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This pioneering Population Genomics Series deals with the concepts and approaches
of population genomics and their applications in addressing fundamental and applied
topics in a wide variety of organisms. Population genomics is a fast emerging
discipline, which has created a paradigm shift in many fields of life and medical
sciences, including population biology, ecology, evolution, conservation, agricul-
ture, horticulture, forestry, fisheries, human health and medicine.

Population genomics has revolutionized various disciplines of biology including
population, evolutionary, ecological and conservation genetics, plant and animal
breeding, human health, genetic medicine, and pharmacology by allowing to address
novel and long-standing intractable questions with unprecedented power and accu-
racy. It employs large-scale or genome-wide genetic information across individuals
and populations and bioinformatics, and provides a comprehensive genome-wide
perspective and new insights that were not possible before.

Population genomics has provided novel conceptual approaches, and is tremen-
dously advancing our understanding the roles of evolutionary processes, such as
mutation, genetic drift, gene flow, and natural selection, in shaping up genetic
variation at individual loci and across the genome and populations, disentangling
the locus-specific effects from the genome-wide effects, detecting and localizing the
functional genomic elements, improving the assessment of population genetic
parameters or processes such as adaptive evolution, effective population size, gene
flow, admixture, inbreeding and outbreeding depression, demography, and bioge-
ography, and resolving evolutionary histories and phylogenetic relationships of
extant and extinct species. Population genomics research is also providing key
insights into the genomic basis of fitness, local adaptation, ecological and climate
acclimation and adaptation, speciation, complex ecologically and economically
important traits, and disease and insect resistance in plants, animals and/or humans.
In fact, population genomics research has enabled the identification of genes and
genetic variants associated with many disease conditions in humans, and it is
facilitating genetic medicine and pharmacology. Furthermore, application of popu-
lation genomics concepts and approaches facilitates plant and animal breeding,
forensics, delineation of conservation genetic units, understanding evolutionary
and genetic impacts of resource management practices and climate and environmen-
tal change, and conservation and sustainable management of plant and animal
genetic resources.

The volume editors in this Series have been carefully selected and topics written
by leading scholars from around the world.
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Preface

Population genomics has revolutionized various disciplines of plant biology, espe-
cially population, evolutionary, ecological and conservation genetics, plant breed-
ing, and conservation and sustainable management of plant genetic resources by
allowing to address novel and long-standing intractable questions with unprece-
dented power and accuracy. Population genomics provides comprehensive genome-
wide information and new insights that were not possible earlier.

Population genomics concepts and approaches along with bioinformatics tools
and models have created a paradigm shift in several disciplines of crop plants
biology by making significant, unprecedented advances in both basic and applied
research. Crop plants have been domesticated from their wild progenitors over
several centuries and have undergone severe genetic bottlenecks and selection
sweeps through selection and breeding. This has resulted in a narrow genetic base
of crop plants. Sustainability and enhancement of crop production is essential for
food security to meet increasing demands of increasing world population. Climate
change is also posing challenges to sustainability of crop plants and crop production.
Sustainable crop production can be facilitated by conservation and enhancement of
plant genetic resources, greater and accelerated genetic improvement of crop plants,
genetic diversity enrichment in their pre-breeding and breeding programs, and
improved ecological, environmental, and climate adaptation of crop plants. Genetic
diversity provides the raw material for evolution and adaptation of organisms,
especially under changing environmental and disease conditions. Therefore, a
deeper and precise understanding of genetic/genomic diversity and structure of
wild and domesticated populations and species, origin, evolution, demographic
history, center of diversity, domestication history, genetic/genomic basis of domes-
tication syndrome, genomic footprints of domestication, selection and breeding,
interspecific and intraspecific phylogenetic relationships, introgression from wild
species, genes and genomic regions underlying traits of interest (including produc-
tivity, biotic and abiotic stress tolerance), and ecological and climate adaptation of
crop plants is required. Population genomics concepts and approaches are unraveling
key, novel, and deeper insights into these above aspects of crop plants with
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unprecedented power and accuracy. In addition, population genomics approaches
are revealing key insights into speciation, systematics, and de-domestication and
allowing to construct pangenomes. Population genomics has also facilitated identi-
fying genotype-phenotype associations and building prediction models for estimat-
ing genetic/breeding value of individuals, thus facilitating genomics-assisted early
selection and accelerated breeding of crop plants. Moreover, population
epigenomics and population transcriptomics studies have begun in crop plants
which can contribute to enhancing our understanding of acclimation, adaptation,
and disease and insect resistance of populations.

As a part of the pioneering Population Genomics book series, this book discusses
the progress and perspectives of population genomics in addressing various funda-
mental and applied crucial aspects in crop plants. The book provides insights into a
range of emerging topics in crop plants including pangenomes, genomic diversity
and population structure, demography, evolution, domestication, de-domestication,
speciation, taxonomy, phylogenomics, molecular breeding, population epigenomics,
population transcriptomics, biotic and abiotic stress tolerance, ecological and climate
adaptation, gene banks genomics, and conservation of plant genetic resources. The
chapters are written by leading and emerging research scholars in crop plants
population genomics.

The book has 22 chapters which are organized into three parts. The first part has
six chapters which discuss population genomics aspects of pangenomes, organellar
genomes, demographic history, evolution, speciation, adaptation, gene banks, and
genetic resource conservation in crop plants. The second part includes four chapters
which discuss the application of population genomics concepts and approaches in
enhancing crop plants breeding and valorization of genetic diversity in breeding and
pre-breeding programs. The third part consists of 12 chapters covering the progress
and prospects of population genomics research and application in major crop plants.
Each chapter focuses on a crop plant and first provides a review of genomic,
transcriptomic, epigenomic, and plant resources available for population genomics
studies and then discusses the progress made in population genomics aspects
including pangenome, genetic diversity and population structure, origin, evolution,
domestication, speciation and admixture, phylogenomics, genome-wide association
studies, genomic selection, population epigenomics, population transcriptomics, and
conservation and sustainable management of plant genetic resources. Finally, future
perspectives are discussed.

The book is envisioned for a wide readership, including undergraduate and
graduate students, research scholars, and professionals and experts in the field. It
fills a vacuum in the field and is expected to become a primary reference in
population genomics of crop plants worldwide.

I thank all the authors who have contributed to this volume.

Fredericton, NB, Canada Om P. Rajora
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Pangenomics in Crop Plants

Cécile Monat and François Sabot

Abstract Identifying diversity at many scales is the keystone to understand how
genomes evolved and plants are so adaptable, even if they are under extreme
constraint. Understanding the processes that create diversity and how the genome
manages this variability is of high importance to be able to face today’s challenges
for breeding and genetic resource conservation of crop plants. For about past
15 years, we ushered into the era of pangenomics and started to learn what the
true intra-species genomic diversity is and how it shapes the structure and the
expression of the genome, especially in crop plants. The pangenome is the complete
repertoire of sequences for a given population (often a species). It can be divided in
compartments, the first one is the core genome which contains the sequences shared
by the whole population. The second compartment is the dispensable genome which
regroups the sequences shared by some individuals of the population but not all of
them. As a sub-part of the dispensable genome, an individual-specific-genome
regroups the sequences that are uniquely found in one individual of the population.
By comparing individual gene and sequence contents within a population,
pangenomics is a great tool to investigate how sequences evolve within a species
and how genetic diversity is shaped within it. More and more studies are including
relative wild species to have a larger overview of how genetic and phenotypic
diversity was shaped through domestication and selection processes. In this chapter,
we will present this concept of pangenomics and the associated methods and
progress made, particularly in crop plants and future perspective.
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1 Introduction

Understanding genetic diversity within a species is required for various population,
evolutionary and conservation genetic studies, and this knowledge is essential to
understand species’ phenotypic variation, as well as mechanisms allowing environ-
mental adaptation (Hirsch et al. 2014; Carlos Guimaraes et al. 2015). However,
estimation of genetic diversity is based on the data, methods, and technologies
available at the time of analysis. Thus, while Carl Von Linné or Georges-Louis de
Buffon (Lawrence Farber 2000) classified animals and plants based on visual
phenotypic observations, nowadays biologists deal with large molecular dataset,
and diversity estimations are based on genetics and genomics approaches and
dataset.

Recent genetic diversity studies are mostly performed using SNP (single nucle-
otide polymorphism) markers (Springer et al. 2009; Hirsch et al. 2014) detected
through sequencing approaches, and the allelic diversity in coding and non-coding
sequences is generally thought to be the main cause of phenotypic variations. Up to
recently it was widely assumed that individuals from the same species have a similar
genetic constitution (Swanson-Wagner et al. 2010) and differ only by these (few)
SNPs. However, since the rise of NGS (next generation sequencing) and of the
subsequent massive sequencing efforts, it appeared that structural variation (SV), in
the form of not only insertion/deletions (InDel) ranging from few bp and up to tens
of kb or even megabase-sized, but also chromosomal rearrangements (transloca-
tions, inversions, duplications), is much more important than expected (Beyter et al.
2019) (Fig. 1). These variations might be due to CNV (copy number variation) of the
same sequence, or even missing sequences in some individuals (PAV, presence/
absence variations) (Da Silva et al. 2013; Montenegro et al. 2017). The different
levels of diversity (SNP, SV, CNV, and PAV) add a challenge in the accurate
representation of the genome. It is now clear that we need more assembled individual
genomes (and more variation information) to capture the whole- genetic/genomic
diversity of a given species. Thus, we need to have a wider overview of the genomic
diversity by sequencing more than one genome per species; for that, approaches

Fig. 1 Schematic representation of no structural variation (no SV), copy number variation (CNV),
presence/absence variation (PAV), and example of Inversion (Inv.) as a structural variation between
two sequences. Each colored bloc represents a genomic segment
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using pangenomes have been deployed (Gan et al. 2011; Li et al. 2014; Hirsch et al.
2014; Schatz et al. 2014a).

The purpose of this chapter is to present an overview of what is pangenomics as
applied to crop plants and why it is important for the future. We will first present the
pangenome concept, how it was initially developed in the microorganisms world and
then deployed in other biological domains. We will focus afterward on pangenomics
in plants and more precisely on crop plants. Finally, we will briefly present the
methodologies to create and analyze pangenomes.

2 Pangenome Concept

The access to DNA sequences, i.e. to the whole genetic and genomic information,
has not evolved at the same pace for different phyla, mainly because of the disparity
of genome size and complexity between them. For instance, basal eukaryotes (ex:
Saccharomyces cerevisiae, 13 Mb) and bacteria (ex: Escherichia coli, 4.6 Mb)
mostly have small simple genomes, easy to sequence and assemble. On the other
hand, plants have large (Gb sized or more) and complex genomes; thus, only the true
first pangenomic studies were performed on small bacterial genomes (Tettelin et al.
2005, 2008) before plants.

The concept was introduced first by Tettelin et al. (2005), as follows: the
pangenome consists of a “core genome containing genes present in all strains and
a dispensable genome composed of genes absent from one or more strains and genes
that are unique to each strain” (Fig. 2) (Tettelin et al. 2005). This definition has been
since then re-used many times (Tettelin et al. 2008; Liang et al. 2012; Lukjancenko
et al. 2012; Mann et al. 2013; Lukjancenko 2013; Kahlke 2013; Soares et al. 2013)
and extended to transcripts, proteins, pseudogenes as well as to TEs (Transposable
Elements) (Lukjancenko 2013; Nguyen 2014; Hirsch et al. 2014; Tranchant-
Dubreuil et al. 2019). A pangenomic analysis allows to characterize the folder of
genes/sequences available within a given group, as well as to estimate the genomic
missing part (i.e., the number of new individuals to be sequenced to reach this almost
complete folder) (Tettelin et al. 2008).

Pangenomic studies are performed on a set of organisms/individuals supposed to
be representative of a family, a genus, or more generally a species. These analyses
provide a large array of phylogenomic information at different levels, from general
implications for the group to individual-specific genetic information (Kahlke 2013;
Soares et al. 2013). As a corollary, two individuals may not be similar to each other
because of the genes they share, but also for the ones they missed (Snipen and
Ussery 2010).

Pangenomics is also a way to characterize how conserved are the genomic
sequences between individuals within a population. We may, by such means, better
understand the genetic variation underlying ecological adaptations and have a more
complete view on how genetic variation is important for adaptation and survival of a
given group of organisms (Hansen et al. 2012). Indeed, as shown by Caputo et al.
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(2015), a core/pan ratio (i.e., size of core vs size of pangenome, in bp) greater than
90% indicates a high rate of genome conservation between sampled individuals. On
the other hand, if this ratio is lower than 85%, then the species may present a certain
potential of adaptability because of a higher genomic diversity. Indeed, in this case,
if we consider the population, individuals are different enough from each other to be
able to respond to rapid and/or abrupt changes and increase the chances of survival
for the species as a whole (Fig. 3).

Fig. 2 Pangenome with high or low core/pan ratio. Each individual is represented by a different
circle. Intersection between all circles represents the core genome, parts without intersection
represent the individual-specific genome, and intersections with not all circle the dispensable
genome

Fig. 3 Open or closed pangenome
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Some studies found that analyzing many genomes of the same species allows to
discover more intra-specific genomic diversity than expected (Tettelin et al. 2008).
Working on many individuals from the same species leads to identify genomic
diversity which might not be discovered if we look only at the inter-species vari-
ability (Lukjancenko et al. 2012).

2.1 Core Genome

The core genome is made of genes/sequences present in all individuals of the studied
group (Lukjancenko et al. 2012; Lukjancenko 2013; Soares et al. 2013). In bacteria,
those genes are conserved and seem to be important genes for basic biological
processes (Tettelin et al. 2005; Soares et al. 2013), and thus have been qualified as
essential genes (Kahlke 2013). However, as more individuals are added to the study,
the less core genes are found (Tettelin et al. 2005; Lukjancenko et al. 2012), and the
core genome is generally over-estimated. In the same way, Collins and Higgs (2012)
have shown that genes considered as essential (because their function seems to be
essential for the survival of the individual) might be absent from the core genome.
So, the level of definition of essential is critical in the way of interpretation of a core
genome. In this regard, the core genome would compose not only of putative
essential (functionally essential) genes but also of genes evolving slowly enough
to be present in each genome (“pangenomically” defined as essential), not required
for their host survival. Finally, complementation of function can occur through
different genes in different individuals, and thus, if considering the sequence, the
core genome may be really low, while considering function, the same core genome
may be larger.

2.2 Dispensable Genome

Dispensable genes are found in at least two individuals among those studied, but not
in all (Tettelin et al. 2005; Liang et al. 2012). These genes mostly belong to
secondary biological processes, and are usually associated with adaptation, resis-
tance to biotic and abiotic stresses or, for microorganisms, new host colonization
(Tettelin et al. 2008; Mann et al. 2013; Hirsch et al. 2014). For instance, in plants,
and more particularly in rice Oryza sativa, Schatz et al (2014a) showed that some of
them are related to disease resistance genes.

The dispensable genes are supposed to be the main contributors of the variability
among individuals within species (Kahlke 2013). Their origin is supposed to be
distinct between different phyla: in bacteria, they probably originate from horizontal
transfers (Medini et al. 2005), while in eukaryotes they may be related to genes lost,
segmental or whole-genome duplications, neogenesis, or TEs activity (Hirsch et al.
2014).

Pangenomics in Crop Plants 7



2.3 Individual-Specific Genome

Genes belonging to a single individual are grouped under the term individual-
specific genome which is a sub-part of the dispensable genome. (Tettelin et al.
2005; Lukjancenko 2013; Soares et al. 2013). In microorganisms, including bacteria,
they are mostly related to phages, horizontal transfers or TEs (Kahlke 2013). For
plants, as in rice (Oryza sativa), Schatz et al. (2014a) have shown that most of these
sequences are repetitive sequences, some being related to genes. They also found
that the distribution of these unique regions is not precisely located in a specific
region, but they are well distributed across the genome. Different studies have shown
that new genes, or genes recently evolved, have generally smaller CDS (coding
DNA sequence) compared to older/strictly conserved genes (Cai and Petrov 2010;
Capra et al. 2010; Lipman et al. 2002), such as those of the individual-specific-
genome, which suggests they might be new or recently evolved (Schatz et al. 2014a).
However, the classification as a genome-specific sequence is quite debatable (see
(Tranchant-Dubreuil et al. 2019)), as its attribution may be related only to sampling
effect or sequencing limits.

2.4 Pangenomics Goes from Bacteria to Plants

Since the beginning of pangenomics (Tettelin et al. 2005), many projects have been
performed on different organisms (bacteria, archaea, animals, plants, virus, and
recently fungi) with a high variation in the range of studied genomes (from 2 indi-
viduals to 14,129; Lu et al. 2015) and the number of species involved (between 1 and
3; Darling et al. 2010; Gordienko et al. 2013; Boussaha et al. 2015; Ghatak et al.
2016). Many different methods have been used to be adapted for each data set (see
Vernikos et al. 2015 and later in this chapter for more details).

2.5 Pangenomics in Plants

In plants, there have been many pangenomics studies listed in Table 1, 2, and 3.
Plants pangenomes seem to be very dynamic and variable depending on species, but
their large genome size poses the difficulties for representative sequencing as well as
scalable analyses. To override these problems, early studies were limited to chro-
mosomal regions and not the whole genome (Wang and Dooner 2006). Morgante
et al. (2007) have first translated the pangenome definition from bacteria to plants, in
order to better understand genomic variation. According to this study, performed
with two maize (Zea mays) lines on four genomic regions, they have shown that only
50% of the sequences are shared, which might constitute the core genome. Similar
observations were obtained in barley (Hordeum vulgare) and rice (Morgante et al.
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Table 1 Pangenomics studies in major crop plants

Species
Number of
genotypes Strategy References

Zea mays 2 inbred lines Comparison of BAC
assemblies for a few loci

Brunner
et al. (2005)

Zea mays 2 inbred lines Comparison of BAC
assemblies on whole
genome

Morgante
et al. (2005)

Zea mays 27 inbred lines Reference-based mapping Gore et al.
(2009)

Zea mays Inbred lines Comparative genomic
hybridization

Springer
et al. (2009)

Zea mays 6 inbred lines Reference-based mapping Lai et al.
(2010)

Zea mays Inbred lines Comparative genomic
hybridization

Belo et al.
(2010)

Zea mays and Zea mays
ssp. parviglumis

Inbred lines Comparative genomic
hybridization

Swanson-
Wagner
et al. (2010)

Zea mays 103 inbred lines Reference-based mapping Chia et al.
(2012)

Zea mays 21 inbred lines Reference-based mapping
on RNA samples

Hansey et al.
(2012)

Zea mays 503 inbred lines De novo transcriptome
assembly

Hirsch et al.
(2014)

Zea mays 14,129 inbred lines Genetic mapping followed
by machine learning
approaches

Lu et al.
(2015)

Zea mays 1 inbred line Reference-quality de novo
genome assembly

Hirsch et al.
(2016)

Triticum aestivum 2 accessions (chr3B) Reference-based mapping
and draft assembly of
unmapped reads

Liu et al.
(2016)

Triticum aestivum 19 accessions Reference-based mapping
and draft assembly of
unmapped reads

Montenegro
et al. (2017)

Triticum aestivum 2 accessions
(700 Mb of chr2D)

Reference-based mapping Thind et al.
(2018)

Oryza sativa 2 accessions Comparative genomic
hybridization

Yu et al.
(2011)

Oryza sativa 50 accessions Reference-based mapping
and draft assembly of
unmapped reads

Xu et al.
(2011)

Oryza sativa 3 inbred lines High-quality de novo
genome assemblies

Schatz et al.
(2014b)

Oryza sativa 1,483 accessions Metagenome-like de novo
assembly

Yao et al.
(2015)

(continued)
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Table 1 (continued)

Species
Number of
genotypes Strategy References

Oryza sativa 2 accessions Comparison of BAC
assemblies on whole
genome

Zhang et al.
(2016)

Oryza glaberrima 3 accessions De novo draft genome
assemblies

Monat et al.
(2016)

Oryza sativa 3,010 accessions De novo draft genome
assemblies and reference-
based mapping

Sun et al.
(2017)

Oryza sativa 66 accessions De novo draft genome
assemblies

Zhao et al.
(2018)

Oryza sativa 3,010 accessions Reference-guided de novo
assembly

Wang et al.
(2018)

Oryza sativa 12 accessions High-quality de novo
genome assemblies

Zhou et al.
(2020)

Brassica napus and
B. rapa

BAC segments from
17 accessions

De novo draft assembly Cheung
et al. (2009)

Brassica rapa 1 doubled haploid
line, 1 inbred line
and the reference
genome

De novo draft genome
assembly

Lin et al.
(2014)

Brassica oleracea and
B. macrocarpa

10 lines Iterative mapping and
assembly

Golicz et al.
(2016a, b)

Brassica napus 2 accessions De novo draft genome
assembly then reference-
based guided

Bayer et al.
(2017)

Pseudomolecule-level
assembly

Brassica napus 53 accessions Iterative mapping and
assembly

Hurgobin
et al. (2018)

Cicer arietinum 35 accessions Draft reference-based
mapping

Thudi et al.
(2016a, b)

Cicer arietinum 129 accessions Draft reference-based
mapping

Thudi et al.
(2016b)

Glycine soja and Glycine
max

31 accessions Reference-based mapping Lam et al.
(2010)

Gycine max 4 accessions Comparative genomic
hybridization and
reference-based mapping
on exome data

Haun et al.
(2011)

Glycine max 4 accessions Comparative genomic
hybridization and
reference-based mapping
on exome data

McHale
et al. (2012)

Glycine soja 7 accessions De novo draft genome
assembly

Li et al.
(2014)

(continued)
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2007). In another study, this time with 8 lines of maize on the bz1 locus, Wang and
Dooner (2006) estimated that core genome is not as large as it was expected earlier
from the analysis of two individuals (from 25 to 84%), and that the dispensable
genome, for its part, increases when more genomes are included, as seen in bacteria.

Plants genomes have some specificity making their analysis more complex than
for bacteria or microorganisms, explaining why pangenomics studies came later to
plants. Among those, we can cite the high level of polyploidy, i.e. partial or even
whole-genome duplication, particularly frequent in angiosperm species (Cheung
et al. 2009). Some of these recent duplications may impair the pangenome identifi-
cation: thus, in rapeseed (Brassica napus), various subgenome loci are distinguish-
able only through a few SNP and InDels (Cheung et al. 2009). However, Lin et al.
(2014) performed a pangenomics study with three genomes of Brassica rapa, the
diploid progenitor of Brassica napus and shown that on average 1,200 genes are
individual-specific (and thus subgenome-specific), which provided a supplementary
evidence of increasing interest in pangenomics studies.

Table 1 (continued)

Species
Number of
genotypes Strategy References

Glycine max 41 accessions Comparative genomic
hybridization and
reference-based mapping

Anderson
et al. (2014)

Sorghum bicolor 3 inbred lines Reference-based mapping Zheng et al.
(2011)

Hordeum vulgare ssp.
vulgare and H. vulgare
ssp. spontaneum

14 accessions Comparative genomic
hybridization

Muñoz-
Amatriaín
et al. (2013)

Ipomoea trifida 2 accessions De novo draft genome
assemblies and cross
mapping

Hirakawa
et al. (2015)

Solanum tuberosum 12 simple and double
monoploid clones

Reference-based mapping Hardigan
et al. (2016)

Capsicum annuum,
C. baccatum, C. chinense
and C. frutescens

383 accessions De novo draft genome
assemblies and reference-
based mapping

Lijun et al.
(2018)

Solanum lycopersicum,
S. pimpinellifolium,
S. cheesmaniae and
S. galapagense

725 accessions Map-to-pan Gao et al.
(2019)

Sesamum indicum 5 accessions Reference-guided and de
novo assembly

Yu et al.
(2019)

Cajanus cajan 90 accessions Reference-based mapping
and draft assembly of
unmapped reads

Zhao et al.
(2020)

Pangenomics in Crop Plants 11



T
ab

le
2

K
ey

re
su
lts

fr
om

pa
ng

en
om

ic
s
st
ud

ie
s
in

cr
op

pl
an
ts

S
pe
ci
es

R
ef
er
en
ce

N
um

be
r
of

pa
n-
ge
ne
s

%
of

co
re

ge
ne
s

P
an
ge
no

m
e

si
ze

%
co
re

si
ze

E
xa
m
pl
e
of

S
V
s

O
ry
za

sa
tiv
a

S
ch
at
z
et
al
.

(2
01

4b
)

40
,3
62

92
.1
6%

34
1
M
b

88
.8
2%

P
A
V
of

P
ho

sp
ho

ru
s
up

ta
ke
1
(P
up

1)
,m

aj
or

ri
ce

Q
T
L
as
so
ci
at
ed

w
ith

to
le
ra
nc
e
to
ph

os
ph

or
us

de
fi
ci
en
cy

in
so
ils
.C

N
V
an
d
In
D
el
of

S5
,m

aj
or

lo
cu
s
fo
r
hy

br
id

st
er
ili
ty

in
ri
ce

th
at
af
fe
ct
s
em

br
yo

sa
c

fe
rt
ili
ty
.C

N
V
of

S
ub

m
er
ge
nc
e
1
(S
ub

1)
,m

aj
or

Q
T
L
on

ch
ro
m
o-

so
m
e
9
de
te
rm

in
in
g
su
bm

er
ge
nc
e
to
le
ra
nc
e
in

ri
ce

B
ra
ss
ic
a

ss
p.

G
ol
ic
z
et
al
.

(2
01

6a
,b

)
61

,3
79

81
.3
%

58
7
M
b

N
A

P
A
V
of

au
xi
n-
re
la
te
d
ge
ne
s
(A
U
X
,I
A
A
,G

H
3,

P
IN
,S

A
U
R
,T

IR
,

T
P
L
,a

nd
Y
U
C
C
A
P
A
V
of

fl
ow

er
in
g
re
la
te
d
ge
ne
s
(M

A
F
5,

SE
P
2,

A
R
P
4,

G
ID

1B
,F

P
F
1-
lik
e,
F
H
Y
1,

G
A
2,

G
A
3,

an
d
C
O

C
N
V
of

F
lo
w
er
in
g
lo
cu
s
C
(F
L
C
),
an

im
po

rt
an
t
re
gu

la
to
r
of

ve
rn
al
iz
at
io
n

an
d
fl
ow

er
in
g
tim

e.
P
A
V
of

gl
uc
os
in
ol
at
e-
re
la
te
d
ge
ne
s
C
Y
P
79

A
2,

SU
R
1,

an
d
SO

T
18

C
ap

si
cu
m

ss
p.

L
iju

n
et
al
.

(2
01

8)
51

,7
57

55
.7
%

4.
31

G
b

N
A

S
V

of
ca
ps
an
th
in
/c
ap
so
ru
bi
n
sy
nt
ha
se

(C
cs
),
lo
cu
s
in
vo

lv
ed

in
ca
ro
te
no

id
co
nt
en
ts
.S

V
of

ph
yt
oe
ne

sy
nt
ha
se

ge
ne

(P
sy
),
lo
cu
s

in
vo

lv
ed

in
ca
ro
te
no

id
co
nt
en
ts
.S

v
of

P
un

ge
nt

ge
ne

1
(P
un

1)
,

lo
cu
s
in
vo

lv
ed

in
ca
ps
ai
ci
no

id
bi
os
yn

th
et
ic
pa
th
w
ay

Se
sa
m
um

in
di
cu
m

Y
u
et
al
.(
20

19
)

26
,4
72

58
.2
1%

55
4
M
b

46
.7
0%

P
A
V
be
tw
ee
n
m
od

er
n
cu
lti
va
rs
an
d
la
nd

ra
ce
s
fo
r
ge
ne
s
w
ith

fu
nc
tio

ns
re
la
te
d
to

en
er
gy

m
et
ab
ol
is
m
,g

ro
w
th

an
d
de
ve
lo
pm

en
t,

as
w
el
la
s
bi
om

as
s
ac
cu
m
ul
at
io
n
P
A
V
be
tw
ee
n
la
nd

ra
ce
s
an
d

m
od

er
n
cu
lti
va
rs
fo
r
ge
ne
s
w
ith

fu
nc
tio

ns
re
la
te
d
to

en
vi
ro
nm

en
ta
l

ad
ap
ta
tio

n,
si
gn

al
tr
an
sd
uc
tio

n,
pr
ot
ei
n
fo
ld
in
g,

so
rt
in
g,

de
gr
ad
a-

tio
n,

tr
an
sp
or
t,
an
d
ca
ta
bo

lis
m

12 C. Monat and F. Sabot



T
ab

le
3

P
an
ge
no

m
ic
s
st
ud

ie
s
in

A
ra
bi
do

ps
is
an
d
ot
he
r
pl
an
ts

S
pe
ci
es

N
um

be
r
of

ge
no

ty
pe
s

S
tr
at
eg
y

R
ef
er
en
ce
s

A
ra
bi
do

ps
is
th
al
ia
na

3
ac
ce
ss
io
ns

R
ef
er
en
ce
-b
as
ed

m
ap
pi
ng

O
ss
ow

sk
i
et
al
.(
20

08
)

A
ra
bi
do

ps
is
th
al
ia
na

4
ac
ce
ss
io
ns

R
ef
er
en
ce
-b
as
ed

m
ap
pi
ng

S
an
tu
ar
ie
t
al
.(
20

10
)

A
ra
bi
do

ps
is
th
al
ia
na

80
ac
ce
ss
io
ns

R
ef
er
en
ce
-b
as
ed

m
ap
pi
ng

an
d
dr
af
t

as
se
m
bl
y
of

un
m
ap
pe
d
re
ad
s

C
ao

et
al
.(
20

11
)

A
ra
bi
do

ps
is
th
al
ia
na

18
ac
ce
ss
io
ns

It
er
at
iv
e
re
ad
s
m
ap
pi
ng

co
m
bi
ne
d
w
ith

de
no

vo
as
se
m
bl
y
an
d
re
fe
re
nc
e-
ba
se
d
m
ap
pi
ng

G
an

et
al
.(
20

11
)

A
ra
bi
do

ps
is
th
al
ia
na

2
ac
ce
ss
io
ns

R
ef
er
en
ce
-b
as
ed

m
ap
pi
ng

L
u
et
al
.(
20

12
)

A
ra
bi
do

ps
is
th
al
ia
na

3
ac
ce
ss
io
ns

H
ig
h-
qu

al
ity

de
no

vo
ge
no

m
e
as
se
m
bl
y

P
uc
ke
r
et
al
.(
20

16
)

A
ra
bi
do

ps
is
th
al
ia
na

2
ac
ce
ss
io
ns

H
ig
h-
qu

al
ity

de
no

vo
ge
no

m
e
as
se
m
bl
y

P
uc
ke
r
et
al
.(
20

19
)

P
op

ul
us

ni
gr
a,

P
op

ul
us

de
lto

id
es

an
d

P
op

ul
us

tr
ic
ho

ca
rp
a

22
ac
ce
ss
io
ns

R
ef
er
en
ce
-b
as
ed

m
ap
pi
ng

on
bo

th
D
N
A

an
d

R
N
A
sa
m
pl
es

P
in
os
io

et
al
.(
20

16
)

P
op

ul
us

al
ba
,P

.d
av
id
ia
na

,P
.e
up

hr
at
ic
a,

P
.l
as
io
ca
rp
a,

P
.n

ig
ra
,P

.d
el
to
id
es
,P

.c
at
ha

ya
na

,
P
.s
im
on

ii
,P

.u
ss
ur
ie
ns
is
an
d
P
.m

ax
im
ow

ic
zi
i

10
ac
ce
ss
io
ns

R
ef
er
en
ce
-b
as
ed

m
ap
pi
ng

Z
ha
ng

et
al
.(
20

19
)

U
tr
ic
ul
ar
ia

gi
bb

a
13

sp
ec
im

en
s

R
ef
er
en
ce
-
an
d
ot
he
r
sp
ec
ie
s-
ba
se
d
m
ap
pi
ng

an
d
dr
af
t
as
se
m
bl
y
of

un
m
ap
pe
d
re
ad
s

A
lc
ar
az

et
al
.(
20

16
)

M
ed
ic
ag

o
tr
un

ca
tu
la

16
ac
ce
ss
io
ns

D
e
no

vo
as
se
m
bl
ie
s

Z
ho

u
et
al
.(
20

17
)

B
ra
ch
yp
od

iu
m
di
st
ac
hy
on

54
in
br
ed

lin
es

D
e
no

vo
dr
af
t
ge
no

m
e
as
se
m
bl
y

G
or
do

n
et
al
.(
20

17
)

Pangenomics in Crop Plants 13


