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Abstract
This chapter aims to update the chromosomfal) features evaluated by
classical and molecular cytogenetic tec aryotype variability
detected within and among species wasNgery useful to unravel the
taxonomy of the genus and to establiso ships among species. This
chapter includes analyses of chroiffosg orphology, heterochromatin,
rDNA loci, as well as dispers %- clustered repetitive sequences.
A critical review of the gen izes of Arachis species is also provided.
The usefulness of chro data is presented in three examples. The
first one deals with theforigin of the cultivated peanut. Molecular
cytogenetics evid that’the varieties of A. hypogaea may have had a
single genetic at A. monticola is a direct tetraploid ancestor of
peanut, and ranensis (A genome) and A. ipaénsis (B genome)
ogenltors of the AABB tetraploids. The second one
analysis of the origin of the rhizomatous tetraploids and
their rglatten to the unique diploid species (A. burkartii) of section
tosae. The cytogenetic data suggest that A. burkartii has to be
carded as a genome donor of the tetraploids, and that the latter may
e had independent origins involving different species. The third one
concerns the species of section Arachis, and how the chromosome data
aided in the establishment of the genome groups (A, B, D, F, G, and K).
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Instituto de Botanica del Nordeste

(CONICET-UNNE), Sargento Cabral 2131, The genus Arachis is composed of 81 species
C.C. 209, 3400 Corrientes, Argentina (Krapovickas and Gregory 1994; Valls and
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Simpson 2005; Valls et al. 2013; Santana and
Valls 2015) distributed within a large region of
Facultad de Ciencias Exactas y Naturales y ) . & &
Agrimensura, Universidad Nacional del Nordeste, South America, which extends from the eastern
Av. Libertad 5460, 3400 Corrientes, Argentina foothills of the Andes Mountains in Bolivia and
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northern Argentina to the Atlantic coast of
Brazil, and from the southern limit of the Ama-
zonian rainforest toward the northern coast of
La Plata River in Uruguay. Based on morphol-
ogy, cross-compatibility, viability of the hybrids,
geographic distribution, and cytogenetics, the
Arachis species have been arranged in nine
taxonomic sections: Trierectoides, Erectoides,
Extranervosae, Triseminatae, Heteranthae,
Caulorrhizae, Procumbentes, Rhizomatosae, and
Arachis (Krapovickas and Gregory 1994; Fer-
nandez and Krapovickas 1994; Lavia 1996; Valls
and Simpson 2005). Cross-compatibility, kary-
otypic, and meiotic analyses also allowed the
identification and description of six different
genomes within the section Arachis, namely, A,
B, D, F, G, and K (Smartt et al. 1978; Stalker
1991; Robledo and Seijo 2008, 2010; Robledo
et al. 2009; Silvestri et al. 2015). The genomic
constitution of the remaining species of the
genus, in the absence of comprehensive cytoge-
netic and molecular analyses, is less precise and
has been traditionally assigned to different gen-
omes on the basis of the subgeneric divisions,

E (Trierectoides, Erectoides and Procu
Ex (Extranervosae), T (Triseminat
R (Rhizomatosae) (Smartt and Stal
Classical and modern molec xﬂ
revealed a huge Vaﬁability% d among
.4 he
b,

species of different sectigfs studies pro-

vided important informati t the complexity
of the peanut geno ere very useful to
unravel the taxonomy of'the genus and to establish

relationships among the wild species and between
them and the cultivated peanut. Here we present an
update of the cytological information on Arachis
species and some examples in which the use of
chromosome markers was decisive to understand
critical and long-lasting problems in the genus.

4.2 General Chromosome Features

The available information evidences that the
genus Arachis is dibasic, with a great predomi-
nance of the species with x = 10, and only four
species with x = 9 (Fernandez and Krapovickas
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1994; Lavia 1996, 1998; Peiialoza et al. 1996;
Penaloza and Valls 2005). Most of the species of
the genus are diploids, except the tetraploids A.
hypogaea and A. monticola of section Arachis,
three tetraploid species of section Rhizomatosae,
and one triploid accession of A. pintoi of section
Caulorrhizae.

Chromosome identification in peanut began
with the analyses done by Husted (1933, 1936),
who distinguished one pair of chromosomes that
borne an extended secondary constriction (B
chromosome pair, SAT chromosomes after Fer-
nandez and Krapovickas 1994) and another one
that was conspicuously smaller than any of the
others of the complement (A chromosome pair,

A9 after Robledo et all 2009). The karyotypes of
peanut and A. re highly symmetric

tigol

with a predo of metacentric chromo-
somes. The ’ommon karyotype formulae
are 38 mf+ 2 and 36 m + 4 sm. Except the
A9 pai % er chromosomes of the karyotype
M%milar in size (1.88 pm on average),

reby the chromosomes of the A and B gen-

es are indistinguishable by classical tech-
niques (reviewed in Fernandez and Krapovickas
1994; Lavia and Fernandez 2004). Cytogenetic
studies covering the six taxonomic varieties of
peanut did not reveal major karyotype differences
among the subspecies hypogaea and fastigiata
(Lavia and Fernandez 2004). Only one (very
rarely two) pair of SAT chromosomes has been
usually distinguished in all the varieties and in A.
monticola. However, different types of SAT
chromosomes, types 3, 5, and 6, according to the
classification of Fernandez and Krapovickas
(1994), have been observed among the landraces
(Lavia and Fernandez 2004).

The three tetraploid species of section Rhi-
zomatosae have their complements mainly con-
stituted by metacentric (m) chromosomes of
similar size, with one pair of SAT chromosomes
type 3. Among them, A. pseudovillosa has a
karyotype formula of 40 m, whereas A. nitida
and both varieties of A. glabrata have 38 m + 2
sm (Fernadndez and Krapovickas 1994; Pefialoza
and Valls 2005; Ortiz et al. 2014).

Among the diploid species, only those from
the sections Arachis, Caulorrhizae, Heteranthae,
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and Rhizomatosae were comprehensively stud-
ied. Within species with 2n =20 of section
Arachis, 15 are characterized by the presence of
the A9 chromosomes and have symmetric kary-
otypes mainly composed of metacentric chro-
mosomes (Fernandez and Krapovickas 1994;
Lavia 1996, 2000; Pefialoza and Valls 2005;
Robledo et al. 2009). The most frequent kary-
otype formula is 18 m + 2 sm. The remaining
species with 2n = 20 (genomes B, F, and K, after
Robledo and Seijo 2010) have symmetric kary-
otypes, without any small chromosome (Smartt
et al. 1978; Smartt and Stalker 1982; Fernandez
and Krapovickas 1994; Lavia 1996; Pefialoza
and Valls 2005). The most frequent karyotype
formula is 20 m, but one to four pairs of sub-
metacentric chromosomes were observed in dif-
ferent species (Fernandez and Krapovickas 1994;
Robledo and Seijo 2010). Arachis glandulifera
(D genome) is the only species (2n = 20) that has
an asymmetric karyotype with a karyotype for-
mula of 8 m+4 sm+ 8 st (Stalker 1991;
Robledo and Seijo 2008). Diploid species with
2n = 18 (G genome, after Silvestri et al. 2015)
have symmetric karyotypes with all the
mosomes of similar size (Lavia 1996,
Pefialoza et al. 1996). Almost all the s
the section Arachis have only one i
ondary constrictions localize

of pair 10. The exceptions % povickasii

and A. gregoryi, Wthh pairs of sec-

ondary constrictions nd Seijo 2008,
2010; Robledo et al.
The species of section Heteranthae have a

karyotype formula of 18 m + 2 sm and SAT
chromosomes type 2 (A. dardani, A. pusilla, and
A. interrupta), or 16 m + 4 sm and with SAT
chromosomes type 10 (A. sylvestris and A. gia-
comettii) (Silva et al. 2010). The karyotype for-
mula of the Caulorrhizae species is 18 m + 2
sm, but A. pintoi has a pair of SAT chromosomes
type 2, while A. repens has type 3 (Pucciariello
et al. 2013). The formula of A. burkartii of sec-
tion Rhizomatosae is 20 m with SAT chromo-
somes type 8 (Ortiz et al. 2013).
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4.3 Heterochromatin

Chromatin has several classes of proteins
complexed with its DNA which are responsible
for the major levels of its compaction. Of these
levels of chromatin compaction, one of the
most conspicuous is the fraction that remains
highly condensed throughout the cell cycle,
usually defined as constitutive heterochromatin.
Although heterochromatin is largely the gene-
poor fraction, nowadays it is considered that it
plays important roles in the modulation of gene
expression, in chromosome structure, and in
speciation and evolution of eukaryotes (reviewed
in Grewal and Moazed 2003). Accordingly, the
analyses of heteroch tin in Arachis species
revealed extrem ent patterns among
species and d many chromosome and
genome mar\&ijo et al. 2004; Robledo and
Seijo 20 “Robledo et al. 2009; Custodio
et al. vestri et al. 2015).

Qs@mplements of peanut and A. monti-

i If of the chromosomes (those of the A

8€nome) have centromeric DAPI" bands
(AT-rich), while the remainder (those of the B
genome) lack detectable centromeric hete-
rochromatin. The bands of the A complement
differ in size, with the most conspicuous being
those borne by the A9 pair. All the A. hypogaea
varieties and A. monticola have a similar distri-
bution and amount of heterochromatin, which
accounts for about 7% of the karyotype length
(Seijo et al. 2004).

Among the diploid species of section Arachis,
one of the most variable characters is the amount
and distribution of heterochromatin. The A gen-
ome species are characterized by having conspic-
uous DAPI" centromeric bands in all (or nine) of
the chromosome pairs and a total amount of
heterochromatin of around 12% of the karyotype
length. The size of the bands is around 10% of the
chromosome length, except in the A9 and A10
pairs, in which the band size ranged from 25 to
46% and from 14.50 to 20.12%, respectively,
among species (Robledo et al. 2009).




40

The pattern of DAPI* heterochromatin in the
K genome species is characterized by conspicu-
ous centromeric bands in nine chromosome pairs
(Robledo and Seijo 2010). The total amount of
centromeric heterochromatin per haploid com-
plement is around 12%. Pairs K9 and K10 have
the largest bands (16-20%), and the remaining
chromosomes have the smallest ones (around
10%) in relation to the chromosome length.

The karyotypes of the F genome species
characteristically had small and faint DAPI*
centromeric bands in only seven or eight chro-
mosome pairs (Robledo and Seijo 2010). All the
bands had a similar size (around 8% of the
chromosome length), and the total amount of
heterochromatin per haploid complement was
almost half (around 6.5%) of that observed in the
species of the A and K genomes.

The B genome species had karyotypes devoid
of detectable centromeric bands. However, few
species had one small interstitial or distal band in
the short arms of pair B3, which usually covers
less than 10% of the chromosome length
(Robledo and Seijo 2010).

The three x =9 species of section Arg
have centromeric DAPI™ bands with t s
brightness, position, and size in all chr ome
pairs, except A. palustris, which% ese
bands in pair G5 (Silvestri et al: %

Aside the species of sec&%‘i his, kary-
otypes with centromeric * ds in all (or
most) of the chromoso e found in all the
sections so far ana rectoides, Heteran-
thae, Procumbentes, Tri%eminatae, Caulorrhizae,
and Rhizomatosae (Raina and Mukai 1999; Lavia
et al. 2011; Pucciariello et al. 2013; Ortiz et al.
unpublished). CMA*/DAPI” (GC-rich) hete-
rochromatin is restricted to the secondary con-
strictions of SAT chromosomes in the species of
sections Arachis, Caulorrhizae, and Heteranthae
studied so far, except A. dardani and A. gia-
comettii that present centromeric CMA™ bands in
one chromosome pair (pairs 3 and 5, respectively)
and A. pusilla that has centromeric GC-rich hete-
rochromatin in the centromeric regions of all the
chromosomes (Silva et al. 2010).

G. Seijo et al.

4.4 rDNA Loci
Localization of the 5S and 18S-26S rRNA genes
on the chromosomes by fluorescent in situ
hybridization (FISH) was initially applied to a
small set of species from different sections of
Arachis (Raina and Mukai 1999) revealing their
usefulness for the characterization of the species.
Chromosome mapping of these loci was later used
to analyze in detail the karyotypes of all the species
included in section Arachis (Seijo et al. 2004;
Robledo and Seijo 2008; Robledo et al. 2009,
2010; Robledo and Seijo 2010; Lavia et al.
2011; Custodio et al. 2013; Silvestri et al. 2015).
Physical mapping of the rDNA loci in the six
botanical varieties o hypogaea and in A.
monticola revealed't its of 5S and five pairs
of 185-26S rDNA Sites. In both species, the 5S
loci are proxii located in short arms (pairs
A3 and B e the 185-26S rDNA loci are
proxi irs A2, A10, B3, and B10) or
su%ly placed (B7). One 5S locus is syn-
ith a 18S-26S site in the pair B3. The
h degree of homeology detected between A.
monticola and A. hypogaea strongly evidences
that they are very closely related taxa. The
mapping of the rDNA loci, together with the
heterochromatin analysis, provided the first
chromosome map for peanut (Seijo et al. 2004).
Regarding diploid species of section Arachis,
those within the A genome have only one inter-
stitial (or rarely proximal) 5S rDNA locus located
in the A3 pair. However, the number, size, and
chromosomal localization of the 185-26S rDNA
loci vary among the species (Robledo et al. 2009).
The number of these gene clusters ranges from two
to four pairs, and they present variable size. In
general, the largest loci are located in pair A10,
those of intermediate size in pair A2, while the
smallest and faintest signals (in the cases that the
species have more than two loci) in the pairs A7
and A4. According to the pattern of rDNA loci and
the heterochromatic bands, the A genome species
have been further arranged into three karyotype
groups (Robledo et al. 2009): Chiquitano, Pan-
tanal, and La Plata River Basin.
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Arachis glandulifera (D genome) has only
one 5S rDNA locus subterminally located in long
arms of pair D5 and five 185-26S rDNA loci
located in different positions and arms of the D1,
D2, D6, D9, and D10 pairs. The markers so far
identified were enough to the precise identifica-
tion of all the chromosome pairs of the karyotype
and to the construction of the first wholly
resolved idiogram for an Arachis species
(Robledo and Seijo 2008).

All the other species of section Arachis have
one 5S rDNA locus localized in proximal or
interstitial position on the short arms of the
metacentric pair 3. Exceptions are the species of
the K genome that have two additional pairs of
loci located in the pairs K8 and K10. The number
of 18S-26S rDNA loci ranges from two (in A.
gregoryi and A. trinitensis) to four (in A. magna
and A. valida). Most of them are located in
pericentromeric or interstitial position on the
long arms. In most species, the largest and
brightest 18S-26S rDNA loci correspond to the
clusters located in the secondary constrictions of
the SAT chromosomes (pair 10), while the
remaining ones are small and pale. In
species, one 185-26S rDNA and one
loci are localized on the same chromo%
the species of the K genome,
co-localize on the long arm
A. benensis and A. magna,

p 1 hile in

% -focalize on

the short arm of pairs F3 spectively. In

A. ipaénsis, one 18S A and one 5S

rDNA loci map to p%ut on different arms
(Robledo and Seijo 2019)

The three species with x = 9 have only one

185-26S rDNA site in the proximal region of the

long arm of the G9 pair (SAT chromosomes) and

one 5S rDNA site in the short arm of the pair G6
(Silvestri et al. 2015).

4.5 Repetitive Sequences

Plant genomes are composed of single-copy
sequences, with one or few copies (gene
sequences), and repetitive sequences, with a
higher copy number. The latter can be found as
dispersed repetitive (transposons) or tandemly
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repetitive (satellite DNA) sequences (Schmidt
and Heslop-Harrison 1998). One of the most
important features of the repetitive genome
component is its rapid evolution both at the
sequence level and genome representation (Sch-
midt and Heslop-Harrison 1998). For this reason,
the analysis of this fraction is a useful tool for the
study of evolutionary relationships between plant
species (Dechyeva et al. 2003; Navajas- Pérez
et al. 2009; Nielen et al. 2010, 2012; Samoluk
et al. 2015a). Moreover, many of these sequences
when probed onto chromosomes provide con-
spicuous markers for genome characterization,
for the establishment of homeologies and for the
construction of chromosome maps (Seijo et al.
2004; Robledo et al.(2009; Robledo and Seijo
2010; Zhang et 6

O

Sequences

Stt.@;wed on retrotransposons at a genomic
e scarce in Arachis and have been

used on peanut and its wild diploid progeni-
tors (A. ipaénsis and A. duranensis). To date,
Ty3-gypsy (Nielen et al. 2010) and Tyl-copia
(Nielen et al. 2012) LTR retrotransposons have
been characterized and quantified in these three
species. A significant differential representation
of Ty3-gypsy retrotransposons, but not of
Tyl-copia retrotransposons, was described in the
two diploid species. The element, named FIDEL
(Fairly long Inter-Dispersed Euchromatic LTR
retrotransposon), is more frequent in the A than
in the B genome, with copy numbers of about
3000 (% 950, A. duranensis), 820 (£ 480, A.
ipaénsis), and 3900 (£ 1500, A. hypogaea) per
haploid genome. Phylogenetic analysis of reverse
transcriptase sequences showed the distinct evo-
lution of FIDEL in the diploid species. Fluores-
cent in situ hybridization revealed a disperse
distribution in the euchromatin and absence from
centromeres, telomeric, and the nucleolar orga-
nizer regions. Distribution of FIDEL onto the
chromosomes reflects almost the pattern of GISH
using genomic probes of the diploid progenitors
onto the chromosomes of peanut (Seijo et al.
2007).

4.6 Di
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By contrast, the Tyl-copia retrotransposon
from the Bianca lineage (named Matita) is a
moderate copy number element (Nielen et al.
2012). This element is almost equally repre-
sented in the A and B genomes in relatively low
copy. FISH experiments showed that Matita is
mainly located in the distal regions of the chro-
mosome arms and its chromosome-specific
hybridization pattern aided in the identification
of some individual chromosomes. By probing
BAC libraries with overgos probes from Matita,
it was demonstrated that this element is not
randomly distributed in the genome, but exhibits
a significant tendency of being more abundant
near resistance gene homologues than near
single-copy genes.

A more recent study comparing 1.26 Mb of
homeologous A and B genomes BAC clones
evidenced the existence of a diverse group of
complete and truncated copies of the LTR
retrotransposons fraction that covered more than
40% of the sequences analyzed (Bertioli et al.
2013). BAC-FISH using 27 A. duranensis BAC
clones as probes gave dispersed and repetitive

DNA characteristic signals, predominant]
interstitial regions of the peanut A chromg€o
ones

In general, the sequences of 14 BA
revealed that a substantial propo%@ the
highly repetitive component o X nut A
genome is represented for %&1 few LTR
retrotransposons and theif tguncdted copies of
LTRs.

Non-LTR retroe\% are generally less
abundant than LTR retwoelements in the plant
genomes (Noma et al. 1999; Alix and
Heslop-Harrison 2004; Hawkins et al. 2006), and
Arachis genomes are not the exception. The
available data reveal that the genome content of
these elements is less than 8% in A. duranensis
(Chen et al. 2016) and approximately 12% in A.
ipaénsis (Bertioli et al. 2013). However, the
genome representation of these retroelements is
relatively high when compared to the amount of
LINEs present in other plant species (Samoluk
et al. 2015b; Bertioli et al. 2016). Recently, the
diversity, the chromosome distribution, and the
genome representation of a LINE family
belonging to the L1 clade were analyzed in six

G. Seijo et al.

genomes and karyotype groups of section Ara-
chis (Samoluk et al. 2015b). The phylogenetic
analysis based on the reverse transcriptase of
these elements showed that the lineages are dis-
tributed independently of the genomes or kary-
otype groups. FISH experiments revealed a
dispersed pattern with hybridization signals
mainly located on the euchromatin of interstitial
and distal regions of most chromosome arms in
all the genome types analyzed in that study. In
agreement with the results obtained by Bertioli
et al. (2016), the genome abundance of this kind
of retroelements was higher in A. ipaénsis than in
A. duranensis.

The sum of available data evidences that
retroelements have a @ispersed pattern in all the
genomes analyzedfSofarjdlthough with different
representation gam them. Though some of
these elemen be used for the identification

of differ offfosome complements in hybrids

and oids, their usefulness as cytoge-
ne rs for individual chromosome iden-
al is limited.

In contrast to the high genome abundance of
retroelements, DNA transposons constitute about
5-10% of the genome of Arachis species (Ber-
tioli et al. 2016; Chen et al. 2016). However,
these elements have been little explored in Ara-
chis, and there is no available data on their
chromosome distribution. In this sense, there are
some reports about a miniature inverted-repeat
transposable element, the AhMITEl element
(Shirasawa et al. 2012; Gowda et al. 2010, 2011).
This element is present in high copy number in
the genomes of A. hypogaea, A. magna, and A.
monticola, but not in A. duranensis (Shirasawa
et al. 2012). In addition, the study of AhMITE1
transpositional activity among different allote-
traploid Arachis species showed that most of the
A. hypogaea subsp. fastigiata types carry an
AhMITE1 insertion at the FSTI1-linked site,
whereas the wild allotetraploid A. monticola and
A. hypogaea subsp. hypogaea types missed the
AhMITE]1 element at that site (Gowda et al.
2011). This finding supports that the A. hypogaea
subsp. hypogaea is closer to the wild allote-
traploid than the subsp. fastigiata (Paik-Ro et al.
1992; Singh et al. 1993; He and Prakash 2001).
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Moreover, it proposed that AWMITEI transposi-
tion could have been of major importance in the
origin of A. hypogaea subsp. fastigiata (Gowda
et al. 2011).

4.7 Clustered Sequences

Satellite DNA constitutes a significant portion of
eukaryote genomes. It is formed by repetitive
units of variable length (140-180 bp or 300-
360 bp) tandemly arranged in blocks of up to
100 Mpb (Charlesworth et al. 1994; Schmidt and
Heslop-Harrison 1998; Plohl et al. 2008). These
sequences usually show particular chromosome
locations, being a major component of the cen-
tromeric (Hudakova et al. 2001; Gindullis et al.
2001; Urdampilleta et al. 2009), telomeric (Pich
et al. 1996; Macas et al. 2000), and less fre-
quently, interstitial heterochromatin (Mukai et al.
1992). Therefore, they have become a useful tool
to study the karyotype evolution in different
groups of species (Lanfredi et al. 2001; Slam-
ovits et al. 2001).

The analysis of a satellite sequence nafied
ATR-2 in seven diploid species (x = 10 e
sentative of different genomes and
groups revealed an infraspecific an
conservation of these sequenc X‘ a low
spreading of new monomeﬁi ts in the
analyzed species (Samol al™unpublished).
However, the quantitati alySes revealed dif-
ferences in the abun this satellite DNA
among them, according%o the predictions of the
“library hypothesis” (Fry and Salser 1977). FISH
analyses revealed that ATR-2 is exclusively
distributed at the DAPI* centromeric hete-
rochromatin; however, it may not be the only
sequence that conforms this genomic fraction.
Despite the sequence conservation of ATR-2, the
variable representation of this satDNA suggests
that it was actively involved in the remodeling
the heterochromatic patterns of the diploid Ara-
chis species (Samoluk et al. unpublished).

Another major repetitive DNA sequences
were cloned and analyzed from A. hypogaea
Cot-1 DNA in order to identify new genome- and
chromosome-specific markers (Zhang et al.
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2012). In particular, a satellite DNA sequence of
115 bp was found mainly distributed in peri-
centromeric regions on most of the B genome
chromosomes of the allotetraploid (Zhang et al.
2012). Recently, it was developed an FISH-based
karyotyping system using a set of new and pre-
viously reported chromosome markers, which
allowed the identification of almost all chromo-
somes and the construction of karyotypes in
cultivated peanut and its two putative progenitors
(Zhang et al. 2016).

4.8 Genome Size
Genome size is a us€ful descriptor for charac-

terization of plan etic€sources (Ozias Akins
and Jarret 1994 burn et al. 1997; Hendrix

recently % a A contents were studied in a
very Jimited pumber of Arachis species, and the

emgenome size estimations were contro-

=

b the Feulgen densitometry method (Dhillon
et al. 1980; Resslar et al. 1981; Singh et al. 1996;
Lavia and Fernandez 2008). However, measure-
ments in A. duranensis and A. hypogaea by flow
cytometry indicated that the data obtained by
Feulgen densitometry [except in Dhillon et al.
(1980) for A. hypogaea] overestimated the gen-
ome size of Arachis species by twofold (Temsch
and Greilhuber 2000, 2001).

In a recent study, 26 diploid species of the
section Arachis were analyzed by flow cytome-
try, and the 2C values ranged from 2.55 to
3.22 pg (Samoluk et al. 2015b). The annual
species belonging to different genomes (Robledo
et al. 2009; Robledo and Seijo 2010) tend to have
different genome sizes. However, the 2C values
of the perennial species (all with A genome) are
distributed almost continuously along the whole
range of genome sizes (2.55-3.22 pg) of the
annual species. The comparison of 2C values
with karyotype parameters suggests that changes
in DNA content have been proportionally dis-
tributed among the chromosome arms, and that
the heterochromatic fraction is not directly
involved in those changes. Within the A genome,
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the annual species has lower DNA content than
the perennial ones, which is in accordance with
the predictions of the nucleotype hypothesis
(Bennet 1982). However, the lack of significant
relationships with geoclimatic variables suggests
that there are many intrinsic factors determining
particular ecological roles of the DNA content in
different lineages of section Arachis. A critical
analysis of the DNA content of other species of
Arachis is still needed to address the direction of
the genome change during the evolution of the
genus as a whole.

Measurements of the genome size of the
AABB species of Arachis showed that they are
among the few allopolyploids in which their
genome size are about the sum of those of their
diploid progenitors (Samoluk et al. 2015b), like
in tobacco (Leitch and Bennett 2004), Hordeum
(Jakob et al. 2004), and AD Gossypium species
(Wendel et al. 2002). The genome sizes esti-
mated for A. monticola (5.70 pg) and for the
cultivated peanut (5.60 pg) were on par with the
expected 2C value estimated from the sum of the
genome sizes of their parental species (A. dura-
nensis, 2C =255pg, and A.

constancy in the Cx values suggests e
hybridization and chromosome doublj ents

that occurred during the origin & tivated
peanut have not resulted in si%n hanges in

genome size.

4.9 Usefulness of\Chromosome
Markers

The use of chromosome markers in Arachis
species came to complete and extends a large
number of the taxonomic, classical cytogenetic,
cross hybridization, molecular marker, and geo-
graphical studies. Here we describe two cases in
which the use of these chromosome markers
contribute to shed light on long debates among
researchers: one is about the origin of peanut and
the other deals with the genome characterization
of the Arachis species.

ipaé
2C =3.19 pg) (Samoluk et al. 2015% %
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4.9.1 Inferences on Peanut Origin

The origin of peanut has been a matter of study
for several decades and has long been assessed
from different points of view. The identification
of one pair of small chromosomes (A9 pair after
Robledo et al. 2009), and one pair of SAT
chromosomes (A10 pair after Fernandez and
Krapovickas 1994), instead of four chromosomes
of each type led to the proposal that the peanut is
an allotetraploid species with 2n = 4x =40
(Husted 1933, 1936), and with an AABB gen-
ome constitution (Smartt et al. 1978). This has
been confirmed by studies on interspecific
hybridization among the cultivated peanut and
different wild diploid{species (Smartt and Gre-
gory 1967; Stalkér an ynne 1979; Singh

1986), and bys=moOdern cytogenetic techniques
(Seijo et al. 0 7).

diploid species that were
e origin of cultivated peanut were
atly under debate. Before the develop-
of chromosome markers, more than eight
d diploid species having different genome
types were considered involved in the origin of
peanut (reviewed in Singh and Smartt 1998;
Seijo et al. 2007; Grabiele et al. 2012). Studies
based on molecular markers showed that several
species of the A genome could be considered as
the most probable ancestor of peanut. Restriction
fragment length polymorphism (RFLP) revealed
A. duranensis as the most probable candidate
(Kochert et al. 1991, 1996), whereas randomly
amplified polymorphic DNA (RAPD) and
inter-simple sequence repeat (ISSR) analyses
showed A. villosa as the best candidate (Raina
et al. 2001). On the other hand, PCR amplified
fragment length polymorphism (AFLP) data have
shown that at least three diploid species of the A
genome were closely related to the cultigen
(Milla et al. 2005). Similarly, microsatellite
markers have revealed that, although A. dura-
nensis is the most closely related to the cultigen,
a small group of other species having the A
genome could also be genome donors of peanut
(Moretzsohn et al. 2004).




4 Cytological Features of Peanut Genome

Classical cytogenetics aided in the identifica-
tion of the diploid progenitors of peanuts. How-
ever, only when chromosome banding and
molecular cytogenetic techniques were applied
massively to Arachis species by determining the
patterns of heterochromatin and the number
(Raina and Mukai 1999) and position (Seijo et al.
2004; Robledo et al. 2009; Robledo and Seijo
2010; Custodio et al. 2013) of the rRNA genes
by FISH, the wild diploid progenitors were more
precisely identified. The analysis of the rDNA
loci distribution showed that the species of the A
genome included in the La Plata River Basin
group are the most related to the A genome of the
tetraploids, and that A. ipaénsis is the most
probable B genome donor. Subsequently, double
GISH experiments using genomic DNA of the
diploid Arachis species (2n = 2x = 20) identified
A. duranensis as the A genome donor of A.
hypogaea (Seijo et al. 2007).

Arachis monticola is the only wild allote-
traploid within section Arachis, and it is currently
known only from three very close localities in
NW of Argentina. In all the dendrograms con-
structed using molecular markers, the culti
peanut and A. monticola group togethes
very low or no genetic distance (Gimenezfet
2002; Grabiele et al. 2012; More%v al,
2013). They are known to be int i ith no
apparent sterility in the F, s (Kirti et al.
1983). Therefore, A. mopficgla 18 regarded by
different authors eithersas, the difect progenitor of
the peanut or as gressive derivative
between the peanut and'wild species (see Stalker
and Moss 1987; Grabiele et al. 2012). However,
if A. hypogaea (AABB) could cross with any
diploid species of the A or B genomes through
reduced gametes (n), the result would be an
infertile or very poorly fertile triploid with AAB
or ABB genome constitutions, respectively.
Alternatively, if crosses between A. hypogaea
and diploid species of the A or B genomes had
occurred via unreduced gametes (2n) of the wild
species, then the hybrids would have AAAB or
ABBB genome constitutions, respectively. Nei-
ther of these scenarios would have given rise to
an allotetraploid with the genome constitution
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compatible with that of A. monticola (AABB)
(Seijo et al. 2004, 2007; Grabiele et al. 2012).
This rationale suggested that the hypothesis that
an introgressive
derivative has to be discarded in the light of the
molecular cytogenetic data, since the wild tetra-
ploid has exactly the same chromosome com-
plements to that of A. hypogaea.

The fact that the amphidiploid that resulted
from the artificial resynthesis from A. ipaénsis
and A. duranensis (Favero et al. 2006) is mor-
phologically very similar to A. monticola, and
that it can hybridize with all the varieties of the
cultigen producing fertile offspring, supports the
hypothesis that considers A. monticola as the
direct progenitor of A{ hypogaea. Moreover, the
ability to persist gh pat populations (unlike
the cultivated peanti§) and the wild type structure
of its fruits (’r each seed has its own shell

separate af“isthmus) support the mainte-

considers A. monticola as

onticola as a separate taxonomic

ic markers and genomic hybridization (GISH)
detected in all the botanical varieties of the
cultigen suggests that the same wild species
participated in their origin. Moreover, this find-
ing implies that all the presently known varieties
of peanut arose from a single, unique allote-
traploid plant population (Seijo et al. 2004; Seijo
et al. 2007). The common ancestry of all
infraspecific taxa of A. hypogaea is supported by
the low genetic variability so far detected with
most molecular markers in the cultivated peanut
(Halward et al. 1991; Kochert et al. 1996;
Herselman 2003; Grabiele et al. 2012; Moret-
zohn et al. 2013).

In this scenario, after the origin of the wild
allotetraploid (which probably had larger seeds
than any of the progenitors as a result of the gigas
effects in polyploids, like in A. monticola), A.
hypogaea may have arisen through domestica-
tion. Therefore, the large morphological,
ecological, phenological, and chemical variabil-
ity present in the many landraces of peanut
(Krapovickas et al. 2009, 2013) would have
mainly resulted from particular selective

nanc
sp

Q‘h identical patterns of molecular cytoge-
i
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pressures undergone in different agroecological
environments (Krapovickas and Gregory 1994;
Grabiele et al. 2012).

49.2 Origin of Other Tetraploid
Arachis Species

Section Rhizomatosae 1is currently defined
exclusively on morphological features, mainly
because all (four) the species have rhizomes and
can be asexually propagated. Among this group
of taxa, A. burkartii is the only diploid with
2n = 2x = 20, while the others, A. pseudovillosa,
A. nitida, and A. glabrata, are tetraploids with
2n = 4x = 40 (Gregory et al. 1973; Fernandez
and Krapovickas 1994; Pefaloza and Valls
2005). Interestingly, the tetraploid species are
distributed from the Mato Groso State in Brazil
to the North of Argentina, while the diploid
species live from the North of Argentina to the
North of Uruguay. Thus, the species with dif-
ferent ploidy level of section Rhizomatosae only
overlaps in a very narrow stretch in the NE of
Argentina (Krapovickas and Gregory 1994;
and Simpson 2005).

If this section were monophyletic, it d be

classical cytogenetic and molecular data argued
the monophyly of the section, an@”the nature of
the polyploids. The mei
revealed that the ch es are arranged in
20II in most (65%) of the cells, although up to
four multivalents (trivalents and quadrivalents) in
low frequencies were observed (Ortiz et al.
2011). Moreover, it has one 5S rDNA locus, two
185-26S rDNA loci, and a similar pattern of
centromeric heterochromatic bands in the four
chromosome sets. However, the presence of one
185-26S rDNA sites in only two of the four
chromosomes of pair 2 of A. nitida suggests that
it has two different chromosome sets. Thus, A.
nitida may be considered a segmental allopoly-
ploid (Ortiz et al. unpublished).

Controversial hypotheses have been put for-
ward for the nature of A. glabrata. Some authors
proposed that this species is a true autopolyploid

expected that A. burkartii was one 0% me
donors of the rhizomatous tetrai s.However,

sis of A. nitida
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(Singh and Simpson 1994; Ortiz et al. 2011),
while others suggested that it may be an
allopolyploid with the EERR genome constitu-
tion (Gregory and Gregory 1979; Bechara et al.
2010). Meiotic analyses of this species showed
that the frequency of bivalents differs significa-
tively (from 20 to 81%) among accessions (Ortiz
et al. 2011). Also, the number of trivalents (from
1 to 3III) and quadrivalents (from 1 to 8IV) was
very variable among them. However, based on
the fact that the four chromosome sets have
DAPI" centromeric bands in all the chromo-
somes and a similar pattern of the 5S and 18S—
26S rDNA loci, together with the detection of up
to eight quadrivalents in meiotic cells, it was

suggested that this species may be either a true
autopolyploids o@f less {pfobably, a segmental

allopolyploid different degrees of
diploidizatio et al. unpublished).
¢ g AT pseudovillosa, since meiotic

Conc % :
beha@ dies could not be performed yet, the

po nature is still under study (Ortiz et al.
hed). In this sense, the presence of one

§ and one 18-26S rDNA sites, and the similar

distribution pattern of CMA-DAPI bands in the
four chromosome sets suggest that A. pseu-
dovillosa may be an autopolyploid. However, the
presence of an extra 18S-26S rDNA locus in
only one chromosome set may have arisen de
novo by transposition (or other genomic mech-
anism) after polyploidization, or may be inter-
preted as evidence for a segmental allopolyploid
origin by hybridization between two closely
related species which differ in the numbers of this
rDNA cluster genes (Ortiz et al. unpublished).
Molecular markers strongly support the con-
clusion obtained from the cytogenetic data about
the relationship among the rhizomatous species.
RAPD (Nobile et al. 2004) and SSR (Angelici
et al. 2008) analyses that included the four spe-
cies of section Rhizomatosae showed the clus-
tering of the tetraploid species in a single group,
distant from A. burkartii. Further, the AFLP
analysis including representatives of seven dif-
ferent sections revealed a close association of A.
glabrata with A. major and A. paraguariensis
(sect. Erectoides), while A. burkartii was asso-
ciated with the two species of the section
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Caulorrhizae (Gimenez et al. 2002). In addition,
molecular phylogenies based on chloroplast and
nuclear DNA sequences (Bechara et al. 2010;
Friend et al. 2010), which only included A.
burkartii and A. glabrata, have shown that the
diploid taxon is found in an individual and iso-
lated clade, while A. glabrata grouped in a dis-
tant clade with members of sections Erectoides
and Procumbentes.

Regarding the genomic constitution of rhi-
zomatous tetraploid species, the cytogenetic evi-
dences suggest that the three species may have at
least one common diploid ancestor (Ortiz et al.
unpublished). In this sense, all the species of the
section Rhizomatosae (2x and 4x) have been tradi-
tionally assigned to the R genome (Smartt and
Stalker 1982) assuming that the section was
monophyletic and the diploid rhizomatous species,
A. burkartii, was the natural ancestor of the tetra-
ploids. However, the fact that A. burkartii has a
karyotype formula of 20 m with a SAT chromo-
some type 8, lacks DAPI™ heterochromatic bands,
and presents four pairs of 18S-26S rDNA loci

(located on three chromosome pairs) and one pair of
interstitial 5S rDNA sites (that co-localized wi g

18S-26S rDNA loci on the smallest chro
pair) evidenced that this diploid species i
the genome donor of the rhizomato

Instead, the complements of x aploids
showed high homology With& of the Erec-
toides and Procumbentes igns. Thus, the tetra-
ploid species shouldshe ded from the
R-genome, which mi n exclusively for A.
burkartii (Ortiz et al. unpublished).

The aforementioned cytogenetic data do not
support the origin of rhizomatous tetraploids
from A. burkartii and suggest that the section
Rhizomatosae is not monophyletic (Nobile et al.

2004; Angelici et al. 2008; Bechara et al. 2010;
Friend et al. 2010; Ortiz et al. unpublished).

4.9.3 Genome Arrangement
of Section Arachis

Diploid species of section Arachis with 2n = 20
and symmetric karyotypes have been tradition-
ally arranged first into two different genome
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groups (A and non-A genomes) on the basis of
the presence of the small chromosomes A9 (first
observed in A. hypogaea) in their karyotypes.
These two groups of species show strong repro-
ductive isolation manifested by low hybrid pro-
duction, and low chromosome pairing and low
pollen stainability in the hybrids (Gregory and
Gregory 1979; Stalker et al. 1991; Krapovickas
and Gregory 1994; Tallury et al. 2005). The only
species with 2n = 20 and asymmetric karyotype
(A. glandulifera) was assigned to a different
genome, the D genome (Stalker 1991).

The development of chromosome markers by
molecular cytogenetics revealed a high degree of
homogeneity in the karyotypes among the spe-
cies with A chromosofnes. However, variation in
number and positi f DAPI* bands and major
18S-26S rDN A=sité§ among species was used to
establish thr@groups of karyotype home-
ologies (Roble t al. 2009) considering the fact
that % of taxa is usually correlated with

ity of their heterochromatin and rDNA
atterns (Hizume et al. 2002; Liu et al.
03). Since the groups that resulted from the
homeology analysis included species that tend to
be more closely distributed geographically than
those belonging to different groups, they were
named using a geographical reference (Robledo
et al. 2009). The Chiquitano group comprised the
species (A. cardenasii, A. herzogii, and A.
kempff-mercadoi) that grow in the southern and
western portion of the Chiquitania biogeographic
region in Santa Cruz Department of Bolivia. The
Pantanal group includes the species (A. diogoi, A.
kuhlmannii, A. helodes, A. simpsonii, and A.
stenosperma) which are distributed in the Pan-
tanal biogeographic region in western Brazil,
northern Paraguay, and eastern Bolivia. This
group may also include A. linearifolia. The La
Plata River Basin group corresponds to the spe-
cies (A. duranensis, A. schininii, A. correntina,
A. villosa, and probably A. microsperma) that are
distributed along the La Plata River Basin (ex-
cept the region comprising the upper stream of
the Paraguay River in the Pantanal).

Most molecular marker studies in a large set

of A genome species support the Pantanal group
(Kochert et al. 1991; Raina et al. 2001; Milla
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et al. 2005; Moretzon et al. 2013). The Chiqui-
tano group is least represented in molecular
analyses, but whenever A. herzogii and A.
kempff-mercadoi have been included, they
always clustered together (Milla et al. 2005;
Tallury et al. 2005). In a recent microsatellite-
based phylogenetic analysis, A. cardenasii and A.
kempff-mercadoi were grouped together with the
species that belong to the Pantanal group
(Moretzohn et al. 2013). However, only two
accessions of A. cardenasii and none of A. her-
zogii were included in that study. Species
belonging to La Plata River Basin group gener-
ally clustered together with a few exceptions
(Milla et al. 2005; Moretzohn et al. 2013).

The non-A genome species have been segre-
gated into three genomes (B, F, and K) based on
the different patterns of chromosome markers
(Robledo and Seijo 2010). The K genome
includes A. batizocoi, A. cruziana, and A.
krapovickasii. These species are characterized by
having conspicuous DAPI" heterochromatic
bands in all chromosome pairs except in K7 and
three 5S rDNA loci on K2, K4, and K10 pairs
The F genome comprises A. benensis a
trinitensis, and their karyotypes have s

1
faint bands in seven or eight chromoso%f
and only one 5S rDNA locus on F%

genome species (after Robledo 2010)
have karyotypes without per&% ic DAPI+
heterochromatin and in ipaénsis,

gregoryi, A. magna, agand A. wzllzamsu
(Robledo and Seijo@ his group showed
the highest homeology With the B genome of A.
hypogaea. Arachis glandulifera has asymmetric
karyotype (Stalker 1991; Fernandez and Krapo-
vickas 1994), a unique pattern of heterochro-
matin DAPI* distribution and 5 pairs of 185-26S
rDNA loci (Robledo and Seijo 2008). On this
basis, this species was confirmed as having the D
genome as proposed earlier by Stalker (1991).
The proposed genome arrangement is sup-
ported by species crossability, pollen stainability,
morphological characters, and geographical dis-
tribution of the species (Smartt et al. 1978;
Stalker 1991; Krapovickas and Gregory 1994;
Tallury et al. 2005; Burrow et al. 2009). The
position of the D, F, and K genomes with respect
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to the A and B genomes is controversial. The
analysis of chloroplast sequences revealed that
these genomes are closely related to the B gen-
ome, but the NTS of the 5S rDNA genes and
AFLP markers showed that the F genome is
indeed close to the B genome, while the D and K
are sister groups of the A genome (Tallury et al.
2005; Grabiele et al. 2012). The phylogenetic
analysis based on DNA sequence information of
three single-copy gene introns was consistent
with the current genome classification, since
clades contained species with the same genome
types (Moretzshon et al. 2013). In this analysis,
the species with D, F, and K genome species are
close to the A genome species, but the
microsatellite analysi ne in the same report

¢ s types are closer to

ean(l_eal-Bertioli et al. 2015). The extant
istency of available data showed that the

F, and K genomes are in an intermediate
posmon between the A and the B genomes.

Geographically, the species included within
each genome tend to be co-distributed. The
species with the F genome are restricted to the
lowland savannas of Beni department in Bolivia,
while those with the K genome are distributed in
the NW of the Chacoan Boreal region. The
species with the B genome are more widely
distributed in semi-deciduous forests and savan-
nas of the cerrado associated with the Chiquitano
planalto and west Pantanal. Arachis ipaénsis,
known from only one population, was collected
from the top of the sand banks of streams in an
ecotone between the tucumano-oranence decid-
uous forest and the chacoan xerophytic forest
(Robledo and Seijo 2010).

More recently, the three species with x = 9
chromosomes of section Arachis were analyzed
with the same chromosome markers that were
mapped in the x = 10 species. These analyses
showed that x = 9 species present a similar pat-
tern of DAPI* heterochromatin to that observed
in the species assigned to A and K genomes.
However, it differs from the former by lack of the
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A9 chromosomes and the presence of only one
pair of 185-26S rDNA sites. From the latter, it
differs by the lower number of 5S rDNA sites
and the lower number of submetacentric chro-
mosomes. Based on all these karyotypic differ-
ences together with the reproductive isolation
from any other species of section Arachis, a new
genome type (G genome) was proposed for the
x =9 species (Silvestri et al. 2015). Molecular
datasets have revealed that the three x = 9 spe-
cies form a compact clade, but different from any
other group in section Arachis (Bechara et al.
2010; Friend et al. 2010; Moretzshon et al.
2013). Moreover, their relationship with other
species of the section is still unclear. In this
sense, analysis of microsatellites (Moretzshon
et al. 2004, 2013), single-copy gene sequences
(Moretzshon et al. 2013), trnT-F cpDNA marker
(Tallury et al. 2005), and ITS and 5.8S of the
nuclear rDNA (Bechara et al. 2010) suggest that
these taxa are more closely related to some
non-A genome species, whereas RAPD (Creste
et al. 2005) and AFLP (Milla et al. 2005) anal-
yses suggest that they are genetically more sim-
ilar to A genome species.

\ V4

In conclusion, in spite of the }eity in the
chromosome morphology0f ghe Species of sec-
tion Arachis, the use rofmosome markers
revealed six differe ype organizations,
which agree with the different degrees of repro-
ductive isolation. Whereby, based on these dif-
ferent organizations, the species of section
Arachis are currently arranged in six different
genomes (A, B, D, F, G, and K).

4,10 Conclusion
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