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Abstract In this chapter, we present the first detailed evaluation of
the repetitive compartment in Lupinus genomes. Low-depth next
generation sequencing (NGS) genomic resources from four closely
related smooth-seeded Mediterranean lupin species (L. albus, L. an-
gustifolius, L. luteus and L. micranthus), exhibiting remarkable dif-
ferences in genome size and chromosome number have been inves-
tigated. The repetitive compartment is composed of a wide diversity
of repeats and represents 23 to 51 % of the genomes. This compart-
ment is essentially comprised of transposable elements (43 to 85%),
mainly represented by copia and gypsy LTR retrotransposon fami-
lies. Among the latter, some prominent families (Tekay, Athila, Max-
imus-SIRE) significantly contribute to genome size differences
among species and in shaping different species-specific repeat pro-
files, regardless of their chromosome numbers. Also particular line-
ages of these elements have been differentially and recently ampli-
fied within species, such as in L. luteus, L. albus and L.
angustifolius. Moreover, this study highlighted the diversity of tan-
dem repeats in lupin genomes, with minisatellites and satellites
mostly being species-specific, whereas microsatellites (SSRs) are
ubiquitously distributed. Strikingly, L. angustifolius exhibited a tre-
mendous amount of tandem repeats in its genome (26%), including a
noteworthy accumulation of one particular hexamer SSR (15.24% of
the genome), which demonstrate that also tandem repeats may great-
ly contribute to genome obesity and dynamics in lupins. Therefore,
differential lineage-specific amplifications of retrotransposons and

tandem repeats occurred among lupins. Accordingly, this strongly



suggests that different processes and mechanisms regulating ampli-
fication, proliferation and clearance of repeats have differentially
operated within the same genus among closely related Mediterrane-
an species over the last ~10-12 Myr. Further extension of such eval-
uation to various representatives of the lupins diversity and out-
groups will provide a better overview of the repetitive compartment
and its evolutionary dynamics in the genus. Additionally, the ge-
nomic resources generated by this work represent a valuable basis to
start building a repeats database specifically dedicated to best under-
stand the genomic landscape, repeats distribution and localization in
lupins. This will facilitate further investigations on the functional
and evolutionary impact of repeats on genes of interest, such as,
those responsive for important agronomical, adaptive and defense

features.



13.1 INTRODUCTION

Genome size variation, with a magnitude order of 200,000, is one of
the most remarkable biological features in Eucaryotes (Bennetzen
and Wang, 2014; Biscotti et al., 2015). As this variation is not corre-
lated with the morphological or physiological complexity of organ-
isms it has been termed the “C-value paradox” (Thomas, 1971) and
later the “C-value enigma” (Gregory, 2005). In angiosperms, ge-
nome size (GS) ranges from 60 Mb (in Genlisea aurea) to 150 Gb
(in Paris japonica), which corresponds to approximately a 2,400-
fold variation (Greilhuber et al., 2006; Leitch & Leitch, 2008; Vu et
al., 2015; Jaume Pellicer et al., 2018). Moreover, GS variation oc-
curs at various taxonomic levels, including among closely related
species within genera (Greilhuber et al., 2006; Hu et al., 2011) or
even among various accessions within species, such as in Hordeum
spontaneum (Kalendar et al., 2000) or in Arabidopsis thaliana
(Schmuths, 2004). Apart from whole-genome duplication, triplica-
tion, or polyploidy (Soltis et al., 2009; Renny-Byfield & Wendel,
2014), it is now obvious that repetitive sequences may account for a
large proportion in the plant genomes, regardless of the number of
protein coding genes, the ploidy level or the past paleopolyploid his-
tory (Bennetzen, 2002, 2005; Wendel et al., 2016). While, the re-
petitive sequences were previously regarded as “junk”, “parasitic” or
“selfish” DNA (Doolittle & Sapienza, 1980; Orgel et al., 1980; L6n-
nig & Saedler, 1997), nowadays they are not only considered as a

determinant fraction involved in GS variation (expansion / contrac-



tion), but also that they play a major role in their evolutionary dy-
namics and are crucial for living organisms (Biémont & Vieira,
2006; Oliver et al., 2013; Wendel et al., 2016; Hosaka & Kakutani,
2018; Pellicer et al., 2018). Two types of repetitive DNA sequences
proliferate in the genomes: tandem repeats (or satellites sensu lato)

and interspersed repeats (or transposable elements).
13.1.1 Tandem repeats

Tandem repeats (TR) consist of basic nucleotide units (or mono-
mers) that are repeated head-to-tail to form TR arrays. According to
the size of the repeated unit the tandem repeats are classified as: mi-
crosatellites or SSR (Simple Sequence Repeats) with motives shorter
than 10-12 bp, minisatellites with motives between 12 to ~60 bp,
and satellites with longer monomers (>60 to 100 bp or even several
kilobases). Increase (or decrease) of the number of repeated units in
microsatellites, for instance, generally results from a “slipped-strand
mispairing” mechanism due to a polymerase shift during DNA repli-
cation (Levinson & Gutman, 1987) or unequal crossovers (Petes,
1980). Satellite DNA can represent up to half of the genome in some
eukaryotes (Satovi¢ et al., 2018). Microsatellites (SSRs) are ubiqui-
tous in genomes and are widely used as genetic markers for genotyp-
ing (Parra-Gonzélez et al., 2012;.Raman et al., 2014; Kamphuis et
al., 2015; Atnaf et al., 2017). The other larger arrays of TR,
minisatellites, satelittes, including highly repetitive gene families
such as nuclear ribosomal DNA, are helpful for chromosome finger-

printing. They are usually associated to centromeric, peri-



centromeric and telomeric regions and seem to have a significant
functional regulatory role (Streelman & Kocher, 2002; Li, 2004;
Lower et al., 2018), but they yet remain poorly investigated and
were the subject of only few comparative genomics studies (Shi et
al., 2013; Ruiz-Ruano et al., 2016; Usai et al., 2017).

13.1.2 Transposable elements

Transposable elements (TEs) are very diverse interspersed repetitive
DNA sequences (or jumping genetic elements of B. McClintock,
1948) able to duplicate themselves and to insert their copies at dif-
ferent positions in the genome via a transposition mechanism
(Kumar & Bennetzen, 1999; Bennetzen, 2002). Following the classi-
fication of (Wicker et al., 2007), TEs are divided into two main clas-
ses, according to the type of intermediate (DNA or RNA) used in
their transposition mode. Class | elements, or retrotransposons, fol-
low a transposition mode using an RNA intermediate called "copy /
paste”, which may dramatically increase their copy number in ge-
nomes (Vicient et al., 1999; Bennetzen, 2002, 2005; Piegu et al.,
2006). Five orders are distinguished within this class: LTR elements
(Long Terminal Repeats) DIRS elements (Dictyostelium intermedi-
ate repeat sequence), PLEs (Penelope-like elements), LINEs (Long
Interspersed Nuclear elements) and SINEs (Small Interspersed Nu-
clear Element). Within each order, elements are clustered into super-
families based on the structure of their protein and non-coding do-
mains. The Class Il elements (or DNA transposons) transpose via a
DNA intermediate in a mode called "cut / paste”, which results in



their excision from their genomic location and their insertion else-
where in the genome. Two subclasses are recognized: subclass 1
mainly correspond to TIR elements, which are characterized by their
Terminal Inverted Repeats (TIR) at their extremities; and subclass 2
which correspond to Helitron and Maverick elements (Wicker et al.,
2007).

In plants, amplification and accumulation of Class | elements repre-
sent the major source of GS increase. For example, LTR-
retrotransposons may reach between ~70 to 76% of the genomes in
maize, bread wheat and barley (Mayer et al., 2011; Oliver et al.,
2013; Wicker et al., 2018). TEs amplification can be activated by
various environmental (biotic and abiotic) and genomic (e.g., hy-
bridizations) stresses during the evolutionary history of organisms
(Kalendar et al., 2000; Liu & Wendel, 2000; Jiang et al., 2003;
Grandbastien et al., 2005; Wessler, 2006). In turn, different regula-
tory mechanisms are triggered at the cellular and molecular levels to
control their proliferation and counteract genome expansion via epi-
genetic mechanisms (small RNA, DNA methylation, histone modifi-
cation) and removal (Bennetzen, 2005; Hawkins et al., 2006, 2009;
Slotkin & Martienssen, 2007; Lisch, 2009; Yaakov & Kashkush,
2012; Axtell, 2013; Castel & Martienssen, 2013). The repeated
waves of TE amplification and regulatory mechanisms thus have a
deep impact on the host genomes. They may drive structural ge-
nomic rearrangements and generate genetic diversity which accom-
panies the adaptation and diversification of species in their environ-
ments (Bennett, 2005; Morgante et al., 2005; Chénais et al., 2012).



Following their insertion into or near genes, they may modify ex-
pression and function of various genes which may induce variable
phenotypic changes (Jiang et al., 2003; Kashkush et al., 2003; Lisch,
2013). Also there is evidence that they contribute to the formation of
new genes and represent an important source of evolutionary novel-
ties (Biémont & Vieira, 2006; Oliver et al., 2013; Lynch et al.,
2015).

13.1.3 Advancing the discovery of repetitive sequences using
Next Generation Sequencing technology

Regarding their importance, investigations on the repetitive se-
quences greatly benefited from the advances of high throughput se-
quencing technologies. Several strategies and bioinformatics pro-
grams have been developed for the detection and identification of
repeated elements in fully sequenced genomes of model organisms
(Quesneville et al., 2005; Lerat, 2010; Flutre et al., 2011; Treangen
& Salzberg, 2011; Wajid & Serpedin, 2012). However, assembly,
annotation and precise location of massive similar repeated short-
reads, representing regions which underwent various processes of
recombination/deletion, is challenging and generally results in in-
completely assembled genomes with large gap-spaces and potential-
ly chimerical structures (Jiang et al., 2004; Sequencing Project,
2005). Combination of short-reads technologies (lllumina HiSeq)
with long-reads sequencing ones (Pacific BioSiences and Oxford
Nanopore) will yield higher quality genomes to accurately assemble

and circumscribe repeated structures. Other programs have been de-
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signed to directly evaluate the repetitive content from raw unassem-
bled short read sequences generated from various high-throughput
DNA sequencing technology platforms, such as for example: Re-
peatExplorer (Novak et al., 2010; Novak et al., 2013), Transposome
(Staton, Burke, 2015), REPdenovo (Chu et al., 2016). Such pro-
grams use various tools which allow detection, quantitative estima-
tion, reconstruction and annotation of repetitive elements in NGS
data. They are based on all-to-all read sequence similarities, graph-
based clustering methods, and repeats identification using comple-
mentary Blast methods and search of conserved specific TES protein
coding domains against reference databases. These toolkits demon-
strated their efficiency for evaluating the repetitive compartment
from a reduced sample of low-pass genome sequence data (even less
than 1% genome coverage) in various plant taxa (Macas et al., 2007;
Hribova et al., 2010; Novék et al., 2010, 2013; Renny-Byfield et al.,
2011; Piednoél et al., 2013; Staton, Burke, 2015; Vu et al., 2015;
Wau et al., 2019). They not only allow rapid investigation of the re-
petitive compartment in many non-model genomes, but also may
provide crucial information to assist assembly and annotation of

complex genomes.

13.1.4 Lupinus: A system of interest to evaluate the dynamics of
the genomic repetitive compartment

In this context, the genistoid legume Lupinus (Fabaceae) is a system
of particular interest to explore the evolutionary dynamics of repeti-

tive sequences and their impact on the evolution of host genomes.
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Indeed, Lupinus is a large genus which is composed of hundreds of
species adapted to very divers ecological conditions which diversi-
fied during the last ~16 Myr (mean age of the stem node of the ge-
nus according to Hughes and Eastwood, 2006) in two major regions
of the World: about 250-300 species in the New World and around
20 in the Old World (Gladstones et al., 1998; Ainouche et al., 2004;
Eastwood et al., 2008). Among the latter, the smooth-seeded lupins
(or Malacosperma), which are mainly circum-Mediterranean are dis-
tinguished from the rough-seeded lupins (or Scabrispermae), which
are predominantly North African. Previous studies have shown that
lupins exhibit a remarkable variation of their chromosome number
(2n = 32 to 52) and their genome size (2C = 1 to ~ 2.6 Gb), includ-
ing between closely related taxa, regardless of their chromosome
number (Gladstones et al., 1998; Naganowska, 2003; Naganowska
et al., 2005; Conterato & Schifino-Wittmann, 2006; Mahé, 2009). A
first PCR-based screening of the repeated compartment revealed a
significant diversity of LTR-retrotransposons in lupin genomes
(Mahé, 2009). Because of their beneficial properties for agriculture,
human health and nutrition (Gladstones et al., 1998; Cabello-
Hurtado et al., 2016), and for their novel status as model plants for
studying symbiosis, proteoid roots and Pi uptake (O’Rourke et al.,
2013; Keller et al., 2018), the smooth-seeded Mediterranean lupins,
which include three crops (L. albus, L. luteus and L. angustifolius),
are under increasing attention. Several transcriptomes and genomic
resources have been generated (see Section 4.X and 6.Y) (Parra-
Gonzélez et al., 2012; O’Rourke et al., 2013; Kamphuis et al., 2015;
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Keller et al., 2018) and a first draft genome has been recently re-
leased (Hane et al., 2017; this book), providing the raw material to
best understand structure, evolution and functional potential of the

lupin genome, including its repetitive compartment.

Therefore, as a first step to develop our knowledge on this enigmatic
genomic compartment, we report results from: (i) a preliminary sur-
vey of the diversity of LTR-retotransposons (Tyl-copia and Ty3-
gypsy-like elements) in Lupinus and allied Genistoid taxa, based up-
on analysis of their reverse transcriptase sequences (RTs) (Flavell et
al., 1992; Alix & Heslop-Harrison, 2004; Mahée, 2009); and (ii) a de-
tailed evaluation of the repetitive compartment of four smooth-
seeded Mediterranean lupin taxa, from the analysis of low-depth
NGS genomic resources, using different programs to identify and es-
timate the repetitive sequences (Benson, 1999; Novék et al., 2010,
2017; Novak et al., 2013).

13.2 Exploring retrotransposons diversity in genomes of lupins

and allied Genistoids

Tyl-copia-like and Ty3-gypsy-like superfamilies of class | re-
trotransposons are ubiquitous in eukaryote genomes and most often
involved in genome size (GS) variation. A preliminary investigation
of their diversity, was conducted in 44 accessions belonging to 27
lupin taxa (16 from the Old World and 11 from the New World) and

8 other Genistoid representatives; Table 13.1). This was carried out
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through analysis of their constitutive reverse transcriptase sequences
(RTs) (Mahe, 2009). Accordingly, conserved coding RT domains
were amplified, cloned and sequenced from genomic DNA samples
using universal primers (Flavell et al., 1992) following the proce-
dure described by Alix & Heslop-Harrison, (2004). After (i) remov-
ing the low-quality sequences from the hundreds of amplicons gen-
erated, (ii) verifying their homology with known RTs from public
databases (via Blastn, Blastx and RepeatMasker;
http://www.ncbi.nlm.nih.gov and http://www.repeatmasker.org/),
and (iii) size-filtering, a total of 367 retrotransposon-like RT se-
quences were selected for further analysis. Among them 260 ampli-
cons ranged in size from 248 to 295 bp, with pairwise identity vary-
ing from 38.6 to 100% for copia elements (GenBank accession
numbers GU189754 to GU190013); and 107 ranged from 366 to 564
bp with a pairwise identity of 32.4 to 100% for gypsy elements (ac-
cession numbers GU190014 to GU190133).

Within this set of amplicons, 305 were from the lupin species (211
RT-copia, 89 RT-gypsy and five unidentified) and 62 were from the
eight Genistoid representatives (including 40 RT-copia, 17 RT-
gypsy and five unannotated). Altogether, these 367 DNA sequences
were aligned with MAFFT (Katoh & Standley, 2013). The sequence
data matrix was then subjected to a maximum likelihood (ML) phy-
logenetic analysis, using the best-fitted evolutionary model
(GTR+R7: General Time Reversible model, rates Gamma distribu-
ted) identified with ModelFinder (Kalyaanamoorthy et al., 2017) as
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implemented in 1Q-TREE v1.5.5 (Nguyen et al., 2015). The robust-
ness of the nodes was estimated with 10,000 ultrafast bootstrap rep-
licates (Hoang et al., 2017). The phylogenetic tree resulting from
this analysis is shown in Figure 13.1, where each terminal branch
representing RT-copia or RT-gypsy amplicons is colored according
to its taxonomic and geographic origin (see Fig. legends) and its an-
notation assignment indicated by different colors in the outer circle.

Table 13.1: List of accessions from Lupinus and other Genistoid
taxa surveyed for retrotransposons diversity. The origin, geographic
distribution, and accession reference are indicated for each sample.
OW = Old World species; NW = New World species.

Sample source & Reference

Taxon 2n__ Origin/Distribution number

L. affinis 48  Oregon/NW, West NA USDA/504315/N20

L. albus 50 Algeria/OW, Med INAE-DZ/M20

L. anatolicus 42 Turkey/OW, Afr AKA/K32

L. angustifolius ssp. reticula-

tus 40  France/OW, Med AKA/T25

L. angustifolius ssp. angusti-

folius 40  Algeria/OW, Med AKA-M1/T24

L. atlanticus 38  Morocco/OW, Afr USDA/384612-FM83/T1

— 38  Morocco/OW, Afr INRA-SAPF/T11

— 38  Morocco/OW, Afr USDA/384613-FM87/T2
32-  Brazil/NW, South-East

L. bracteolaris 34 SA USDA/404349/S80

L. concinnus ?  USA/NW N19

L. cosentinii 32 ?/0W, Med INRAL-FR/T15

L. diffusus ?  Florida/NW K35

L. digitatus 36  Egypt/OW, Afr-Med WADA-PI26877/T4

L. elegans 48  Mexico/NW, West SA USDA/185099/S33

L. hirsutissimus ?  USAINW AKA/NB5

L. hispanicus ssp. bicolor 52  Spain/OW, Med USDA/PI 384554/T23

L. hispanicus ssp. hispanicus 52  Portugal /OW, Med USDA/384555/T22

L. luteus 52  Algeria/OW, Med AKA/M5

—— 52  Algeria/OW, Med AKA/T20



L. mariae-josephi
L. micranthus

L. mutabilis

L. nanus

L. palaestinus

L. paraguariensis
L. pilosus

L. pilosus tassilicus
L. polyphyllus
L. princei

L. texensis
Anarthrophyllum cumingii
Argyrolobium uniflorum
Chamaecytisus mollis
Crotalaria podocarpa
Cytisus heterochrous
Genista tinctoria
Thermopsis rhombifolia
Ulex parviflorus

52
52?
52
52
48
48
42
36
42
42

RS I B B N B A" S IS |

Algeria/OW, Med
Spain/OW, Med
Algeria/OW, Med
Algeria/OW, Med
Perou/NW, West SA
USA/INW
Near-East/OW, Afr-Med
Brazil/NW, East SA
Algeria/OW, Afr-Med

Algeria/OW, Afr-Med
North-Africa/OW, Afr-
Med

Lybia/OW, Afr
USA/NW, NA
Kenya/OW, Afr
Kenya/OW, Afr
Kenya/OW, Afr
USA/NW, South NA
?/NW, South SA
ow

ow

ow

ow

ow

NW

Spain/OW, Med

AKA/T21

H. Pascual/MJ1
AKA/T19

T28
INAE-DZ/S35/MU23
N42

INRA-FR/T14
BRA-02828/BZ1
INAE-DZ/T6
INAE-DZ/T9

USDA/W6 PI 11995/T13
AKA/AB4L
USDA/504404/T26
WADA P 23021/T0
RP Chyulu 1800/T16
RP Chyulu 1915/T17
USDA/577291/N45
AKA/201

AKA/G25
AKA/C84
AKA/K50

AKA/G8

AKA/G56
AKA/G46
AKA/G24
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Figure 13.1: Maximum likelihood phylogenetic tree of 367 copia and gypsy RT
fragments amplified from 44 accessions belonging to 27 Old World and New
World lupin taxa (305 sequences) and from 8 other Genistoid representatives (62
sequences). Each terminal branch is colored according to its taxonomi-
cal/geographical group of origin and its copia or gypsy annotation assignment in-
dicated by different colors in the outer circle (see legends in the figure). Red dots
on the tree indicate remarkable well supported nodes (by bootstrap estimate).
Some remarkable groups of copia or gypsy amplicons likely representing ubiqui-
tous elements of ancient origin (shaded in mauve) or recent lineage-specific am-

plifications (shaded in light green) are also indicated.

A remarkable diversity of retrotransposon elements was detected
within genomes of both lupin and Genistoid species. Random ampli-

fied RT sequences using universal primers allowed a clear segrega-
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tion of the two retrotransposon superfamilies, with a higher amplifi-
cation success for the copia ones. Within each of these superfami-
lies, several families have been identified: mainly Tork copia-like
elements and at a lower scale other copia families (Ale, lkeros,
Ivana, Angela, SIRE, Tar and Alesia). Whereas gypsy-like elements
were mainly represented by Tekay and Athila elements, and few
Reina and Tat/Ogre ones. Most of them showed significant levels of
RT-identity with those from other Fabaceae available in databases
for Cicer (52.5-88.4 %), Vigna (51-86 %), Vicia, or Soybean, sug-
gesting that these elements were most likely inherited from a com-

mon Papilionoid ancestor or even from earlier origin.

Although the number of amplicons is low for some taxa, the main
retrotransposons families detected appear to be ubiquitous through-
out the lupine and Genistoid genomes, as illustrated by the presence
of multicolored branches in each of the main copia and gypsy clades
in Figure 13.1). One remarkable and well-supported multicolored
clade (shaded in mauve) of related copia elements (Alesia, SIRE,
Angela, Ivana) includes highly divergent RT-sequences (with long
evolutionary branches) from most lupin and Genistoid taxonomic
and geographical groups. This suggests that they likely derive from a
common and ancient ancestor. The other noteworthy groups re-
vealed by the phylogeny are those including weakly divergent se-
quences isolated from the same taxonomic or geographical lineage
(shaded in light green), indicating recent lineage-specific transposi-
tional activities. This is particularly well exemplified by several spe-
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cific retrotransposon families (groups with monochrome branches)
observed in the tree for: the rough seeded Old World lupins with or-
ange branches (Athila and Tork); the smooth seeded Old World lu-
pins with green branches (Tekay and Tork); the New World lupins
with blue branches (Tork groups); and in the Genistoids with red
branches (a Tekay group). Other homogeneous lineage-specific
groups are composed of more divergent RT sequences likely deriv-
ing from earlier transposition events, such as for instance in the
Genistoids (red branches) which show specific lines of Athila and

Tork elements.

Within the collection of conserved RT domains generated from the
lupins, five were amplified from a sample of L. angustifolius subsp.
angustifolius (originating from North Africa), three RT-gypsy and
two RT-copia clones. These clones have been used as queries in a
rapid screening of the current reference NLL genome (of L. angusti-
folius cultivar. Tanjil; (Hane et al., 2017)) to estimate a potential
number of PCR-based amplified products that could be expected
from this genome. Interestingly, no less than 997 and 1209 non re-
dundant hits were found for the gypsy and the copia elements, re-
spectively, using the easy Blast search tool (with evalue threshold:
1.0e-5) implemented in the Lupin Genome Portal https:/

www.lupinexpress.org/ (Priyam et al., 2015).

Therefore, despite an inevitably biased sampling due to the intrinsic
limits of the method (related to variable rates of RT degeneracy

within and among genomes, to the performance of the “universal


http://www.lupinexpress.org/

19

primers”, and depending on the cloning and sequencing depth), the
PCR-based exploration of the lupin and Genistoid genomes allowed
detection of a wide diversity of copia-like and gypsy-like LTR-
retrotransposons families. Most of them are ubiquitous throughout
the lupins and Genistoids. Moreover, phylogenetic analysis of the
RT-sequences provided clues which suggest that some retrotrans-
posons subfamilies seem to have differentially and specifically pro-
liferated (bursts) during the recent evolutionary history of the genus
in the New and the Old World lupins. Besides, a fluorescence in situ
hybridization (FISH) test performed on metaphase root cells of Old
World lupines using copia ant gypsy RT-probes (Mahé, 2009) indi-
cated a much higher accumulation of retrotransposons in the large
genome of the Mediterranean species L. luteus (2367 Mb/2C) than in
the small genome of L. micranthus (1147 Mb/2C). Thus, altogether
these results emphasized the need to more accurately identify and
evaluate the diversity and relative abundance of transposable ele-

ments.

13.3 NGS-based evaluation of the repetitive compartment in lu-

pin genomes

As highlighted, lupins are characterized by a noteworthy genome
sizes variation (GS = 2C = nuclear DNA amount per cell) ranging
from 1.05 to 2.6 Gb, regardless of their various chromosome num-
bers (varying from 2n = 32, 34, 36, 38, 40, 42, 48, 50 to 52). This is
observable even between taxa having the same chromosome number

(such as L. luteus which has more than twice the size of that of L.
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micranthus), as well as regardless of their Old World or New World

origins and of their phylogenetic relationships.

Therefore, in order to deepen our understanding of the lupin genome
dynamics, four lupin accessions with small and large genomes, be-
longing to different Mediterranean Old World smooth-seeded spe-
cies (Table 13.2; Figure 13.2), were subjected to a comparative
NGS-based analysis of their genomic repetitive compartment: L. al-
bus (2n=50; 2C=1.13 Gb), L. angustifolius (2n=40; 2C=1.85 Gb), L.
luteus (2n=52; 2C=2.37 Gb), and L. micranthus (2n=52; 2C=1.15
Gb). For this purpose, a sequence dataset of 1,200,000 Paired-End
100 bp reads (120 Mb) per accession, extracted from resources gen-
erated by low-depth genomic Illumina HiSeq sequencing, and repre-
senting 5 to 10% of each genome (Table 13.2), was analyzed with
RepeatExplorer (Novak et al., 2010; Novak et al., 2013). Following
analysis of a combined data set (including 4,800,000 reads, each la-
beled according to its species origin), 293,635 clusters were ob-
tained. Among the 744 clusters containing more than 48 reads (the
largest having 265,540 reads), 176 were annotated as transposable
elements and 207 as simple sequence repeats; the remaining clusters

corresponded to organelle or to unclassified sequences.
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Table 13.2: Origins and characteristics of the genomic resources of

four Lupinus species used in this study.

2C anome Total length of Genome % of genome
Acces- L DNA Size -
. Origins 2n - . reads sequenced | coverage | analyzed with
sion code amount* | (2Cin N
- (Gb) (x folds) RE
i (inpg) Mb)
Species
L. albus M20 Egypt 50 1,16 1134,48 12 1.06 10.57 %
mongusti | ipG2 | Morocco | 40 | 189 | 1848.42 15.4 8.2 6.5 %
L. luteus M6 Algeria 52 2,42 2366,76 1.15 0.49 5.07 %
tLHurg'cra”' B12 Algeria | 52 | 1,07 1147 113 1.06 10.46 %
*According to (Naganowska, 2003) and (Mahé, 2009)
** Using 1 pg = 978 Mb according to (Dolezel et al., 2003)
***Repeat Explorer (Novék et al., 2010; Novak et al., 2013)
OldWorld
rough-seeded lupines
‘mostly North African) Repeated Not repeated
2n=32, 36, 38,42 Compartment Compartment
2C=1,07t01.62 Gb e
T Lalbuspeny .. =60/ 2C-113b  MEmmmmsesemm || [T
L. micranthus 212 2n=52 / 2C=1.15Gb L] i sm(;t’tx::;ed
~16 Myr L. angustifolius (#c2 2n=40 / 2C=1.85Gb i1 i lupines
X L. luteus vs) =62/ 2C-237Gh  EE— i (Medierrancar)
Y . . 0005 10 15 20 2560
New World Genome Size

Lupines

2n=32, 34, 36, 48, 52
2C=1.05t02.60 Gb

—

Figure 13.2: Condensed phylogenetic tree of the lupins (on the left) redrawn from

(Mahé et al., 2011), showing the position and relationships of the four Mediterra-

nean smooth-seeded species subjected to a RepeatExplorer analysis of their repeti-

tive genomic compartment. The Old World rough-seeded lupins and the New

World lupin clades are presented. The mean age of the lupin stem node is indicat-

ed (according to Hughes and Eastwood, 2006). Chromosome numbers (2n) and

genome size (2C in Gb) of the taxa are given on the right of the figure, together

with a histogram showing the genomic proportion of the repeated compartment in

the four Mediterranean smooth-seeded species analyzed.
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13.3.1 Composition of the repetitive compartment in lupin ge-

nomes.

Identification and distribution of the main elements of the repetitive
compartment have been determined in the four targeted genomes. As
summarized in Table 13.3 and illustrated in Figure 13.2, the repeti-
tive compartment (including transposable elements and tandem re-
peat satellites; excluding nuclear ribosomal DNA sequences or
nrDNA) represents a large part of the genomes and varies from
23.27% of the small genome of L. micranthus to 50.36% in the larg-
est genome of L. luteus, regardless of their same chromosome num-
ber (2n=52). While L. albus shares a close chromosomes number
(2n=50) and a similar genome size with L. micranthus, it contains a
much larger proportion of repeats (41.10%). In turn, the accession of
Lupinus angustifolius analyzed here, which has a lower chromosome
number (2n=40), and a relatively large genome (2C=1.85Gb), exhib-
its a high repeats proportion (49,63%), which is underestimated
compared to the 54% reported for the NLL cultivar Tanjil sequenced

genome (Hane et al., 2017).

In L. albus, L. luteus, and L. micranthus, the repetitive compartment
is mainly composed of transposable elements, which are essentially
represented by variable proportions of LTR retrotransposons
(33,27%, 41,10% and 13,43% of the genome, respectively), whereas
LINEs and DNA transposons are present at less than 2% in each ge-
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nome (Table 13.3; Figure 13.3). Apart from the indeterminate re-
peats (around 2 to 3%), satellites (tandem repeats) are present at a
low proportion in the three genomes, ranging from 3.37% in L. al-
bus, to ~5-6% in L. luteus and L. micranthus. Whilst similar repeat
categories were detected in L. angustifolius, it exhibited a notewor-
thy different pattern, with a repetitive compartment made up of a lit-
tle more than half by satellites (around 26% of the genome). The
remaining part is mainly composed of LTR retrotransposons (ap-
proximately 21% of WG). Although, the RepeatExplorer-based pro-
portion of LTR retrotransposons was lower than that estimated from
the NLL (narrow-leafed lupin) sequenced genome (~28%), the
above observations already demonstrate that not only TEs but also
satellites may account for high proportions in lupine genomes where
they may reach substantial amounts, ranging from ~38Mb and
~65Mb in the small genomes (of L. albus and L. micranthus, respec-
tively) to ~126Mb and ~481Mb in the larger genomes of L. luteus
and L. angustifolius, respectively. Otherwise, the nrDNA varies
from 1.5 to 2% in the genomes of L. albus, L. luteus, and L. micran-
thus, while it displays a significant increase in L. angustifolius
(~3%), which suggests the occurrence of different nrDNA evolu-
tionary patterns among the Mediterranean lupins (Wolko and Wee-
den, 1989; Kroc et al., 2014).
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Table 13.3: Proportions of the main DNA repeats categories (as %

of the genome) in four Old World lupins. Repeats are classified is

according to RepeatExplorer annotation

Genomic proportion of the different DNA repeat categoties

L.al- L.angusti- L.lu- L.micran-
Repeats annotation bus folius teus thus
LTR retrotransposons (co-
pia+gypsy) 33,27 20,44 41,10 13,43
LINE 0,07 0,04 0,03 0,08
DNA transposons 1,52 1,05 1,24 0,88
Satellites sensu lato 3,37 25,97 5,29 5,74
Unknown 2,94 2,13 2,69 3,15
nrDNA/45S 1,95 2,91 1,53 1,67
Repetitive Compartment (nrDNA
excluded) 41,18 49,63 50,36 23,27
B ELTR
L albus retrotransposons
- H LINE
L. micranthus
] i DNA transposons
L. angustifolius
L luteus M Satellites
0 20 40 60 M unknown

Figure 13.3: Histogram showing the genomic proportions of the

main DNA repeats categories (as % of the genome) in four Old

World lupins. Repeats are classified according to RepeatExplorer

annotation outputs (Novék et al., 2010).
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13.6.2 Identification and distribution of LTR retrotransposons in
the lupin genomes. A more accurate analysis of the repetitive com-
partment shows that the copia and gypsy superfamilies of LTR re-
trotransposons are well represented in all species, at various propor-
tions and different relative ratio (Table 13.4; Figure 13.4). Copia
elements constitute 5.48% (62.9 Mb) to 11.73% (216.8 Mb) of the
genomes, with highest proportions in large genomes (216.8 Mb for
L. angustifolius and 231.5 Mb for L. luteus). In turn, the gypsy ele-
ments exhibited a wider range, from 3.73% (42.8 Mb) in the small
genome of L. micranthus to 31.31% (741 Mb) in the largest genome
of L. luteus, with however no correlation with GS regarding the sub-
stantial proportion of 20.31% (230.4 Mb) in L. albus (with a small
GS) as compared to that of L. angustifolius (8.7%; 160.8 Mb) which
has a larger GS. Accordingly, this observation reveals two distribu-
tion patterns of the LTR retrotransposon superfamilies. The first one
is characterized by a gypsy/copia ratio lower than 1, where copia el-
ements are ~1.3-1.5 times more abundant than the gypsy ones, such
as in L. micranthus and L. angustifolius. The second pattern is de-
fined by a gypsy/copia ratio much higher than 1, where gypsy ele-
ments clearly represent the prominent part of the LTR elements and
are 2.6 and 3.2 times more abundant than the copia ones in L. albus

and L. luteus, respectively.
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Table 13.4: Proportions of the LTR-retrotransposon copia and gypsy
families (as % of the genome) detected in four Old World lupins
(annotated according to the nomenclature of (Wicker et al., 2007).

TE Superfamily & Family L. albus L. luteus L. micranthus L. angustifolius
copia - Alel/Retrofit 0,09 0,03 0,07 0,03
copia - Alell 0,05 0,38 0,17 0,09
copia - Angela 1,13 1,41 0,92 1,49
copia - lvana/Oryco 0,21 0,42 0,09 0,22
copia - TAR 0,44 0,50 0,37 0,54
Copia - Tork 0,77 0,96 0,70 1,30
copia - Maximus/SIRE 5,06 6,06 3,15 8,06
Subtotal copia (% of the ge-
nome) 7,75 9,78 5,48 11,73
gypsy - Athila 1,09 16,12 0,97 3,30
gypsy - Ogre/Tat 0,65 4,58 1,47 1,27
gypsy - Chromovirus 18,57 10,62 1,29 4,14
Subtotal gypsy ( % of the ge-
nome) 20,31 31,31 3,73 8,70

gypsy/copia ratio 2,62 3,2 0,68 0,74
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Figure 13.4: Histogram showing the genomic proportions of the
LTR-retrotransposon copia (A) and gypsy (B) families (as % of the
genome) detected in four Old World lupines. Retrotransposons are

annotated according to the nomenclature of (Wicker et al., 2007).
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A thorough annotation revealed that each of the LTR superfamilies
Is characterized by a fairly homogeneous and similar profile of copia
and gypsy TE families in the lupin genomes surveyed, regardless of
their variable proportions. Indeed, seven different copia
(Alel/Retrofit, Alell, Angela, Ivana/Oryco, TAR, Tork, and Maxi-
mus/SIRE) and three gypsy (Athila, Ogre/Tat, Chromovirus) families
were identified in all species (Table 13.4; Figure 13.4). The Maxi-
mus/SIRE family is the best represented in the copia superfamily
with 3 to 8.06% of the genomes (in L. micranthus and L. angustifo-
lius, respectively), followed at a lower level by the Angela (0.92 to
1.49%) and Tork (0.7 to 1.3%) families. Together, the latter three
families represent 86 to 92% of the copia elements of each genome,
while the remaining families (TAR, Tork, Alel, Allel/Retrofit,
Ivana/Oryco) are poorly represented, each at less than 0.6% of the
nuclear genome. In the gypsy superfamily, the Athila family alone
represents 16.2% (~382Mb, i.e. half of the repetitive compartment)
of the large L. luteus genome, whereas the Chromovirus family
makes up 10.62 (~252Mb) and 18.57% (210Mb) of the genomes of
L. luteus and L. albus (a small genome). The Ogre/Tat family is
much less represented throughout the lupine genomes (less than
5%), with however a substantial amount (4.58%, i.e. ~109Mb) in the
large L. luteus genome. It is interesting to notice here: (i) that the
amplification of Athila and Chromovirus elements played a decisive
role in genome size increase in L. luteus (together representing
26.74% of the genome) compared to its counterpart L. micranthus

(2.26%), which has the same chromosome number and a smaller ge-
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nome; (ii) that the latter elements were either only moderately am-
plified (or amplified then partly deleted via removal mechanisms;
(Devos, 2002)), such as in the other large genome of L. angustifolius
(7.44%); but also, (iii) that gypsy elements may significantly prolif-
erate in the small genomes, such as Chromovirus (18.57%) in L. al-

bus.

13.3.3 Phylogenetic analysis on LTR retrotransposons RT do-

mains.

In order to refine the annotation of LTR retrotransposons and to get
insights into their diversity and dynamics in the Mediterranean lu-
pine genomes, phylogenetic analyses were performed on RT (re-
verse transcriptase) domains extracted from clusters of reads gener-

ated by the RepeatExplorer analyses.

For each species, reads of each cluster (annotated as copia or gypsy)
were assembled independently with Mira4 (Chevreux et al., 1999),
and the consensus sequences obtained were submitted to BLASTX v.
2.6.0+ (Altschul et al., 1990; Camacho et al., 2009) against a public
database of RT nucleotide sequences (Repbase v. 23.08; (Bao et al.,
2015)). Sequences translated in protein which showed homology
with RT domains, and that have at least 130 amino acids in length,
were kept for further analyses. RT sequences from six angiosperms
species (Glycine max, Medicago truncatula, Arabidopsis thaliana,
Zea mays, Oryza sativa, Triticum monococcum) were selected in

Repbase and added to the dataset. Only potentially functional se-
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quences without stop codon were retained. Each of the gypsy or co-
pia RT protein sequences were aligned separately using Clustal
Omega (Sievers et al., 2014). Informative blocks in multiple align-
ment were selected with the GBlocks package (Castresana, 2000)
prior to perform phylogenetic analyses with 1Q-TREE (Nguyen et
al., 2015). The LG+R6 and the LG+R7 protein evolution models
were respectively retained (via ModelFinder; (Kalyaanamoorthy et
al., 2017) for phylogenetic reconstruction of gypsy and copia trees
using the maximum likelihood method. The robustness of branches
was estimated after 10,000 Ultrafast Bootstraps (Hoang et al., 2017).
Annotation of copia and gypsy elements was determined according
to the classification of Wicker et al., 2007.

The copia tree was built with 71 lupin sequences (43 from L. an-
gustifolius, 2 from L. micranthus, 13 from L. albus and 13 from L.
luteus) and 244 sequences from other taxa (Figure 13.5). Interesting-
ly, all the most conserved RT sequences detected in L. albus, L. lu-
teus and L. micranthus, and about half of those detected L. angusti-
folius, belong to the Maximus/SIRE family, which agrees with the
prominence of this copia family in the lupin genomes. Moreover,
this suggests that these elements, displaying well conserved RT do-
mains, most likely result from recent amplification events experi-
enced by each species, as this seems corroborated by some specific
groups of poorly divergent sequences with short branches (indicated
in Figure 13.5). All the other remaining conserved RT sequences
represented diverse Angela, TAR, Tork and Ale elements detected in



31

L. angustifolius, which indicates that it is the only Mediterranean lu-
pine species containing conserved copies of these copia families that
are potentially able to proliferate. In particular, a distinct monophy-
letic group of Angela RTs suggests a lineage-specific amplification
of one Angela line during the recent evolutionary history of this spe-
cies. Although, Alell/Retrofit and Ivana/Oryco elements were de-
tected in all lupins, indicating their common and ancient origin, no
conserved RTs were found, which suggests that these poorly repre-
sented elements have undergone degenerative processes that tend

towards their elimination from the genomes.
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Figure 13.5: Phylogenetic analysis of lupin LTR-retrotransposon copia elements
based on amino-acid sequences of their conserved RT domains, using the maxi-
mum likelihood method. The tree was built with 71 lupin sequences (43 from L.
angustifolius, 2 from L. micranthus, 13 from L. albus and 13 from L. luteus) and
244 reference sequences from databases. Annotation of copia families (colored
clades named in black and bold) were determined following the classification of
(Wicker et al., 2007). Each terminal branch is colored according to its species
origin: green for L. angustifolius, orange for L. micranthus, blue for L. albus, red
for L. luteus, and black for reference taxa. Radiated/irregular circles likely repre-

sent recent species-specific amplification of particular copia lines.
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The gypsy tree was constructed with 72 lupine sequences (7 from L.
angustifolius, 1 from L. micranthus, 29 from L. albus and 35 from L.
luteus) and 236 reference sequences from a set of plant genomes
(Figure 13.6). All the most conserved RT sequences detected belong
to the three gypsy families identified via RepeatExplorer, Chro-
movirus, Athila and Ogre/Tat (Table 13.4). The distribution of the
conserved RTs among species appears correlated with the relative
proportions of the gypsy families in the genomes. Conserved RTs of
Athila elements were mostly found in L. luteus (13) and few in L.
angustifolius (3) and L. albus (1). Few conserved RTs (1 to 3) of the
Ogre/Tat elements were detected in lupins (with none in L. albus).
With regard to Chromovirus elements, conserved RTs were mostly
extracted from L. luteus and L. albus, the richest genomes in gypsy
elements, and only three from L. angustifolius. Among the wide
range of known Chromovirus elements, the phylogeny allowed to re-
fine the classification of the lupin ones into two subfamilies, most of
them as Tekay homologs and the few others as CRM homologs (fol-
lowing RepBase annotation). Interestingly, the gypsy phylogeny re-
veals that L. luteus and L. albus most likely experienced recently in-
dependent and specific proliferation of gypsy elements, as this is
illustrated by noteworthy monophyletic and monochromatic groups
of poorly divergent RTs (with short branches) of Tekay and Athila
retrotransposon lineages in Figure 13.6. The other conserved RTs
are minority lineages of gypsy elements represented in the Mediter-
ranean lupin genomes that seem, however, yet potentially functional

and able to proliferate.
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Figure 13.6: Phylogenetic analysis of lupin LTR-retrotransposon gypsy elements
based on amino-acid sequences of their conserved RT domains, using the maxi-
mum likelihood method. The tree was built with 72 lupin sequences (7 from L.
angustifolius, 1 from L. micranthus, 29 from L. albus and 35 from L. luteus) and
236 reference sequences from databases. Annotation of gypsy families (colored
clades named in black and bold) were determined following the classification of
(Wicker et al., 2007). Each terminal branch is colored according to its species
origin: green for L. angustifolius, orange for L. micranthus, blue for L. albus, red
for L. luteus, and black for reference taxa. Radiated/irregular circles likely repre-

sent recent species-specific amplification of particular gypsy lines.
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13.3.4 Diversity and abundance of Tandem Repeats in lupin ge-

nomes

As shown from the above RepeatExplorer-based analysis, the pro-
portion of tandem repeats (excluding nrDNA) in the Mediterranean
lupin genomes, varies from 3.37% in L. albus to a tremendous value
of 26% in L. angustifolius (Table 13.3). In the latter species, TRs
were even revealed more abundant than TEs. For each species, the
reads contained in the clusters annotated as TRs were together ana-
lyzed using the TRF program v.4.09 (Tandem Repeat Finder;
(Benson, 1999)) in order to identify the TR motives (k-mers < 50bp)
and their statistical distribution. Among the best represented SSRs
(with k-mer motives < 10bp), three k-mers (AGGAT, GATGAG and
GTTTAGG) were almost always present at a low level (less than
0.6%) in the four genomes, with however an exceptional accumula-
tion of the 6-mer GATGAG estimated at 15.24% of the genome in
L. angustifolius. (Table 13.5; Figure 13.7). Tandem repeats with k-
mers>10bp may constitute substantial amounts in lupin genomes and
represent the main TR fraction in L. albus (1.64%) and L. luteus
(2.78%). Interestingly, complementary analyses of the latter TR
fraction (using TAREAN program; (Novék et al., 2017)) allowed
identification of one major 28-mer minisatellite in L. luteus, one ma-
jor 170-mer satellite and one 38-mer minisatellite in L. albus, as well

as two 165-mer and 629-mer satellites in L. micranthus.
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Table 13.5: Proportion of the main types of tandem repeats (as % of

the genome) detected in four Old World lupins.

TR motifs L. albus L. angustifolius L. luteus L.micranthus
AGGAT (5 bp) 0,16 0,33 0,37 0,60
GATGAG (6 bp) 0,00 15,24 0,25 0,57
GTTTAGG (7 bp) 0,13 0,16 0,06 0,20
Others <=10 bp 0,20 0,93 0,06 0,19
Others >10 bp 1,64 2,26 2,78 0,53
20
18 [
16
1 M others <=10m
12 Others >10m
10 B GTTTAGG
8 B GATGAG
6 B AGGAT
4 J—
2 - v —
. =
alb ang lut mic

Figure 13.7: Histogram representing the diversity and proportion of the simple

sequence repeats (as % of the genome) detected in four Old World lupins using

Tandem Repeat Finder program (Benson, 1999; Lim et al., 2013): from L. al-

bus(alb), L. angustifolius (ang), L. luteus (lut), and L. micranthus (mic).
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Moreover, taking advantage of the availability of a reference ge-
nome (L. angustifolius NLL cultivar. Tanjil; (Hane et al., 2017)), the
twenty annotated pseudochromosomes were screened with TRF in
order to identify, localize and estimate the distribution of microsatel-
lites (as per cent of 100-kb). Almost all tandem repeats found in cod-
ing sequences are 2- or 3-mers, of which the 3-mer “CTT” is the
most commonly distributed. However, they only represent a total of
24,000 bp (i.e, 0.03% of the assembled genome). Interestingly, the
presence of the other abundant SSRs (5-, 6- and 7-mers) detected
above in our L. angustifolius accession (IPG2 from Morocco) were
confirmed in the Tanjil genome, but were rather localized outside of
the coding sequences. The density and localization of the SSRs rela-
tive to the distribution of the genes are summarized in Figure 13.8
(using a Circos representation; (Krzywinski et al., 2009)). The SSRs
are distributed in all the genome and didn’t exhibit any chromosome
specificity. The 6-mer SSR(GATGAG)" previously identified in the
IPG2 accession is confirmed as the major SSR in the NLL genome
cv. Tanjil, with pics of density mainly distributed in gene-poor re-
gions. A thorough survey reveals that 1,143 genes include SSRs
with the 3-mer (CTT) repeated at least four times. For example, a
microsatellite with 65 perfect tandemly repeated (CTT) monomers
was found in a putatively functional gene encoding a cytosolic oli-
gopeptidase (1D:109349122).
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Figure 13.8: Microsatellites distribution along pseudochromosomes of the first
WG lupin sequenced, L. angustifolius (NLL var. Tanjil). The five consecutive cir-
cles from the outside to the inside of the figure represent: A, the 20 chromosomes
(named NLL-01 to NLL-20) (in blue); B, Genes distribution and proportions per
100kb (in green); C, proportions per 100 Kb of the 3-mer SSRs (CTT)" (x10 to be
readable; in mauve); proportions per 100 Kb of 6-mers SSRs (in orange); and pro-
portions per 100Kb of all microsatellites (in grey). The higher the peaks are the

higher is the proportion of genes or SSRs
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13.4 Repetitive compartment of lupin genomes

In this chapter, we present the first detailed evaluation of the repeti-
tive compartment in genomes of four smooth-seeded Mediterranean
lupin taxa, based on the analysis of low-depth NGS genomic re-
sources, using various bioinformatics programs to identify and esti-
mate the repetitive sequences (Benson, 1999; Novék et al., 2010,
2017; Novak et al., 2013). This approach already proved its useful-
ness to detect and to evaluate repeats in several taxa, which repre-
sent at least 0.01% of the genome, based on a genome coverage of
>0.5% (Pisum sativum, (Macas et al., 2007); Musa acuminata, (Hii-
bova et al., 2010); Nicotiana tabacum, (Renny-Byfield et al., 2011) ;
Orobanchacea, (Piednoél et al., 2013); Genlisea, (Vu et al., 2015).
Our estimate of the repetitive DNA in one accession of L. angustifo-
lius (IPG2), based on a reduced sample of randomly selected reads
(1C genome coverage = 3.25%) following the RepeatExplorer strat-
egy, resulted in a proportion of 52.54% (including nrDNA) which is
fairly close to the proportion of 57% found in the whole genome se-
quenced of the NLL cultivar Tanjil (Hane et al., 2017). Also this
was underlined by the studies cited above, which supports the ro-
bustness and reliability of this approach to investigate and compare
non model species. Accordingly, this study yielded major infor-
mation and insights on the composition, characterization, distribu-

tion and dynamics of the repetitive sequences in lupin genomes.
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13.4.1 The repetitive compartment represents a significant frac-

tion of lupin genomes

As frequently observed in other angiosperms (Bennetzen, 2000,
2005; Piegu et al., 2006; Hu et al., 2011; Bennetzen & Wang, 2014;
Vu et al., 2015; Wendel et al., 2016), the repetitive compartment
represents a large proportion of the genomes (23 to 51%, excluding
nrDNA) in the Mediterranean smooth-seeded lupins. The highest
proportions were found in the largest genomes, regardless of their
chromosome number, 50.36% in L. luteus (2n = 52; 2C= 2.37 Gb)
and 49.63% in L.angustifolius (2n = 40; 2C= 1.85 Gb), whereas the
two lupins with small genomes and fairly similar chromosome num-
bers exhibited very contrasted proportions of repeats in their ge-
nomes, 23.27% in L. micranthus (2n = 52; 2C= 1.15 Gb) versus
41.10% in L. albus (2n = 50; 2C= 1.13 Gb). Therefore, the propor-
tion of the repetitive compartment in the smooth-seeded Mediterra-
nean lupins is overall neither correlated to chromosome numbers nor
to GS, although large genomes are associated with a strong accumu-
lation of repeated sequences (but not only, regarding the example of
L. albus).

13.4.2 Gypsy and copia retrotransposons significantly contribute

to genome size variation.

The repetitive compartment is mainly composed of transposable el-

ements (~43 to ~85%) in the lupins surveyed and they significantly
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contribute to the variation of their genome size. Moreover, the
overwhelming majority of TEs is composed of Class | gypsy and co-
pia LTR-retrotransposons (ranging from 93.9% of TEs in L. micran-
thus to 97% in L. luteus), which in fine are the main repeats fraction
involved in GS differences (but see later). Together the other Class |
(such as LINEs) and Class Il elements (DNA transposons) only rep-
resented a minor fraction of the lupin genomes (less than 1.6%).
This is in general accordance with estimates from other angio-
sperms, albeit some taxa exhibited a much higher proportion of
Class Il elements (11 to 16.5%), such as in A. thaliana, G. max,
wheat and rice (Hawkins et al., 2006; Oliver et al., 2013).

The analyses based on random amplified RT domains and on Illu-
mina HiSeq sequence data sets revealed in both lupin and Genistoid
genomes a wide diversity of shared copia and gypsy LTR-
retrotransposons families. The thorough evaluation of LTR-
retrotransposon elements (via the RepeatExplorer strategy) high-
lighted the occurrence of a typical general profile of copia and gypsy
families and subfamilies in the smooth-seeded Mediterranean lupin
genomes, each species displaying its specific profile characterized
by its own relative proportions of these elements. Additionally, a
remarkable difference in the gypsy/copia ratio was observed among
these species, regardless of their genome size as well as of their phy-
logenetic relationships, which is well exemplified by the prevalence
of copia elements (~1.4 times more than gypsy) in L. micranthus and

L. angustifolius and conversely by the over-accumulation of gypsy
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elements (2.6 to 3.2 times more than copia) in L. albus and L. luteus.
It is noteworthy that few individual gypsy (Chromovirus and Athila)
and copia (Maximus-SIRE) families alone have been remarkably
accumulated in the lupins and hence strongly contributed in shaping
their LTR-retrotransposon profiles and in their GS differences, as
shown in L. luteus (26.74% of Athila + Chromovirus), L. micranthus
(18.57% of Chromovirus) and L. angustifolius (12.2% of Maxi-

mus/SIRE + Chromovirus).

13.4.3 Evolutionary considerations on the dynamics of transpos-

able elements in lupins.

Altogether the above observations provide interesting insights on the
dynamics of the repetitive sequences in lupin genomes, particularly
of their major component, LTR-retrotransposon elements. Overall,
the same types of elements have been retrieved in both lupins and
Genistoids (Mahé, 2009), which supports their ancient origin from
the common ancestor of the Genistoid alliance (and earlier). Never-
theless, it is obvious that the lupin genomes experienced divergent
evolutionary dynamics, as demonstrated by the remarkable variabil-
ity of the species-specific profiles of elements observed among the
few representatives of the closely related Old World lupins investi-
gated. Some LTR retrotransposon families appear to have actively
proliferated and accumulated in some species (e.g., Athila,
Chomovirus, Maximus-SIRE elements, or even Ogre/Tat) while they
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have been maintained at a low level in others. Most other families
remained poorly represented throughout species. This strongly sug-
gests that different processes and mechanisms regulating amplifica-
tion, proliferation and clearance of these repeats (Lippman et al.,
2004; Ma & Bennetzen, 2004; Hawkins et al., 2006, 2009; Slotkin &
Martienssen, 2007; Lisch, 2009; Yaakov & Kashkush, 2012) have
differentially operated in these species over the last ~10 Myr of their
diversification. This was also shown in other plant systems (e.g.:
(Hawkins et al., 2006; Charles et al., 2008; Hu et al., 2011; Estep et
al., 2013; Piednoél et al., 2013).

Accordingly, phylogenetic analyses of the most conserved RT se-
quences (which presumably represent the most recent and potential-
ly yet functional LTR retrotransposons) provided substantial clues
which support recent (after species divergence, likely < 8-10 Myr)
and independent amplifications and accumulations (bursts) of the
major gypsy and copia elements (Athila, Chomovirus, Maximus-
SIRE and even Ogre/Tat) in the lupin genomes. The other less com-
mon retrotransposons (such as Angela, TAR, Tork and Ale), which
seem still potentially able to proliferate in L. angustifolius, would
represent families that either have low transposition rates or that
have been specifically subjected to rapid purging processes follow-
ing their expansion (Ma & Bennetzen, 2004; Bennetzen, 2005; Hu et
al., 2011; Renny-Byfield et al., 2014; Vu et al., 2015). This leaves
open the way to different evolutionary trajectories for the later fami-

lies. Moreover, some weakly represented copia families, such as
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Alell/Retrofit and Ivana/Oryco, seem to have lost their ability to
transpose. The yet recognizable but degenerated RTs found for these
elements would likely represent the witnesses of ancient transposi-
tion events experienced by these families, which are ultimately
prone to be erased from the DNA repetitive compartment of the
smooth-seeded Mediterranean lupins. Another important evolution-
ary insight derived from the phylogenetic analysis of conserved RTs
is that, not only various LTR retrotransposons families or subfami-
lies have been differentially accumulated among the different lupin
species, but also that particular lineages of these families or subfami-
lies have been differentially amplified within each species, leading
to the emergence of species-specific lineages of elements. For ex-
ample, the major repeats in L. luteus essentially result from the re-
cent proliferation of three species-specific gypsy lines (one from the
Athila family, and two from the Tekay subfamily). Similarly, the
prominent fraction of gypsy elements in L. albus results from the
massive amplification of another specific lineage of the Tekay sub-
family. Also, there are some evidence of likely recent lineage-
specific amplification of Maximus-SIRE and Athila elements in L.
angustifolius. Besides, a quick screening (results not shown) of
available raw transcriptomic data sets from roots of L. albus, L. lute-
us and L. mariae-josephae (Keller et al., 2018) provided some clues
indicating a transcriptional activity for various TEs (including for
some weakly represented families and Classll elements). However,
deeper investigations of more complete transcriptomic data sets are

needed before making any reliable conclusion.
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13.4.4 Tandem repeats may also greatly contribute to genome

obesity and dynamics in lupins.

In the Mediterranean lupin genomes, the proportion of tandem re-
peats (excluding nrDNA) remarkably varies from 3 to 6% in L. al-
bus, L. luteus and L. micranthus, to 26% in L. angustifolius. In con-
trast to the three former lupins and to the general trend in plants
(Oliveira et al., 2006; Barghini et al., 2014; Heitkam et al., 2015;
Satovi¢ et al., 2018), the proportion of tandem repeats is not only
tremendous, but also is higher than that of transposable elements and
represents more than half of the repetitive compartment in L. an-
gustifolius. Also, it is noteworthy that even a low proportion of TRs
may constitute a substantial fraction, equivalent to ~125 Mb in the
large genome of L. luteus, for example. Among the best represented
SSRs in the smooth-seeded Mediterranean lupins, three were almost
always detected in the genomes (AGGATn, GATGAGn and
GTTTAGGnN). This is in agreement with the so-called "library hy-
pothesis™ evolution model which predicts that closely related species
inherit from a common ancestor a same pool of satellites that are
then independently amplified or lost in genomes (Fry & Salser,
1977; Oliveira et al., 2006; Plohl et al., 2012; Garrido-Ramos,
2017). Accordingly, our results revealed different SSR patterns
which reflect the differential evolutionary dynamics experienced by
these repeats in the lupin genomes. This is particularly well illustrat-
ed by the TR profile of L. angustifolius. In the latter species, the mi-
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crosatellites k-mer < 10 bp) have been much more accumulated
(16.66 %) than TRs with k-mers > 10 bp (2.26 %) in the genome,
compared to its close Mediterranean relatives and to the lower fre-
quencies reported for most other plants surveyed in the literature
(Oliveira et al., 2006; Barghini et al., 2014; Heitkam et al., 2015;
Satovi¢ et al., 2018). Even more striking, only one SSR (the 6-mer
GATGAG") has been highly amplified and accumulated in L. an-
gustifolius (estimated at 15.24% of the genome), whereas it is main-
tained at less than 0.6% in L. luteus and L. micranthus, and seem to
have been erased from L. albus. Such contrasted frequencies of par-
ticular SSRs among genomes could be partially explained by diver-
gences in the DNA repair system, as suggested by Oliveira et al.,
(2006).

Alternatively, while SSRs are yet mostly ubiquitous in the smooth-
seeded Mediterranean lupins (regardless of their various propor-
tions), few distinct families of minisatellites and satellites have been
each differentially and specifically amplified in either L. albus, L. lu-
teus or L. micranthus. This suggests that they most likely results
from dynamic and complex molecular processes and mechanisms
that operated in the repetitive compartment following the diversifi-
cation of the smooth-seeded Mediterranean lupins, which yielded
species-specific satellite families (see: (Garrido-Ramos, 2015; Avila
Robledillo et al., 2018). It has been suggested that differences in sat-
ellites types and abundance would play a role in speciation through

the establishment of reproductive barriers between species, as
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demonstrated in Drosophila (Ferree & Barbash, 2009). It is likely
that the dramatic expansion of some satellites (alone and/or in con-
junction with transposable elements) contributed to isolation and
speciation processes among the Mediterranean lupins, as could be
suggested by the striking divergent evolutionary dynamics observed
following the separation of the closely related L. luteus (2n = 52,
which preferentially accumulated a specific minisatellite and gypsy
element) and L. angustifolius (2n = 42; which rather accumulated a
remarkable amount of a particular hexamer SSR and copia ele-
ments). Additionally, these species-specific satellites represent an
important basis for the development of cytogenetic markers to iden-
tify chromosomes, and to help understanding genome organization

in lupins.

Another interesting observation highlighted from the screening of
the available reference genome of L. angustifolius (NLL cv. Tanjil)
is that all satellites sensu lato detected in our NLL accession (IPG2)
were retrieved throughout all the twenty pseudochromosomes. Two
different distribution patterns were observed. On one side, almost all
the 5-, 6- and 7-mer SSRs observed in IPG2 are localized outside of
the coding sequences in the gene-poor regions, with (GATGAG)n
confirmed as the major SSR in this species. On the other side, the
tandem repeats found in the coding regions are almost all SSRs with
short monomers (k-mer < 4bp), of which the SSR (CTT)" is the most
abundant and widespread throughout the pseudochromosomes. Such
prevalence of trinucleotide SSRs in the coding regions indicate that
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the other types with larger k-mers, which have a greater likelihood
to induce frameshift mutations, are subjected to a counter-selection
(Metzgar et al., 2000; Toth, 2000). The screening of the NLL cv.
Tanjil genome identified 1143 genes which contain a (CTT)n SSR
with n equal to or greater than 4, which raises important questions to
be addressed in order to evaluate their molecular, functional and

evolutionary impact.

13.5 Conclusion and perspectives

This paper represents the first study on the repetitive compartment in
lupin genomes, using low-depth high-throughput sequencing, reads
clustering and annotation. The detailed analyses performed in four
smooth-seeded Mediterranean lupins revealed a wide diversity of
repeat types and allowed identification of the most abundant catego-
ries involved in shaping their genomes. In particular, only few gypsy
(Tekay, Athila, Ogre) and copia (Maximus-SIRE) LTR retrotrans-
poson families make up the prominent fraction of the repeats, which
significantly contributes to genome size variation among species, re-
gardless of their chromosome numbers and phylogenetic relation-
ships. Interestingly, the results revealed that, not only retrotranspos-
ons, but also tandem repeats, such as microsatellites, may greatly
contribute to genome obesity and dynamics in lupins, as demonstrat-
ed in L. angustifolius. Additionally, it has been shown that differen-
tial lineage-specific accumulation of transposable elements and/or
tandem repeats occurred in lupins, which strongly supports that dif-

ferent processes and mechanisms regulating amplification, prolifera-
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tion and clearance of repeats have differentially operated within the
same genus and among closely related Mediterranean species over
the last ~10-12 Myr.

Further extension of such evaluation to representatives of the differ-
ent lupin clades circumscribed in the genus will undoubtedly provide
a more accurate and enhanced overview of the repetitive compo-
nents and their evolutionary dynamics following diversification,
evolution and adaptation to diverse environmental conditions in both
the Old and the New World. Additionally, the annotated raw materi-
al generated by this work represents a valuable basis to start building
a repeats database specifically dedicated to the genus: (i) to accom-
pany and facilitate assembly and annotation of novel lupin genomes;
and (i) to develop potentially useful genetic (e.g., microsatellites)
and cytogenetic markers (e.g., specific minisatellites, satellites and
TEs). This will help understanding structure, organization, repeats
distribution and localization), variability, and evolution of the ge-
nomic landscape of lupins, and will enable comparative analysis
with other legumes. Furthermore, the development of such database
of repeats, using and combining genomic resources from both rapid
low-depth high-throughput sequencing of various taxa and deep
WGS of targeted species or accessions of particular interest, are of
great importance to investigate and evaluate their structural, func-
tional and evolutionary impact on genes, such as, for example, those

responsive for important agronomical, adaptive and defense features.
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