome sequencing
has revealed significant sequence and structural
variation within and between plant species, such
as SNPs, indels, small inversions, and inverted
repeats, which have proven to be valuable
resources in the study of plant genome evolution
(Borsch and Quandt 2009). This knowledge has
also been useful in improving our understanding
of the climatic adaptation of economically
important crops, as well as the identification and
study of important traits in closely related species
(Wambugu et al. 2015; Brozynska et al. 2016).
However, some angiosperms, such as the Cam-
panulaceae (Knox 2014; Hong et al. 2017),
Geraniaceae (Guisinger et al. 2008; Marcussen
and Meseguer 2017), and some legume family
species (Schwarz et al. 2015) are prone to large-
scale rearrangements.

The rapid advances in chloroplast genetics
and genomics have been greatly facilitated by the
advent of high-throughput sequencing technolo-
gies. Since the first cp genome from tobacco
(Nicotiana tabacum) was sequenced 35 years
ago (Shinozaki et al. 1986), the National Center
for Biotechnology Information (NCBI) organelle
genome database has grown substantially and

Table 1.7 Copy number of non-coding RNAs in four flax genotypes

Accession CDC Bethune v1.0 Longya-10 Heiya-14 Pale flax

rRNA 1100 955 722 866

tRNA 1100 965 986 969

miRNA 297 126 115 128

snRNA 462 207 202 184

snoRNA NA 555 543 534

Total 2959 2808 2568 2681

rRNA ribosomal ribonucleic acid; tRNA transfer RNA; miRNA microRNA; snRNA small nuclear RNA; snoRNA small
nucleolar RNA; NA not available
Source Wang et al. (2012) for CDC Bethune v1.0; and Zhang et al. (2020) for Longya-10, Heiya-14 and Pale flax
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now has more than 4200 entries of cp genome
sequences of land plants (Guo et al. 2021).
Several plant cp genomes are listed in Table 1.8.
The cp genome of flax was completely sequenced
by de Santana Lopes et al. (2018). Flax has a
circular cp genome of 156,721 bp with IRs of
31,990 bp separating the LSC of 81,767 bp and
the SSC of 10,974 bp and containing 109 unique
genes and two pseudogenes (rpl23 and ndhF) (de
Santana Lopes et al. 2018). In addition, 176
SSRs, 20 tandem repeats, and 39 dispersed
repeats were also identified (de Santana Lopes
et al. 2018).

1.7 Concluding Remarks

The availability of high-quality reference gen-
omes has a significant impact on the understand-
ing of genome structure and function, species
evolution, as well as applications in genetics and
breeding. In the last decade, the first reference
genome (v1.0) and its subsequent chromosome-
scale pseudomolecule iteration (v2.0) of the flax
cultivar CDC Bethune have been widely used as a
reference in genomic studies and breeding appli-
cations. An additional five flax genotypes,
including linseed, fibre flax, and the closely rela-
ted wild flax (pale flax), have also been sequenced
using different sequencing platforms. Their gen-
ome assemblies and annotations constitute pre-
cious genomic resources for genome-wide
comparative analyses. It is noteworthy that all

these assemblies and their annotations have
revealed large variations in genome assembly size
(304–455 Mb), predicted protein-coding genes
(43,424–77,522 with an average gene size of 2.3–
3.7 Kb), and repeat content (23–55% of the gen-
ome). However, to date, insufficient evidence
exists to conclude that these variations are due to
inherent genome features of the flax genotypes
because they were generated by different labora-
tories using different sequencing technologies,
computational tools, and combinations thereof.
Therefore, additional genome size information of
the sequenced genotypes (such as estimate by flow
cytometry) and genome annotation using consis-
tent software tools and criteria are warranted to
improve the comparability across genotypes.
However, such comparisons will remain hindered
by the limits imposed by the sequencing and
assembly strategies employed.
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2Repeat DNA Sequences in Flax
Genomes

Nadeem Khan, Hamna Shazadee,
Frank M. You, and Sylvie Cloutier

2.1 Introduction

Humans have been growing flax (Linum usi-
tatissimum L.) for its seeds and fiber since
ancient times (Vaisey-Genser et al. 2003). Fiber
flax is taller and has fewer branches toward the
top of the stem than linseed. Linseed branches,
on the other hand, develop from the center of the
stem and yield large quantities of seeds
(Diederichsen et al. 2003). Flax seeds are a rich
source of omega-3 fatty acids and contain the
essential alpha-linolenic and linoleic acids. Its
health benefits have been proven in several
studies (Mazza et al. 1989; Caligiuri et al. 2014;
Goyal et al. 2014; Kezimana et al. 2018; Parikh
et al. 2019). Also, flax seed contains lignans
which are associated with reducing certain types
of cancer (Goyal et al. 2014). In recent years, flax
fiber has been used as a component of composite
materials, with some fibers holding considerable

promise for automotive, aerospace, and packag-
ing industries where the length of the fiber is not
as important as its other physico-chemical prop-
erties (Zhu et al. 2013; Mokhothu et al. 2015;
Wu et al. 2016; Dhakal et al. 2019; Fombuena
et al. 2019; Zhang et al. 2020a). Therefore, a
greater understanding of the genes that influence
the quality and yield, especially for seed and
fiber, is expected to positively contribute to flax
improvement.

The first draft of the genome sequence of the
Canadian flax cultivar CDC Bethune, published
in 2012, was obtained using Illumina short reads,
which resulted in a contig assembly of 302 Mb
of non-redundant sequences, representing a
genome coverage of * 81% (Wang et al. 2012).
In 2018, employing a BioNano optical map, a
BAC-based physical map and genetic maps, the
long scaffold sequences of the assembly were
further validated, orientated, ordered, and
assigned to chromosomes (You et al. 2018). This
chromosome-scale pseudomolecule assembly
contains a total of 316 Mb (including * 50 Mb
gaps), with individual chromosome lengths of
15.60–29.40 Mb, covering 97% of the annotated
genes in the original scaffolds-based assembly.
Based on Illumina sequencing, Hi-C technology,
and genetic mapping, scaffold-level genome
assemblies of the Chinese linseed cultivar
Longya-10, the fiber cultivar Heiya-14, and a
pale flax landrace (Linum bienne) were released
in 2020 (Zhang et al. 2020b). These three
assemblies have 306.0, 303.7, and 293.5 Mb in
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total length, with the scaffold N50 lengths of
1235 kb, 700 kb, and 384 kb for Longya-10,
Heiya-14, and the pale flax landrace, respec-
tively. More recently, utilizing Oxford Nanopore
Technologies (ONT) and Illumina platforms, the
Russian flax fiber cultivar Atlant was sequenced
and assembled, having a total sequence length of
361.7 Mb and an N50 of 350 kb (Dmitriev et al.
2021). Lastly, the Pacific Biosciences (PacBio)
Hifi combined with Hi-C scaffolding was used to
sequence the Chinese fiber flax cultivar Yiya-5
(Sa et al. 2021). The Hifi sequences for Yiya-5
were assembled with an N50 of 9.61 Mb and 336
contigs totaling 454.95 Mb. Hi-C scaffolding
produced 15 chromosome-length pseudo-
molecules that covered 93% of the total length.

The reference genome sequence resources are
extremely important for future research progress
in functional genomics and evolutionary studies
of flax, such as in the discovery of transposable
elements (TEs). The flax genome has recently
undergone whole-genome duplication (WGD)
and is 55.36% covered with repeat elements in the
fiber cultivar Yiya-5 (You et al. 2018; Sa et al.
2021). For example, using short reads, it is very
easy to collapse during the assembly process due
to homologous or repeat sequences (Dmitriev
et al. 2021). As per reassociation kinetics studies,
approximately half of the flax genome is low-
copy-number sequences, while 35% is highly
repetitive, and the remaining 15% belongs to the
middle-repetitive sequence types, which often
encompass transposable elements (Cullis 1981).
Repetitive sequences, or repeats, therefore
account for a significant fraction of the flax gen-
ome. Tandem and interspersed repeats, as well as
copy number of variants, are key structural poly-
morphisms that can occur in either of these types
of repetitive sequences (Hannan 2018). Generally,
repetitive elements constitute the major propor-
tion of genomes, indicating that they serve for
vital biological purposes and should not be termed
‘junk DNA’ as they were referred to during the last
century (Sperling et al. 2013). Current evidence
points to their significant roles in evolution and
human disease (Madireddy et al. 2017; Paulson
2018). The ubiquitous presence of repetitive DNA
sequences in genomes causes difficulties during

sequence assembly and automated annotation not
only in flax, but also in other species. Thus, their
identification and annotation is vital to understand
functions and to aid in improving genome
assemblies (Ragupathy et al. 2013). Hence, the
major focus of this review will be on summarizing
our current knowledge of the distribution of repeat
sequences in cultivated and wild flax and on
describing an automated pipeline for their dis-
covery. The latter also holds potential for repeat
discovery and characterization in other species.

2.2 Types and Distribution
of Repetitive DNA Sequences

The efficiency of genomic sequencing has grown
by a factor of ten in the last decade, and next-
generation sequencing, PacBio, and ONT plat-
forms can now sequence the whole human gen-
ome in a matter of days. This potential has
sparked numerous studies targeted at sequencing
the genomes of tens of thousands of individuals
from both animal and plant species (Jain et al.
2018; Hunt et al. 2020; Dmitriev et al. 2021; Sa
et al. 2021). For instance, PacBio and ONT
sequencing platforms are revolutionizing our
ability to capture an accurate picture of the
molecular processes within the cell, leading to a
deeper knowledge of the complex structural
variants in a genome. However, some of the most
difficult technical challenges associated with
these new methods are caused by repetitive
DNA: sequences that are similar or identical to
other sequences in the genome. The majority of
large genomes contain an abundance of repetitive
sequences. For instance, repeats cover approxi-
mately half or more of the flax, wheat, and maize
genomes (Cullis 1981; Garbus et al. 2015;
Haberer et al. 2020). Repetitive DNA found in all
domains of life—bacteria, archaea, and eukary-
ota—is classified into two types: interspersed
repeats, which include TEs that occur in multiple
loci across the genome, and tandem repeats
(TRs) that occur at a single locus (Tørresen et al.
2019). TEs are typically several thousand base
pairs (kbp) in length, but in eukaryotes, their size
ranges from 100 bp to 20 kbp (Kidwell 2002).
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