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Abstract
Main conclusion  Opposing changes in the abundance of satellite DNA and long terminal repeat (LTR) retroelements 
are the main contributors to the variation in genome size and heterochromatin amount in Arachis diploids.

The South American genus Arachis (Fabaceae) comprises 83 species organized in nine taxonomic sections. Among them, 
section Arachis is characterized by species with a wide genome and karyotype diversity. Such diversity is determined mainly 
by the amount and composition of repetitive DNA. Here we performed computational analysis on low coverage genome 
sequencing to infer the dynamics of changes in major repeat families that led to the differentiation of genomes in diploid 
species (x = 10) of genus Arachis, focusing on section Arachis. Estimated repeat content ranged from 62.50 to 71.68% of 
the genomes. Species with different genome composition tended to have different landscapes of repeated sequences. Athila 
family retrotransposons were the most abundant and variable lineage among Arachis repeatomes, with peaks of transposi-
tional activity inferred at different times in the evolution of the species. Satellite DNAs (satDNAs) were less abundant, but 
differentially represented among species. High rates of evolution of an AT-rich superfamily of satDNAs led to the differential 
accumulation of heterochromatin in Arachis genomes. The relationship between genome size variation and the repetitive 
content is complex. However, largest genomes presented a higher accumulation of LTR elements and lower contents of 
satDNAs. In contrast, species with lowest genome sizes tended to accumulate satDNAs in detriment of LTR elements. Phy-
logenetic analysis based on repetitive DNA supported the genome arrangement of section Arachis. Altogether, our results 
provide the most comprehensive picture on the repeatome dynamics that led to the genome differentiation of Arachis species.
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LTR	� Long terminal repeat
MYA	� Million years ago
rDNA	� Ribosomal DNA
satDNA	� Satellite DNA
RepeatExplorer2	� RE2
MULEs	� Mutator-like elements

Introduction

Eukaryotic genomes contain large quantities of different 
classes of repetitive DNA sequences, which contribute 
largely to genome differentiation (Li et al. 2004; Mehotra 
and Goyal 2014). The repetitive sequences can be classi-
fied in two main categories, tandem (commonly known as 
satDNAs) and interspersed (transposable elements) repeats 
(Kumar and Bennetzen 1999; López-Flores and Garrido-
Ramos 2012; Mehotra and Goyal 2014; Biscotti et al. 2015). 
Satellite DNA is formed by tandem arrays of monomeric 
units mainly localized in heterochromatic blocks of peri-
centromeric and subtelomeric regions (López-Flores and 
Garrido-Ramos 2012; Plohl et al. 2012; Biscotti et al. 2015; 
Garrido-Ramos 2015), but they also span into the functional 
centromere and telomere (Plohl et al. 2014; Robledillo et al. 
2018). A library of satDNAs is commonly shared by closely 
related species, however, some members of the library can 
diverge and be differentially amplified leading to specific 
patterns (Plohl et al. 2008). Transposons are considered as 
genetic units that can move to new genome sites through 
a “cut and paste” mechanism (DNA transposons) or via 
reverse transcription of their mRNA (retrotransposons). 
Both tandem and dispersed repeats are differentially rep-
resented, even among closely related species, giving rise to 
species-specific landscapes called “repeatomes” (Woo et al. 
2007). As a consequence of their high evolutionary rates, the 
different components of the repeatome can produce short- to 
long-term evolutionary changes in the size, structure* and 
function of host genomes leading, in this way, to species 
divergence (Biemont and Viera 2006; Ferree and Barbash 
2009; Chénais et al. 2012; Biscotti et al. 2015; Alioto et al. 
2020). Therefore, the comprehensive analysis of repeato-
mes provides invaluable information for understanding the 
genome evolution of closely related species.

The appearance of high-throughput sequencing technol-
ogies and development of new bioinformatics approaches 
allowed the characterization of repetitive DNA in many 
closely related groups of organisms (Ewing 2015; Staton 
and Burke 2015; Nelson et al. 2017; Negm et al. 2021). 
One of the most widely used approaches is RepeatExplorer, 
which performs a simultaneous and reliable characterization 
of diversity and abundance of repetitive DNA from low-
coverage genome sequencing, without the need of previously 
assembled genomes (Novak et al. 2020). This approach is 

useful not only for the repeatome characterization of single 
species but also for the comparative analysis of multiple 
species, allowing the study of the evolutionary dynamics of 
homologous repeat families in the different genomes (Macas 
et al. 2015; Usai et al. 2017; Bolsheva et al. 2019; Gaiero 
et al. 2019; McCann et al. 2020; Mascagni et al. 2020). 
In addition, and considering that both relative abundance 
and sequence diversity of homologous repetitive elements 
evolve primarily by random genetic drift (Jurka et al. 2011, 
2012), new methods have been developed to infer the phy-
logenetic relationships from comparative runs of Repeat-
Explorer (Dosworth et al. 2014; Vitales et al. 2020). These 
methods have proven to reconstruct reliable phylogenetic 
relationships in different genera such as Solanum (Dods-
worth et al. 2016), Nicotiana (Dodsworth et al. 2017; Vitales 
et al. 2020), Linum (Bolsheva et al. 2019), Melanopodium 
(McCann et al. 2020) and Heliophila (Dogan et al. 2021).

A good system for investigating repetitive DNA evolu-
tion is the South American genus Arachis (Fabaceae) which 
diverged around 13.8 ± 1.7 MYA (Lavin et al. 2004). It is 
a natural group (Moretzsohn et al. 2004, 2013; Bechara 
et al. 2010; Wang et al. 2019) of 83 annual and perennial 
species organized in nine taxonomic sections (Krapovickas 
and Gregory 1994; Valls and Simpson 2005, 2017; Valls 
et al. 2013; Santana and Valls 2015; Seijo et al. 2021). The 
largest and most diverse is the section Arachis comprising 
30 wild diploid species, 27 of them with x = 10 and three 
with x = 9 (Robledo and Seijo 2008, 2010; Robledo et al. 
2009; Silvestri et al. 2014). It also includes two allotetra-
ploids (2n = 4x = 40), the peanut (A. hypogaea) and a wild 
species of common origin (A. monticola). These two tetra-
ploids arose from hybridization and spontaneous chromo-
some duplication of two wild species, A. duranensis and A. 
ipaënsis (Seijo et al. 2004, 2007; Bertioli et al. 2016, 2019). 
Section Arachis is a relatively young species complex with 
estimated divergence time of 2.33–4.99 MYA (Moretzsohn 
et al. 2013; Bertioli et al. 2016). Diploid species with x = 10 
are highly diverse and they have been assigned to five differ-
ent groups of genome, A, B, D, F and K (Smartt et al. 1978; 
Stalker 1991; Robledo and Seijo 2008, 2010; Robledo et al. 
2009). Additionally, three karyotype groups (Chiquitano, 
Pantanal and La Plata River Basin) were identified among 
the A genome species (Robledo et al. 2009). This genome 
assignment was based on cross-compatible assays (Gregory 
and Gregory 1979; Stalker et al. 1991), but mainly on chro-
mosome features (Smartt et al. 1978; Stalker et al. 1991; 
Fernández and Krapovickas 1994; Robledo et al. 2009; 
Robledo and Seijo 2010).

All species of section Arachis with x = 10 have symmetric 
karyotypes composed mostly of metacentric chromosomes, 
except A. glandulifera, that has a derived asymmetric karyo-
type probably through the occurrence of pericentric inversions 
and/or translocations (Stalker 1991). Even though they share 
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the same basic chromosome number, they have approximately 
1.26-fold variation in genome size (Samoluk et al. 2015a). The 
annual species belonging to different genomes tend to have dif-
ferent genome sizes. However, the 2C values of the perennial 
species (all of them with A genome) were distributed almost 
along the whole range of genome sizes here observed. One 
of the most outstanding cytogenetic differences among these 
species is the proportion of DAPI+ heterochromatin and the 
size and number of rDNA loci (Seijo et al. 2004; Robledo and 
Seijo 2008, 2010; Robledo et al. 2009). Also, GISH experi-
ments performed both on natural and artificial amphidiploids 
demonstrated a high efficiency in discriminating genomes 
without the need of species-specific blocking DNA (Seijo 
et al. 2007, 2018). On these bases, it was suggested that the 
repetitive components would have played a major role in the 
karyotype evolution within section Arachis.

Initial analyses of few tandem repeats (Zhang et al. 2016; 
Samoluk et al. 2017, 2019) and transposable elements (Patel 
et al. 2004; Nielen et al. 2010, 2012; Gowda et al. 2011; Shi-
rasawa et al. 2012; Bertioli et al. 2013, 2016, 2019; Samoluk 
et al. 2015b) supported the hypothesis that repetitive elements 
had played a major role in the genome divergence of Arachis 
species. However, most of them were mainly focused on the 
A and B genomes and on the effects of the allopolyploidiza-
tion process that gave rise to the cultivated peanut. Therefore, 
a comprehensive analysis of the repeatome composition in 
representative species of different genomes of Arachis is still 
lacking for a better understanding of the evolution and the 
diversity of genomes at diploid level.

Here we make a comprehensive characterization of the 
repeatomes to gain insights, at genome-wide scale, on the 
evolutionary pathways behind the observed genome and 
karyotype diversity in wild diploid (x = 10) Arachis species. 
For this purpose, we performed a comparative similarity-
based clustering (Novak et al. 2020) of low coverage read 
data in eight species belonging to different genomes and 
karyotype groups of section Arachis, using two species of 
sections Procumbentes and Erectoides as outgroups. Our 
results highlight the important role of Athila family retro-
transposons in the genome diversification of section Arachis 
and probably in the diversification of the genus. In addition, 
they evidenced that the differential and parallel amplification 
of closely related satDNA sequences modeled the global 
patterns of AT-rich heterochromatin characteristic to differ-
ent genomes.

Materials and methods

Plant material, DNA extraction and sequencing data

The study was conducted in 10 diploid species of the genus 
Arachis with x = 10 (sections Arachis, Procumbentes and 

Erectoides). Plants of A. trinitensis, A. helodes, A. glandulif-
era and A. paraguariensis were grown in greenhouses at the 
Center for Applied Genetic Technologies at the University of 
Georgia (Athens, GA, USA). Total DNA from young fresh 
leaves of each plant was extracted using a DNA extraction 
kit (Qiagen, Hilden, Germany) and libraries were prepared 
using the Illumina TruSeq DNA Library Prep kit-600 bp 
insert size (Illumina Inc.). These libraries were sequenced 
on Illumina MiSeq platform using the reagent kit v3-600 
cycle (cat. MS-102-3003) to obtain 2 × 300 bp paired-end 
reads. In addition, Illumina DNA sequences of A. duran-
ensis, A. cardenasii, A. batizocoi, A. rigonii, A. magna and 
A. ipaënsis were retrieved from the NCBI Sequence Read 
Archive (https://​www.​ncbi.​nlm.​nih.​gov/​sra). The details of 
taxa included in this study are described in Table 1.

Repeat identification

Adapter removing and read quality analysis were performed 
with Trim Galore (https://​www.​bioin​forma​tics.​babra​ham.​
ac.​uk/​proje​cts/​trim_​galore/). All sequence reads were then 
trimmed to 100 bp and filtered by quality with 95% of bases 
equal to or above the quality cut-off value of 10. Two dif-
ferent strategies were used for the genome-wide analysis 
of repetitive sequences. The first consisted of independent 
clustering analyses using a set of 500,000 reads for each spe-
cies, while the second comprised a concatenated dataset of 
randomly selected reads covering the 0.01 × of the genomes. 
The latter strategy allowed the identification of shared and 
specific repeats across all Arachis genomes. These data-
sets were analyzed using a similarity-based read clustering 
method implemented in the RepeatExplorer2 (RE2) pipe-
line (https://​repea​texpl​orer-​elixir.​cerit-​sc.​cz; Novák et al. 
2020). The clustering was performed using the default set-
tings of 90% similarity over 55% of the read length. After 
removing clusters classified as plastid and contamination, 
the remaining top clusters (i.e. clusters with at least 0.01% 
of the total reads used as input) were annotated by simi-
larity searches against different sources. These included a 
reference database of transposable element protein domains 
(Viridiplantae, version 3.0), a custom library of repetitive 
sequences of Arachis species (https://​www.​peanu​tbase.​org/​
data/​v2/​Arach​is/​hypog​aea/​repea​ts/) and a database of Ara-
chis satDNAs. The latter was built with previously charac-
terized satDNAs (Zhang et al. 2012, 2016; Samoluk et al. 
2017, 2019) and those satDNA repeats characterized here 
through the independent analysis of 500,000 reads from each 
Arachis species with TAREAN tool (Novák et al. 2017). The 
relationships among genome proportion of repeats, hetero-
chromatin content and genome size were analyzed by linear 
regression in scatter plots and Pearson’s correlation tests. 
For the aforementioned analysis, the previously published 
genome sizes (Samoluk et al. 2015a) and heterochromatin 

https://www.ncbi.nlm.nih.gov/sra
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://repeatexplorer-elixir.cerit-sc.cz
https://www.peanutbase.org/data/v2/Arachis/hypogaea/repeats/
https://www.peanutbase.org/data/v2/Arachis/hypogaea/repeats/
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content (Robledo and Seijo 2008, 2010; Robledo et al. 2010; 
Ortiz et al. 2017) of Arachis species were considered. The 
holoploid genome size of A. paraguariensis subsp. para-
guariensis (KGP 30109) and A. rigonii (GKP 10034) were 
estimated by flow cytometry according to the procedure 
described by Samoluk et al. (2015a), and using Paspalum 
intermedium Munro ex Morong. accession Sch 28857 (dip-
loid, 2C = 1.42 pg; Vaio et al. 2007) as internal standard. 
The Cx values, representing the DNA content of one non-
replicated monoploid genome with the chromosome number 
x (Greilhuber et al. 2005), were calculated as the 2C nuclear 
DNA content divided by ploidy level and expressed in pg 
(1 pg of DNA = 978 Mbp; Doležel and Bartos 2005).

The sequence similarities among the characterized 
satDNA monomers were performed by BLASTn searches 
(Altschul et  al. 1990) with e-value < 10−10, and visual-
ized with Circoletto (http://​tools.​bat.​infsp​ire.​org/​circo​
letto/; Darzentas 2010). To test the tandem organization of 
satDNAs, sequence comparisons against the chromosomal 

pseudomolecules of A. hypogaea cv. Tifrunner (Bertioli 
et al. 2019) were performed with BLAT (Kent 2002), using 
a match score ≥ 90%. The selected genome regions were 
analyzed for tandem repeat organizations using the YASS 
genomic similarity tool (http://​bioin​fo.​lifl.​fr/​yass/​yass.​php; 
Noé and Kucherov 2005).

Estimation of temporal dynamics of Athila family 
retrotransposons

Dating the insertion of retrotransposons in Arachis spe-
cies was inferred by calculating pairwise genetic diver-
gences from alignments of encoding RT sequences (Piegu 
et al. 2006; Ammiraju et al. 2007; Mascagni et al. 2018) of 
Athila, the most abundant and variable monophyletic lin-
eage of retrotransposons. For this purpose, those contigs 
that encoded for RT domains of Athila were retrieved by 
DANTE search tool (implemented in the RepeatExplorer 
Galaxy web-interface) and separately aligned by MAFFT 

Table 1   General information of the wild diploid Arachis species used in the clustering analysis including provenance and collection number, 
botanical section, four-letter code, genome assignment, genome size, heterochromatin content, and life cycle

GS 1C genome size, Mb megabases, HC heterochromatin content, LC life cycle, p perennial, a annual
a Expressed as percentage of the total chromosome length
b As reported by Yin et al. (2017)
c As detailed in GRIN-GLOBAL passport

Species Provenance, collectors and 
collection number

Letter code Section Genome (karyotype group) GS (Mb) HC (%)a LC

A. cardenasii Krapov. and 
W. C. Gregory

Bolivia, Dept. Santa Cruz, 
Prov. Chiquitos, Roboré. 
G, K, P 10017

Acar Arachis A (Chiquitano) 1.374 11.90 p

A. helodes Martius ex 
Krapov. and Rigoni

Brazil, St. Mato Grosso, 
Cuiabá. K, G 30029

Ahel Arachis A (Pantanal) 1.472 12.42 p

A. duranensis Krapov. and 
W. C. Gregory

Argentina, Salta, San Martín, 
Campo Durán. K 7988

Adur Arachis A (La Plata River Basin) 1.247 14.59 a

A. ipaënsis Krapov. and W. 
C. Gregory

Bolivia, Dept. Tarija, Prov. 
Gran Chaco, Ipa. K, G, B, 
P, Sc, S 30076

Aipa Arachis B 1.560 0 a

A. magna Krapov., W.C. 
Gregory and C. E. Simp-
son

Bolivia, Dept. Santa Cruz, 
Prov. Velasco, San Ignacio. 
K, G, Sc, S 30097

Amag Arachis B 1.575 0 a

A. trinitensis Krapov. and W. 
C. Gregory

Bolivia, Dept. Beni, Prov. 
Cercado, Trinidad. Wi 
1117

Atri Arachis F 1.389 5.89 a

A. batizocoi Krapov. and W. 
C. Gregory

Bolivia, Dept. Santa Cruz, 
Prov. Cordillera, Parapetí. 
G, K, B, S, P, Sc 30082

Abat Arachis K 1.384 11.36 a

A. glandulifera Stalker Bolivia, Dept. Santa Cruz, 
Prov. Velasco, San Ignacio. 
G, K, S, Sc 30099

Agla Arachis D 1.315 13.09 a

A. rigonii Krapov. and W. C. 
Gregory

K47b Arig Procumbentes E 1.560 12.85 p

A. paraguariensis Chodat 
and Hassl

Brasil. BRA 017-591c Apar Erectoides E 1.511 8.83 p

http://tools.bat.infspire.org/circoletto/
http://tools.bat.infspire.org/circoletto/
http://bioinfo.lifl.fr/yass/yass.php
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7.017 (Katoh et al. 2002) in order to obtain a consensus 
sequence. Then, Illumina reads of 100 nt-long of each spe-
cies (used as input of RE2) were mapped to the consen-
sus sequence using Geneious Read Mapper implemented 
in Geneious Prime 2021 (https://​www.​genei​ous.​com). The 
intraspecific pairwise divergence values between mapped 
reads under the Kimura two-parameter model of sequence 
evolution (Kimura 1980) were determined using MEGA ver-
sion 7.0.18 (Kumar et al. 2016). Kimura distances were con-
verted to MYA using the equation t = K/2r, where t is the age 
(MYA), K is the pairwise divergence between reads and r is 
the nucleotide substitution rate (r = 1.3 × 10–8 substitution/
site/year; Ma and Bennetzen 2004). Finally, we constructed 
a histogram representing the frequency distribution of the 
divergence values where the peaks are interpreted as trans-
position bursts.

Phylogenetic analysis

The phylogenetic inference based on genome proportions 
of repeats was performed according to Dodsworth et al. 
(2016), using the top clusters obtained from the clustering 
analysis of a concatenated dataset of Arachis species. All 
read numbers in the comparative data matrix were divided 
by a correction factor in order to convert all of them ≤ 65. 
Then, this matrix was used as input in the software TNT 
(Goloboff et al. 2008). The consensus tree was inferred 
using maximum parsimony and 10,000 bootstrap replicates 
with symmetrical resampling, using A. paraguariensis as 
outgroup. In addition, we performed a phylogenetic infer-
ence based on the pairwise sequence similarities among the 
reads of the species (matrices of observed/expected number 
of edges) of the 100 most-abundant clusters identified by 
RE2, as described by Vitales et al. (2020). Then, distance 
matrices were obtained by calculating the inverse of the val-
ues of the similarity matrices. Those matrices lacking pair-
wise similarity values were excluded from this analysis. The 
neighbor-joining trees were constructed with the package 
ape (Paradis and Schliep 2018) in R (R Core team 2018) and 
then exported to nexus format. Finally, the networks (Hol-
land and Moulton 2003) were constructed using the program 
SplitsTree4 (Huson and Bryant 2006).

Statistical analysis

The identification of repeats in Arachis genomes using RE2 
was done through three replicated runs to confirm the con-
sistency of the results. The genome sizes of A. paraguar-
iensis and A. rigonii estimated here are expressed as the 
average of three biological and three technical replicates. 
The software Infostat (Di Rienzo et al. 2013) was used to 
perform regression analysis and Pearson’s correlation tests.

Data availability and GenBank accession numbers

The original reads of the species sequenced here (A. tri-
nitensis, A. paraguariensis, A. helodes and A. glandu-
lifera) were deposited in the NCBI short-read archive 
(SRA) and are available under accession numbers 
SRR19084327–SRR19084330. In addition, Illumina 
DNA sequences of A. duranensis, A. cardenasii, A. bati-
zocoi, A. rigonii, A. magna and A. ipaënsis were retrieved 
from the NCBI Sequence Read Archive (Accession Nos. 
SRR8481368, SRR8481366, SRR8481357, SRR13188218, 
SRR8784101, and SRR8784095).

Results

Overall genome composition of repetitive 
sequences in diploid species of Arachis

The global composition of repetitive DNA sequences in the 
genomes of Arachis species was investigated following two 
strategies. Firstly, a clustering analyses using individual set 
of reads for each species (Fig. S1); and secondly, an analysis 
with a concatenated dataset of paired-reads from all diploid 
species covering 0.01 × of each genome. Since results from 
both strategies were comparable, only the results obtained 
from the concatenated dataset are presented in detail (Fig. 1 
and Table 2). A total of 231 clusters with at least 0.01% 
of the total number of reads analyzed (top clusters) were 
obtained. Most of them could be assigned to different classes 
of known repetitive DNA (i.e. retrotransposons, DNA trans-
posons, satDNA and rDNA); however, a small fraction 
(0.74–2.15%) remained as unclassified. The genome fraction 
of repetitive DNA among species of section Arachis ranged 
from 66.21% in A. trinitensis to 71.68% in A. helodes. The 
repetitive fraction in the outgroup species were 62.50% in A. 
paraguariensis (section Erectoides) and 71.11% in A. rigonii 
(section Procumbentes).

The LTR retrotransposons were the most abundant repeti-
tive sequences (from 50.86% in A. duranensis to 62.83% in 
A. rigonii) in all species analyzed, with a large predomi-
nance of the Ty3-Gypsy superfamily (31.73% in A. glan-
dulifera to 49.40% in A. rigonii) over Ty1-Copia elements 
(0.41% in A. rigonii to 6.38% in A. paraguariensis). Para-
retrovirus, Trim and LINE elements were also identified in 
all species; however they were scarce (less than 1% of the 
genomes). A large proportion of the elements identified as 
LTR remained as unclassified, mainly in species with B and 
F genomes in which the proportion accounted approximately 
18% of the genome. Proportions of DNA transposons ranged 
from 2.98% (A. rigonii) to 8.07% (A. glandulifera), and they 
included CACTA, PIF/Harbinger, Hat, Helitron and Mule 
lineages. The highest representation of DNA transposons 

https://www.geneious.com
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observed in A. glandulifera was mainly accounted by the 
increase of Mule elements (5.21%), while other species of 
Arachis showed values between 1.34 and 2.40% for this 
element.

Satellite DNA and ribosomal DNA (rDNA) were identi-
fied as other classes of abundant sequences. The fraction of 
rDNA varied widely among Arachis species, from 0.34% 
(A. helodes) to 2.44% (A. rigonii). Genome proportions of 
satDNA repeats within section Arachis ranged from 2.77 to 
7.56% in the species having DAPI+ heterochromatic bands 
(A. helodes, A. cardenasii, A. duranensis, A. trinitensis, 
A. glandulifera and A. batizocoi). In contrast, the content 
of satDNA was extremely low in species with B genome, 
which are deprived of conspicuous heterochromatic bands 
(0.37% in A. ipaënsis and 0.29% in A. magna). Among the 
outgroups, this fraction was very low in A. rigonii (0.57% 
of the genome), but moderate in A. paraguariensis (2.36%).

Lineage diversity and genome proportions 
within Ty1‑copia and Ty3‑gypsy superfamilies

As outlined in Table 2, the Ty1-Copia superfamily was the 
most diverse among LTR retroelements, despite its lower 
genome proportions compared to the Ty3-Gypsy elements. 
Seven lineages (Ale, Bianca, SIRE, Ikeros, Ivana, Tar and 
Tork) were found among Ty1-Copia elements while five 

lineages within Ty3-Gypsy ones (Chromoviruses CRM, 
Tekay and Galadriel, and non-Chromoviruses OTA/Tat/
Retand and OTA/Tat/Athila). Genome fractions of 3.04–6.21 
and 0.02–0.21% identified as Ty3-gypsy and Ty1-copia, 
respectively, could not be assigned to any known lineage 
and were named as unclassified Ty3 and Ty1 retroelements.

Among Ty1-Copia lineages, SIRE retroelements were the 
most represented in all species analyzed (0.18% in A. rigoni 
to 5.06% in A. paraguariensis), with similar values among 
species of section Arachis (from 0.96% in A. cardenasii to 
1.97% in A. batizocoi). Athila lineage was by far the most 
abundant Ty3-Gypsy lineage, and showed the largest varia-
tion in genome representation among the species analyzed 
(from 20.21% in A. paraguariensis to 35.44% in A. rigoni). 
Within section Arachis, species having A and B genomes 
showed the highest proportions of Athila elements (from 
26.57%, in A. ipaënsis, to 33.39%, in A. helodes), compared 
with those observed in the F, K and D genome species 
(23.90%, 22% and 19.43%, respectively).

Diversity of satDNA repeats

The analysis of individual datasets from different Arachis 
species with TAREAN allowed the characterization of 
44 satDNAs sequences, each one with at least 0.01% of 
genome proportion (Doc. S1). The number of detected 

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Ty3-gypsy Ty1-copia LINEs
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Unclassified other repeats low/single-copy sequences
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Fig. 1   Genome proportions of different classes of repetitive DNA 
and low/single-copy sequences identified in 10 Arachis species. Trim, 
Pararetrovirus and unclassified LTR elements are denoted as “other 
repeats”. Species are identified with the letter codes mentioned in 
Table  1. Species of section Arachis belonging to the same genome 
group are highlighted with the same color (A genome: orange; B 

genome: blue; D genome: green; F genome: brown; and K genome: 
red). Species of sections Procumbentes and Erectoides are indicated 
in black. The schematic tree based on the ITS sequences (adapted 
from Fig. 1 of Friend et  al. 2010) was used to display relationships 
among the analyzed Arachis species
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satDNAs per species ranged between eight (A. batizocoi) 
and two (A. helodes). Sequence comparisons revealed that 
almost all monomeric sequences can be grouped into four 
main closely related groups of satDNA sequences, named 
as AraSat1–AraSat4 (Table S1 and Fig. S2). The Group 
AraSat1 is composed of monomers of ca. 300 bp and 
near 80% of AT nucleotides, while the Group AraSat2, 
has monomer sizes of approximately 100 bp with 50% of 
AT. Conspicuous differences in both monomeric length 
and nucleotide composition were observed in sequences 
of groups AraSat3 (approximately 20 bp and 60–75% AT) 
and AraSat4 (190 bp and 61–62% AT). Other monomeric 
sequences showed a wide variation in length (31–445 bp) 
and nucleotide composition (42–76% AT), but they could 
not be assigned to any of the above-mentioned groups. 
All satDNA groups identified in this survey were found 
as tandem arrays in both scaffolds and pseudomolecules 
of A. hypogaea cv. Tifrunner (Fig. S3).

The comparative analysis of genome proportions of 
satDNAs (Fig. 2) revealed that seven clusters (Clusters 4, 
36, 48, 96, 114, 118 and 141) were shared by at least four 
Arachis species and that five (Clusters 4, 36, 48, 96 and 
141) were found in all species analyzed. Hereafter, the 
clusters are named with the letter “C” and the respective 
number retrieved from RE2 (eg. C4). Among the clusters 
shared by all species, clusters “C4, C36 and C48” (Group 
AraSat-1) accounted for more than 90% of the total reads 
classified as satDNAs. These clusters were especially 
abundant in species having conspicuous bands of DAPI+ 
heterochromatin, particularly in species with A, D, F and 
K genomes (section Arachis), and A. paraguariensis (sec-
tion Erectoides). The cluster C4 was the most abundant in 
species with A genome (3.22–5.57%), had intermediate 
values in F and K genome species (1.42% and 1.83%), and 
it was scarce in A. glandulifera (0.12%). In the E genome 
species, A. paraguariensis, this cluster represented 0.39% 
of the genome. The clusters C36 and C48 were the most 
abundant in A. glandulifera (each one representing 1.80% 
of the genome), they showed intermediate values in A. 
batizocoi (approximately 1.28%), and less than 1% in spe-
cies of the A and F genomes. A. paraguariensis showed 
similar values of C36 and C48 to those observed for A. 
batizocoi. The other two clusters shared by all species, 
C96 (AraSat3) and C141 (AraSat4), were among the less 
represented satDNA clusters, with genome proportions 
between 0.01 and 0.82%. Among the clusters of satDNAs 
shared by only four species, C114 (AraSat2) was detected 
in A. cardenassi (0.15%), A. duranensis (0.24%), A. trin-
itensis (0.34%) and A. batizocoi (0.05%); while the cluster 
C118 (AraSat4) was only found in all species of the A 
genome (0.04–0.15%) and in A. rigonii (0.34%).

Repetitive DNA and genome size

Genome sizes of diploid Arachis species are detailed in 
Table 1. Additionally, results of genome size estimations 
of A. paraguariensis and A. rigonii are shown in Table S2. 
The relationships between genome size (Cx), heterocromatin 
content and proportions of different types of repetitive DNA 
were analyzed by regression analysis and Pearson’s correla-
tion tests (Fig. 3 and Table S3). Even though the total repeti-
tive DNA fraction tends to be positively related with the 
genome sizes when all species were included in the analysis, 
this relationship was not statistically supported (r = 0.167, 
p = 0.644). However, this relationship strengthened when 
only annual species were considered (r = 0.807, p = 0.053).

The contribution of different classes of DNA repeats to 
genome size variation across Arachis was further inves-
tigated. A significant positive relationship was observed 
between the genome proportion of total LTR with genome 
size (r = 0.757, p = 0.011), however, this tendency was 
not statistically supported when any of the mayor super-
families Ty3-gypsy, Ty1-copia or LINEs were considered 
separately. A negative relationship between genome size 
and the genome proportion of Pararetrovirus (r = − 0.752, 
p = 0.012) was observed. Regarding to the relationship 
between the satDNA fraction and genome size, a nega-
tive and statistically supported relationship was observed 

Genome propor ons (%)
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Fig. 2   Quantification of satDNA repeats obtained from the clustering 
analysis on a concatenated dataset of randomly selected reads of the 
Arachis genomes. The genome proportions are expressed as percent-
age per haploid genome. Species are identified with the letter codes 
mentioned in Table  1. Species of section Arachis belonging to the 
same genome group are highlighted with the same color (A genome: 
orange; B genome: blue; D genome: green; F genome: brown; and K 
genome: red). Species of sections Procumbentes and Erectoides are 
indicated in black. The schematic tree based on the ITS sequences 
(adapted from Fig. 1 of Friend et al. 2010) was used to display rela-
tionships among the analyzed Arachis species
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(r = − 0.786, p = 0.007), which became more significant 
when only annual species were considered (r = − 0.938, 
p = 0.006). Similarly, the percentage of heterochromatin, 
expressed as a proportion of the total chromosome length, 
was inversely related with genome sizes considering all 
(r = − 0.646, p = 0.044) and only annual (r = − 0.96, 
p = 0.002) species. The satDNA fraction showed a strong 
relationship with the percentage of heterochromatin, espe-
cially in the annual species of section Arachis (r = 0.932, 
p = 0.007).

Temporal dynamics of LTR‑REs

The timing of retrotranspositional events was estimated for 
the most abundant LTR retroelements (Athila) in species 
representatives of different genomes (Fig. 4). The patterns 
of retrotranspositional waves of the Athila retroelement 
suggest differential times and magnitudes of activity in the 
evolutionary history of genomes/species within section 
Arachis and outgroups used here. The A genome species, 
together with A. ipaënsis and A. rigonii, showed a single 
peak of retrotranscriptional activity that increased from 
around 10 MYA to 2 MYA, when it entered on a plateau. 
However, in A. cardenasii and A. duranensis this activity 

Fig. 3   Scatter plots show-
ing the relationships among 
genome proportions of the total 
repetitive DNA fraction, LTR-
retrotransposons, satDNAs, 
heterochromatin (expressed as 
percentages) and genome size 
(Mb/Cx) in Arachis genomes. 
The R2 values for annual and 
perennial species are indicated 
beside regression lines
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Fig. 4   Timing of the Athila 
retrotranspositional activ-
ity in Arachis species based 
on the divergence estimated 
from pairwise comparisons of 
Illumina reads that match RT-
encoding sequences. Species are 
identified with the letter codes 
mentioned in Table 1. a Species 
of the sections Erectoides (A. 
paraguariensis) and Procum-
bentes (A. rigonii). b Species 
of the section Arachis with A 
genome. c Species of the sec-
tion Arachis with D genome. d 
Species of the section Arachis 
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seems to continue even in the last 2 MYA. The other species 
showed an ancient proliferation peak between 20 MYA and 
7–8 MYA. Among this group of species, A. trinitensis, A. 
batizocoi, A. glandulifera and A. magna also had a burst of 
retrotranspositional activity that begun around 5 MYA and 
lasted around 2–3 MYA. This latter burst peak occurred in a 
similar time frame to that observed in the A genome species.

Phylogenetic analysis of Arachis species based 
on the genome proportions and similarities 
of repeats

The phylogenetic tree obtained from the genome propor-
tions of repetitive DNA (Fig.  5) showed two well sup-
ported groups: (1) comprised the F (A. trinitensis) and B 
(A. ipaënsis and A. magna) genome species; (2) included all 
A genome species (A. duranensis, A. helodes and A. card-
enasii) together with A. rigonii (section Procumbentes). 
The species A. glandulifera (D genome) and A. batizocoi 
(K genome) were not grouped with other Arachis species 
and they diverged independently as independent and more 
distant linages.

After the exclusion of matrices with missing similar-
ity values, the consensus network based on the pairwise 
sequence similarities was done using 94 top clusters identi-
fied in RE2 (Fig. 6a). The topology was almost consistent 
with that obtained from the analysis of the genome propor-
tions of the repetitive elements. Arachis paraguariensis 
diverged firstly while the remaining species were included 
in two main groups. One of them composed of A genome 
species and A. rigonii and another formed by species belong-
ing to the B, D, F and K genomes.

To investigate the patterns of divergence of different 
repetitive linages in the Arachis genomes, phylogenetic 

analyses based on pairwise sequence similarities were sep-
arately done for Athila retroelements and the three major 
clusters of satDNAs (C4, C36 and C48). The consensus net-
work of Athila elements (Fig. 6b) showed a similar topology 
to the consensus network obtained from the analysis of top 
clusters. The networks derived from the three most abundant 
satDNAs are shown in Fig. 6c–e. These networks showed 
larger differences in branch lengths and topologies among 
each other, and also with those derived from Athila and from 
the 94 top clusters. As expected, A. paraguariensis appeared 
as the most distant species in all satDNA networks. The C4 
network (Fig. 6c) did not show any species/genome specific 
divergent cluster, instead a single lineage of sequences was 
observed, with A. paraguariensis in one of the extremes. 
The first species connected to A. paraguariensis were those 
of the B genome, then those of the A genome, and at the 
other end of the network, the species of the D, F and K 
genomes split in short branches. The topologies found for 
C36 (Fig. 6d) and C48 (Fig. 6e) networks were very similar 
with a clear segregation of the A genome species and A. 
rigonii from the clade of A. magna, A. batizocoi and A. glan-
dulifera. However, Arachis trinitensis (F genome) showed 
an intermediate position in the two trees and A. ipaënsis (B 
genome) in the C36 one (Fig. 6d, e).

Discussion

Repetitive landscape in Arachis species

The medium/high content of repetitive sequences here 
observed in Arachis genomes (63.44–69.80%) is consistent 
with the 64% previously obtained by re-association kinetics 
studies in the genome of the tetraploid A. hypogaea (Dhillon 
et al. 1980). It is also in the range (60% and 69%) obtained 
from the genome assemblies of the wild diploids A. duran-
ensis (A genome) and A. ipaënsis (B genome) (Bertioli 
et al. 2016). A detailed analysis of the clusters retrieved by 
RE2 revealed that the largest fraction of the repetitive ele-
ments of Arachis accounted for dispersed repeats, mainly 
represented by LTR retrotransposons, as reported for other 
groups of plant species (Macas et al. 2015; Mascagni et al. 
2018; McCann et al. 2020; Ribeiro et al. 2020). The genome 
proportions of these retroelements were nearly similar in 
all species analyzed, ranging from 52.88% (A. helodes) to 
55.22% (A. ipaënsis). In spite of the fraction Ty3-gypsy was 
less diverse in terms of number of lineages, its genome pro-
portion was in average 13.8 times higher than Ty1-copia. 
The higher representation of Ty3-gypsy compared to Ty1-
copia elements is in accordance with previous records in 
legumes with large genomes like Vicia, Lens, Pisum and 
Lathyrus (Macas et al. 2015; Kreplak et al. 2019) of the 
Fabeae tribe.
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Fig. 5   Phylogenetic relationships of Arachis species based on the rel-
ative abundance of 231 top clusters. Species are identified with the 
letter codes mentioned in Table 1. Species of section Arachis belong-
ing to the same genome group are highlighted with the same color 
(A genome: orange; B genome: blue; D genome: green; F genome: 
brown; and K genome: red). Species of sections Procumbentes and 
Erectoides are indicated in black. Numbers in the tree represent boot-
strap values
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The prevalence of particular lineages of retroelements in a 
genome is usually related to amplification events and activity 
of these elements (Feschotte et al. 2002). The highest, and at 
the same time variable, genomic representation of the Athila 
lineage suggests its preponderant role during the divergence 
of the genomes of section Arachis and probably of the whole 
genus, as deduced from the outgroups used here. Our results 
are consistent with previous analyses of Fidel, a highly abun-
dant Athila family of retrotransposons in Arachis, and its 
non-autonomous parasite Feral (Nielen et al. 2010; Bertioli 
et al. 2013). Similar results were also observed in Sthylosan-
thes (Silva Oliveira et al. 2021), highlighting the preponder-
ance of Athila elements in medium sized genome species of 
the early-branching Dalbergieae clade within the subfamily 
Faboideae. The highest and variable representation of SIRE 
lineage among the Ty1-copia retroelements suggests its dif-
ferential rerotranspositional activity among Arachis species. 
In spite of the amount of this element remained with similar 
amount within section Arachis, its representation was five 
times higher in A. paraguariensis but very low in A. rigonii. 
Therefore, this Ty1-copia linage may have also be important 
in the diversification of the genomes within the genus.

The variation in the genome proportion of the Athila 
lineage in the genomes of the species here analyzed sug-
gests that this element would have contributed significantly 
to the genomic diversification of Arachis. To estimate the 
proliferation times of Athila retroelements in the genomes of 
different Arachis species we translated the pairwise genetic 
distances between RT-encoding sequences into insertion 
dates (Piegu et al. 2006; Ammiraju et al. 2007; Mascagni 
et al. 2018). Although we are aware that the translation of 
nucleotide distances into insertion times could be subject 
to errors, this method has been a useful approach to make a 
rough estimation of the transposition waves in different line-
ages of retroelements among related species (Mascagni et al. 
2018). Keeping this consideration in mind, the period with 
the highest activity of Athila in almost all Arachis species 
(except A. paraguariensis) is observed from 10 to 2 MYA. 
The initial increase of activity was detected around the ini-
tial divergence of the genus Arachis estimated in 13.8 ± 1.7 
MYA (Lavin et al. 2004); and the peak of activity was coin-
cident with the beginning of genome divergence within 
section Arachis, estimated in 2.33–4.99 MYA (Moretzsohn 
et al. 2013; Nielen et al. 2010). The continuous increase 
in the retrotranspositional activity in A. duranensis and 
A. cardenasii, even in the last 2 MYA, suggests that this 
element is still modeling the repetitive landscapes of their 
genomes.

The similar genome proportion of DNA transposons in 
Arachis species (except in A. glandulifera) suggests a minor 
role of these elements in genome differentiation. The excep-
tion is A. glandulifera in which the approximately double 
proportion of DNA transposons was explained mainly by 

Mutator-like elements (MULEs). The high proportion of 
these elements deserves special consideration since it is 
well documented that DNA transposons have the ability 
to mediate chromosomal rearrangements by at least two 
possible types of mechanisms: (1) indirect by homologous 
recombination or (2) direct by an alternative transposition 
process (Gray 2000). As A. glandulifera is the only Arachis 
species with a highly asymmetric karyotype (Robledo and 
Seijo 2008) evolved through chromosome pericentric inver-
sions and/or translocations (Stalker 1991), the accumulation 
of MULE transposons in this genome provides an initial 
framework for future investigations on the karyotype evolu-
tion of this species.

Concerning the satDNA fraction, it is widely known that 
numerous families of these sequences can coexist in eukary-
ote genomes as part of a library shared by closely related 
species (Plohl et al. 2008; Ugarkovic and Plohl 2002). Con-
sistently, we found that the satDNA fraction of Arachis spe-
cies is mainly constituted of four groups of closely related 
sequences of a same superfamily, which are characterized 
by differences in monomeric length and nucleotide compo-
sition. However, these satDNA repeats were differentially 
amplified in the species here analyzed leading to specific 
profiles for each taxa.

The karyotypes of Arachis species belonging to different 
genomes are characterized by variable patterns of constitu-
tive DAPI+ heterochromatin. The karyotypes of A, K and D 
genomes presents bands of variable size with a preferential 
localization in the pericentromeric region of most chromo-
somes, and the F genome has tiny bands in six-to seven chro-
mosome pairs (Seijo et al. 2004; Robledo and Seijo 2008, 
2010; Robledo et al. 2009). In contrast, B genome species 
lack detectable DAPI+ heterochromatin bands in their karyo-
types (Seijo et al. 2004; Robledo and Seijo 2010), although 
small dots of more condensed chromatin may appear in the 
centromeres after strong treatments with proteases for FISH 
procedures (Seijo pers. obs.). The variation in the propor-
tions of the satDNA fraction in Arachis genomes from 0.29% 
(A. magna) to 7.56% (A. duranensis) is directly proportional 
to the DAPI+ heterochromatin content, evidencing that the 
satDNAs here identified are the major components of this 
heterochromatin. Fluorescent in situ hybridization with some 
representatives of these satDNAs on chromosome comple-
ments of few diploid Arachis species supports this hypoth-
esis (Samoluk et al. 2017, 2019; Zhang et al. 2012, 2016).

Among the seven shared, but differentially represented 
clusters (C4, C36, C48, C96, C114, C118 and C141) in Ara-
chis species, the most abundant ones (C4, C36 and C48) 
belong to the group AraSat1 and accounted for more than 
90% of the fraction. These clusters includes sequences with 
homology to the previously characterized sequences ATR-2 
(Samoluk et al. 2017), H-b (Zhang et al. 2016) and Agla_
CL8sat (Samoluk et al. 2019). These satDNAs are the main 
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component of the DAPI+ heterochromatin in the A, F, K and 
D genomes. However, they are barely represented in the spe-
cies of the B genome, which are deprived of heterochromatic 
bands. Among the less represented satDNAs (C96, C114, 
C118 and C141), C96 (group AraSat2) showed homology 
with the previously characterized satDNA “clone 119” of 
A. hypogaea (Zhang et al. 2012), while the remaining ones 
would constitute new satDNA families. The results suggest 
that the high rates of turnover occurred in this superfamily of 
satDNAs led to the different amounts of DAPI+ heterochro-
matin, one of the main features that modeled the genomes 
in section Arachis.

Repetitive DNA and genome size evolution 
in Arachis

The genome size (C-value) variation among species of a 
particular plant genus and ploidy level (Bennett 1987) is 
mainly explained by different mechanisms of expansion and 
contraction of repetitive DNA (Bennetzen et al. 2005). Here 
we investigated the quantitative changes in different frac-
tions of repetitive DNA that may explain the ca. 1.26-fold 
genome size variation among wild Arachis diploids with 
x = 10 (Samoluk et al. 2015a). Considering both annual and 
perennial species, we found that the genome size variation 
tend to be determined by the differential amplification of 
the repetitive DNA fraction as a whole, as observed in other 
plant species (SanMiguel and Bennetzen 1998; Macas et al. 
2015). A deeper analysis showed that genome sizes are more 
strongly correlated with the contents of LTR-retrotranspo-
sons, particularly when only annual species of section Ara-
chis are considered.

It has been documented that recent retrotransposition 
bursts of LTR retrotransposons is the main mechanism 
of genome size increase in plant genomes (Bennetzen 
and Wang 2014; Zhang and Gao 2017). Accordingly, our 
results evidenced that the last burst of activity of Athila 
elements (between 5 and 2 MYA) may have been one of 
the main processes involved in the genome amplification 
of the species studied here. However, the tendency toward 
the obesity of the genomes is not the only one described 
in eukaryotes (Bennetzen and Kellog 1997). Indeed, 
reduction in genome size has been documented via LTR 

retroelements removal from host genomes through dele-
tions and recombinations (Devos et al. 2002; Baidouri and 
Panaud 2013). In this context, the lowest content of LTRs 
found in the Arachis species with the smallest genome size 
can be interpreted as a result of an active erosion of these 
elements from an ancestral genome with higher content, 
like in the annual A. duranensis. From comparisons of 
genome assemblies it was proposed that A. duranensis (A 
genome), after its divergence from a common ancestor 
with A. ipaënsis (B genome), experienced several inver-
sions followed by a genome size reduction through a dra-
matic loss of LTR retroelements in the inverted regions, 
likely through a mechanism of illegitimate recombination 
(Ren et al. 2018). This hypothesis is supported by the high 
proportion of solo-LTRs found in A. duranensis (Bertioli 
et al. 2016) and suggest a complex relationship between 
the karyotype structure and the proportion of LTRs that 
are maintained in each chromosomal region, which ulti-
mately affect the genome size of the species.

The contribution of the satDNA content to the genome 
size variation is variable in different plant groups. The 
proportion of satDNAs may be directly related (Emadzade 
et al. 2014), inversely related (Sader et al. 2021) or unre-
lated (Ambrožová et al. 2011) with genome size variations. 
The inverse relationship observed between the proportion 
of satDNAs and the genome size in Arachis species, and 
the fact that the largest genomes are deprived of conspicu-
ous heterochromatic bands, clearly denotes that this frac-
tion cannot explain the observed genome size variation. 
Although satDNAs showed a wide range of variation 
among species, it is masked by the huge variations in the 
LTRs elements.

The contrasting relationships of genome sizes with the 
proportions of LTR elements and satDNAs suggest differ-
ent ways of genome size evolution at diploid level within 
section Arachis. One of them shows a tendency towards 
the accumulation of satDNA sequences in genomes with 
medium to low genome size, while another towards the 
accumulation/deletion of LTRs. Our results suggest that the 
mechanisms involved in the accumulation/deletion of both 
types of sequences (LTRs and satDNA) in Arachis may be 
constrained by the genome size and its nucleotype effects 
(Bennet et al. 1987) in a dynamic balance. That is, satDNA 
amplification should have been accompanied or tolerated as 
long as there was a reduction in the LTRs proportions. On 
the contrary, an increase in the size of the genome by ampli-
fication of LTRs would imply a restriction for a concomitant 
amplification of satDNAs or would induce a reduction in the 
proportion of these tandem repeats. We propose that the evo-
lutionary dynamics of these two repetitive fractions under 
genome size and chromosomal constraints may have been 
the principal pathways that modeled the modern genomes 
and main karyotype features in Arachis species.

Fig. 6   Phylogenetic relationships of Arachis species based on repeat 
sequence similarities. a 94 top clusters identified with RE2. b Clus-
ters classified as Athila retrotransposons. c satDNA from cluster 4 
(satDNA C4). d satDNA from cluster 36 (satDNA C36). e satDNA 
from cluster 48 (satDNA C48). Species are identified with the let-
ter codes mentioned in Table  1. Species of section Arachis belong-
ing to the same genome group are highlighted with the same color 
(A genome: orange; B genome: blue; D genome: green; F genome: 
brown; and K genome: red). Species of sections Procumbentes and 
Erectoides are indicated in black

◂
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Repetitive DNA reflects phylogenetic relationships 
in Arachis

The phylogenetic network based on comparative analysis of 
the repeatomes showed that the A genome species are well 
differentiated from those with other genome types within 
section Arachis. These results are in agreement with the pro-
posed genome classification (Robledo et al. 2010; Robledo 
and Seijo 2010) and previous phylogenetic analysis (Bechara 
et al. 2010; Moretzsohn et al. 2004, 2013). However, the 
relative positions of the D, F and K genomes reflects the 
controversial relationships found in the literature. While the 
repeat proportion tree suggests that the F genome is closely 
related to the B genome, being the D and K genomes in 
an intermediate position between A and B-F clusters, the 
network based on the sequence diversity of 94 top clus-
ters showed that B, D, F, and K genome species clustered 
together, separated from the A genome species. The latter 
result is in agreement with the previous species relationship 
analysis based on nuclear ribosomal DNA (ITS regions and 
5.8 S; Bechara et al. 2010), Tentative Orthologous Gene 
(TOGs; Leal-Bertioli et al. 2015) and plastid trnT–S, trnY–T 
regions (Grabiele et al. 2012).

Regarding to the diploid species belonging to other sec-
tions, the repeatome data confirm the distant relationship 
between A. paraguariensis (section Erectoides) and the 
species of section Arachis, as it was previously observed 
(Bechara et al. 2010). However, the phylogenetic position 
of the accession annotated in the GenBank under the name 
of A. rigonii Krapov. and W.C. Gregory do not agree with 
the accepted taxonomic position for this species. The only 
one known accession of this species (GKP 10034) belongs 
to section Procumbentes, due to the horizontal growth of 
the peg and the highest percentage of fertility in hybrids 
with species of that section (Krapovickas and Gregory 
1994). Most likely, this incongruence can be attributed to 
a mismatch between the source of the DNA sequences and 
the species name registered in the GenBank. The extremely 
low proportion of satDNAs observed here for this species 
is weird, and not expected for a species with medium size 
heterochromatic DAPI+ bands in all or most of their chromo-
somes, such as A. rigonii (Ortiz et al. 2017). Since the origi-
nal passport data and/or an international voucher specimen 
were not provided in Yin et al. (2017), who generated the 
Illumina sequences (SRR13188218), further analysis with a 
properly documented material of this species are necessary 
to shed light into its relationships with species of section 
Arachis.

Different repetitive sequences within a genome can pro-
vide variable levels of phylogenetic signal, therefore affect-
ing tree topology and resolution (Dodsworth et al. 2016; 
Weiss-Schneeweiss et al. 2015). While the phylogenetic net-
works obtained from the sequence diversity of top clusters 

and from Athila retroelements have the same topology, the 
networks obtained from satDNAs (C4, C36 and C48) show 
some discrepancies. In the satDNA C4 tree, the sequences of 
the F, K and D genomes are closer to those of the A genome 
than to those of the B genome. The sequences of A. ipaënsis 
and A. magna were the closest to A. paraguariensis (in one 
edge) and showed larger relative distances from each other 
than the distances observed among the other species. The 
sequences of the D, F and K genomes showed the shortest 
distances at the other edge of the network, close to those of 
the A genome, suggesting a recent amplification of a few 
elements of the C4 lineage in these genomes. The trees of 
satDNAs C36 and C48 were similar and revealed a higher 
similarity among the sequences of the K, D and B genomes 
compared to those of the A genome. This finding is in agree-
ment with the topologies published based on both nuclear 
(Leal-Bertioli et al. 2015) and plastid (Grabiele et al. 2012) 
DNA sequences. The intermediate position of A. trinitensis 
suggests that these sequences would have had a less evolu-
tionary dynamic than those present in the other species of 
section Arachis. This fact is probably related to the small 
sizes of heterochromatin blocks observed in the species with 
F genome (Robledo and Seijo 2010). If the topology revealed 
by the similarity of sequences is accepted, the coincidence in 
the amounts of heterochromatin among K, D and A genomes 
would suggest a parallel amplification of the different ver-
sions of the same family of satDNAs in these genomes. 
Furthermore, considering a similar mutation rate for the 
three elements, the distances suggest that the amplifications 
of the different elements would have occurred at different 
evolutionary times. For satDNAs C36 and C48, the diver-
gence would have occurred at an initial moment of genomic 
divergence within section Arachis (probably even earlier in 
C48). By contrast, the satDNA C4 network suggests a recent 
divergence of motifs within the K, D, F genomes with higher 
similarity to those in the A genome. With these results, we 
propose that the parallel amplification of different satDNAs 
in the K, D, F and A genome species may explain the high 
similarity in the heterochromatic pattern of these species, 
especially those of the A and K genomes.
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