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Abstract
Main conclusion The most conspicuous difference among chromosomes and genomes in Arachis species, the patterns 
of heterochromatin, was mainly modeled by differential amplification of different members of one superfamily of 
satellite DNAs.

Divergence in repetitive DNA is a primary driving force for genome and chromosome evolution. Section Arachis is karyo-
typically diverse and has six different genomes. Arachis glandulifera (D genome) has the most asymmetric karyotype and 
the highest reproductive isolation compared to the well-known A and B genome species. These features make A. glandulifera 
an interesting model species for studying the main repetitive components that accompanied the genome and chromosome 
diversification in the section. Here, we performed a genome-wide analysis of repetitive sequences in A. glandulifera and 
investigated the chromosome distribution of the identified satellite DNA sequences (satDNAs). LTR retroelements, mainly 
the Ty3-gypsy families “Fidel/Feral” and “Pipoka/Pipa”, were the most represented. Comparative analyses with the A and 
B genomes showed that many of the previously described transposable elements (TEs) were differently represented in the 
D genome, and that this variation accompanied changes in DNA content. In addition, four major satDNAs were character-
ized. Agla_CL8sat was the major component of pericentromeric heterochromatin, while Agla_CL39sat, Agla_CL69sat, and 
Agla_CL122sat were found in heterochromatic and/or euchromatic regions. Even though Agla_CL8sat belong to a different 
family than that of the major satDNA (ATR-2) found in the heterochromatin of the A, K, and F genomes, both satDNAs are 
members of the same superfamily. This finding suggests that closely related satDNAs of an ancestral library were differen-
tially amplified leading to the major changes in the heterochromatin patterns that accompanied the karyotype and genome 
differentiation in Arachis.
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Abbreviations
satDNA  Satellite DNA
FISH  Fluorescent in situ hybridization
rDNA  Ribosomal DNA
LTR  Long terminal repeat
NGS  Next-generation sequencing
TEs  Transposable elements

Introduction

Plant genomes are composed of a high proportion of repeti-
tive DNA, which are largely diverse even among closely 
related species (Hemleben et al. 2007; Heslop-Harrison 
and Schwarzacher 2011; Mehrotra and Goyal 2014; Bis-
cotti et al. 2015). Although the role of the repetitive DNAs 
is not fully understood, it has been shown that speciation 
events are consistently accompanied by salient fluctuations 
of these components (Charlesworth et al. 1994; Kidwell and 
Lisch 2000; Hemleben et al. 2007). The diverse functional 
impact of repeated sequences and their intrinsic contribu-
tion to genomic plasticity suggests that this fraction plays an 
important role in the genome diversification and, ultimately, 
can contribute to the divergence of species (Presgraves 2010; 
Ferree and Prasad 2012).

Among repetitive elements, long terminal repeat (LTR) 
retrotransposons constitute the major part of repetitive DNA 
of plant genomes and contribute substantially to the genome 
size variation among species (SanMiguel and Bennetzen 
1998; Schnable et al. 2009). Moreover, mobile elements 
are one of the key factors accelerating eukaryotic evolution 
(Naito et al. 2009), since they can transpose into genes or 
their flanking regions, resulting in the disruption or promo-
tion of gene expression (Shirasawa et al. 2012), induction 
of chromosome re-arrangements (Raskina et al. 2008), and 
promoting the loss of colinearity of genomes (Buchmann 
et al. 2012), among other effects. Tandem repeats are also 
important components of the repetitive fraction of genomes 
and several reports have documented that they have a cen-
tral role in gene expression and heterochromatin assembly 
(Martienssen 2003; Sharma and Raina 2005; Kloc and Mar-
tienssen 2008; Pezer et al. 2012). In general, tandem repeats 
evolve quickly and, hence, can vary in nucleotide composi-
tion, genome representation and chromosomal distribution, 
affecting genome structure and/or genome sizes (Plohl et al. 
2008).

The genus Arachis includes more than 80 species native 
to South America (Krapovickas and Gregory 1994; Valls and 
Simpson 2005, 2017; Valls et al. 2013; Santana and Valls 
2015). The 31 species accepted within section Arachis are the 
most diverse and economically important, since they consti-
tute the secondary gene pool of peanut (Burow et al. 2001; 
Simpson 2001; Mallikarjuna 2002; Mallikarjuna et al. 2004). 

Twenty-nine of these species are wild diploids (2n = 2x = 20, 
18) and were assigned to the A, B, D, F, G, and K genomes 
(Robledo and Seijo 2008, 2010; Robledo et al. 2009, Silvestri 
et al. 2014). The other two, A. monticola and the cultivated 
peanut A. hypogaea are allopolyploids (2n = 4x = 40) with an 
AABB genome constitution (Seijo et al. 2004).

There are only a few molecular and cytogenetic informa-
tion on the repetitive fraction of Arachis, mostly on LTR 
and non-LTR retrotransposons (Nielen et al. 2010, 2012; 
Samoluk et al. 2015b), DNA transposons (Gowda et al. 
2010, 2011; Patel et al. 2004; Shirasawa et al. 2012), and 
satDNA sequences (Zhang et al. 2012, 2016; Samoluk et al. 
2017), but they were mostly done in the cultivated peanut 
and its wild diploid progenitors, A. duranensis (A genome) 
and A. ipaënsis (B genome). These reports suggested that 
repetitive sequences have been a driving force for A and 
B genome differentiation. The recent description of the 
genomes of the diploid progenitors of the cultivated peanut 
provided a detailed characterization of the TEs that com-
posed their repetitive fractions (Bertioli et al. 2016; Chen 
et al. 2016; Lu et al. 2018), but a little information was 
delivered about tandem repeat elements. In general, the data 
generated so far have not been suitable for analysis of the 
evolutionary dynamics of the repetitive fraction as a whole, 
and especially for the satellite fraction, both at chromosome 
and genomic levels in diploid Arachis species.

Arachis glandulifera is the only species with ‘D genome’. 
It has the most distinct karyotype (Stalker 1991; Fernandez 
and Krapovickas 1994) and the largest proportion of het-
erochromatin of section Arachis (Robledo and Seijo 2008). 
Moreover, it is reproductively isolated from the other dip-
loid species of the section (Stalker 1991; Robledo and Seijo 
2008). For these reasons, the analysis of its genome compo-
sition and chromosome structure is essential for understand-
ing the genome evolution in the section Arachis.

Here, we analyze the repeatome of A. glandulifera to pro-
vide insights into the repetitive DNA of a distant species 
of those so far analyzed. We characterize the major DNA 
repeats of the A. glandulifera genome using a low-depth 
Illumina sequencing and computational analyses. Moreo-
ver, the chromosome distribution of rDNAs and satDNAs is 
investigated by FISH. This work delivers the first compre-
hensive repeatome of a wild diploid Arachis species, and it 
is compared with those available for representative species 
of the A and B genomes.

Materials and methods

Plant material

For genome sequencing, the genomic DNA was isolated 
from young fresh leaves of A. glandulifera GKSSc30099 
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of plants growing in greenhouses at the Center for Applied 
Genetic Technologies at the University of Georgia (Athens, 
GA, USA). Hybridization experiments were made using 
chromosome preparations obtained from root tips of A. 
glandulifera SeSN2990 and SeSN3263, from the Arachis 
germplasm collection at the Instituto de Botánica del Nord-
este, Corrientes, Argentina.

DNA extraction and whole‑genome sequencing

Total DNA was extracted using a DNA extraction kit (Qia-
gen, Hilden, Germany) and a library of A. glandulifera was 
prepared using the Illumina TruSeq DNA Library Prep 
kit- 600 bp insert size (Illumina Inc.). This library was 
sequenced on Illumina MiSeq platform using the reagent 
kit v3-600 cycle (cat. MS-102-3003) to obtain 2 × 300 bp 
paired-end reads.

Identification of repetitive sequences

The genome-wide analysis of repetitive sequences was con-
ducted using the first version of the software RepeatExplorer 
(Novak et al. 2010, 2013), implemented within the Galaxy 
environment (https ://repea texpl orer-elixi r.cerit -sc.cz/galax 
y/). From low coverage sequencing data, repeat sequences 
were identified and quantified using a graph-based cluster-
ing analysis. The resulting clusters were classified by simi-
larity searches against the Conserved Domain Database for 
the functional annotation of proteins (Marchler-Bauer et al. 
2011), Repbase Update (Jurka et al. 2005), and a custom 
library containing repetitive sequences already annotated for 
Arachis species (PeanutBase, https ://www.peanu tbase .org/). 
The proportion of the repetitive fraction in the A. glandu-
lifera genome was calculated by the number of clustered 
reads versus the total amount of reads used for the analysis. 
Similarly, the contribution of each repeated sequence to the 
total genome size was estimated as the proportion of reads 
in each cluster compared to the total amount of reads used.

For the analysis of satDNAs, those clusters with star-
like and circular graphical representation were selected. 
Derived contigs were aligned and putative monomers were 
detected using Tandem Repeats Finder (Benson 1999) and 
Dot-plots to characterize the putative monomeric sequences. 
The logos of different monomeric sequences were created 
from multiple sequence alignments using WebLogo (Crooks 
et al. 2004). To investigate possible homology among the 
characterized satDNAs, we used the criterion proposed by 
Ruiz-Ruano et al. (2016), which consider that monomeric 
sequences showing from 50 to 80% of identity belong to 
different families of the same superfamily of satDNAs, 
sequences with more than 80% of identity are variants of 
the same family, and those showing identity higher than 95% 
are considered the same monomeric variant.

BLAST was used to make sequence comparisons against 
the public database NCBI and the reference genomes of 
Arachis species deposited in the PeanutBase (https ://www.
peanu tbase .org/).

PCR amplifications

Amplifications of satDNA sequences were performed using 
specific primers (Table 1) in a final volume of 10 μl in the 
presence of 50 ng of total genomic DNA, 1 μl 10 × Taq 
buffer, 2 mM each primer, 0.2 mM dNTPs, 2.5 mM  MgCl2, 
and 0.5 U of Taq polymerase (Promega). After an initial 
denaturation step at 94 °C for 5 min, amplifications were 
conducted for 35 cycles at 30 s denaturation at 94 °C, 1 min 
annealing at 40–54 °C (depending on the primer pairs), and 
1 min elongation at 72 °C, with a final elongation step at 
72 °C for 5 min.

Synthesis of labeled probes

Clusters identified as satDNA sequences (Agla_CL8sat, 
Agla_CL39sat, Agla_CL69sat, and Agla_CL122sat) were 
considered for developing FISH probes. Probe labeling of 
monomeric sequences was made by PCR (using the same 
amplification conditions described above) using biotin-
11-dUTP (Roche, Mannheim, Germany) or digoxigenin-
11-dUTP (Roche, Mannheim, Germany). Due to the high 
percentage of similarity (89% of identity over 100% of the 
query length) between Agla_CL39sat and ATR-2 satDNA, 
a probe derived from the AhyTR-2c6 clone isolated from A. 
hypogaea (Samoluk et al. 2017) was used for FISH experi-
ments. The chromosome distributions of the 5S and 18S-26S 
rDNAs were also analyzed. For this purpose, the probes of 

Table 1  List of primer pairs used to amplify the different tandem 
repeats in A. glandulifera 

fwd forward primer, rev reverse primer, Tm melting temperature
a Primers used to amplify AhyTR-2c6 clone isolated from A. 
hypogaea (Samoluk et al. 2017)

Primer name Nucleotide sequence Tm (°C)

Agla_CL8-fwd GAT CTG TTG TTT ACT AGA TAMTGC 
TGG 

52.1

Agla_CL8-rev ATT CTT AAT TTG TGA ACA AGA 
GCA GC

54.5

Agla_CL39-fwda AAA ATA GGA TTT CAA AAG ACAAG 46.7
Agla_CL39-reva TTT TTA TTC ATC GGA TAG TGC 46.8
Agla_CL69-fwd TGAGANATG AYA TAC TTG GAC 41.6
Agla_CL69-rev CTT TRA GAT CAT AAA ARC TATC 40.4
Agla_CL122-fwd GTC CGC AGT AGT ATA AAA CTT 

TGG 
53.8

Agla_CL122-rev ATT AAC TTA GTT GTT GTG TGA 
TGC C

54.0

https://repeatexplorer-elixir.cerit-sc.cz/galaxy/
https://repeatexplorer-elixir.cerit-sc.cz/galaxy/
https://www.peanutbase.org/
https://www.peanutbase.org/
https://www.peanutbase.org/
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the rRNA genes (5S and 18-26S) of A. hypogaea (Robledo 
and Seijo 2008) were used to detect the ribosomal loci as 
comparative chromosome landmarks.

Preparations of mitotic chromosomes

Root tips were pretreated with 2 mM 8-hydroxyquinoline 
for 3 h at room temperature (24 °C) and then fixed in 3:1 
absolute ethanol:glacial acetic acid. Somatic chromosome 
spreads were prepared using the SteamDrop method (Kirov 
et al. 2014).

FISH experiments

Hybridization experiments were performed according to 
Seijo et al. (2004) with hybridization mixes containing DNA 
probes with an approximate concentration of 2.5 ng/μl. The 
hybridization and post-hybridization washes were carried 
out with more than 80% stringency. The first set of antibod-
ies consisted of goat anti-biotin (B3640, Sigma-Aldrich) 
and mouse anti-digoxigenin (F3523, Sigma-Aldrich). The 
second sets of antibodies included the anti-goat conjugated 
to TRITC produced in rabbit (T6028, Sigma-Aldrich) and 
the anti-mouse conjugated to FITC produced in sheep 
(2883, Sigma-Aldrich). Chromosomes were counterstained 
with 2 mg/ml of 4′-6-diamidino-2-phenylindole (DAPI) in 
Vectashield anti-fade (Vector Laboratories, USA).

Microscopy and image processing

Slides of hybridized mitotic chromosomes were photo-
graphed with a Leica DMRX epi-fluorescence microscope 
(Leica, Heerbrugg, Switzerland) coupled to a computer-
assisted Leica DC 350 digital camera system. Red, green, 
and blue images were captured in black and white using IM 
1000 Leica software. Finally, the images were merged and 
pseudocolored. The chromosome pairs were named accord-
ing to Robledo and Seijo (2008).

Results

Global genome composition

A total of 1,311,216 paired-end reads (covering approxi-
mately 0.20× of the genome) were used as input for sim-
ilarity-based clustering analysis, with a minimum overlap 
of 55% and a similarity of 90%. From this, 856,474 reads 
(65.32%) were grouped in clusters, while the remaining 
454,742 reads were classified as singletons.

Based on the cluster shapes and sequence similarity 
searches, clusters were additionally classified in differ-
ent kind and families of repetitive sequences (Fig. 1 and 

Suppl. Table S1). We found that the genome of A. glandu-
lifera is comprised by 54.19% of TEs, 4.21% of rDNAs and 
3.29% satDNAs. A small fraction (3.64%) of the clustered 
reads was not clearly associated with any kind of repetitive 
sequences and they were referred as unclassified repeats.

Characterization of TEs

The LTR retrotransposons were the most abundant repetitive 
sequences, accounting for 50.99% of the genome of A. glan-
dulifera. Among them, the Ty3-gypsy superfamily was the 
main constituent with 46.04%, while the Ty1-copia super-
family was much less represented (3.98% of the genome). 
Twenty families of the Ty3-gypsy elements were identified 
(Suppl. Table S1) of which “Fidel/Feral” and “Pipoka/Pipa” 
were the most abundant, accounting for 15.36% and 14.29%, 
respectively. Twelve families of Ty1-copia group were iden-
tified (Suppl. Table S1), among which, the “RE128” was the 
most abundant one (2.20%). A small amount (0.95%) of the 
LTR group was assigned to other retroelements (unclassi-
fied, trim, and pararetrovirus).

Non-LTR retrotransposons were poorly represented in 
A. glandulifera, accounting for only 1.32% of the genome 
(Suppl. Table S1). LINEs accounted for 1.28% as compared 
to SINEs at 0.04%. DNA transposons (including TIRs and 
Helitrons) represented only 1.87% (Suppl. Table S1). This 
fraction included elements belonging to the CACTA, Har-
binger, hAT, Helitron, and MULE superfamilies. The latter 
was the most represented among DNA transposons (0.86%).

The comparative analysis of the genomic proportions of 
the main classes of TEs among A. glandulifera, A. duranen-
sis, and A. ipaënsis is shown in the Suppl. Table S2.

Fig. 1  Proportions (expressed as percentages) of non-repetitive and 
different kinds of repetitive DNA sequences in the genome of A. glan-
dulifera, based on the graph-based clustering analysis
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Characterization of rDNAs and satDNAs

The output of Repeat Explorer showed five clusters with the 
typical star-like or circular graph (Suppl. Fig. S1). Four of 
them (CL8, CL39, CL69, and CL122) corresponded to dif-
ferent satDNA families (hereafter, referred as Agla_CL8sat, 
Agla_CL39sat, Agla_CL69sat, and Agla_CL122sat). The 
remaining cluster, CL21, corresponded to the 5S rDNA 
(hereafter referred as Agla_CL21-5S). Sequence logos 
of monomeric units of the individual satDNAs and 5S 
rDNA are shown in the Suppl. Fig. S2. Representative 
repetitive units of the four satDNA families (Agla_CL8sat, 
Agla_CL39sat, Agla_CL69sat, and Agla_CL122sat) and 
the Agla_CL21-5S were deposited in NCBI GenBank 
(MK111638–MK111642).

The rDNA sequences represented 4.21% of the genome 
of A. glandulifera. The reads belonging 18–26S rDNA rep-
resented 3.85% of the genome, while those of the 5S rDNA 
constituted only 0.36%. The alignment with the other well-
described plant 5S rRNA genes (Waminal et al. 2014; Cloix 
et al. 2000) helped to delimit the boundaries of the cod-
ing region and the intragenic promoter of Agla_CL21-5S 
(Suppl. Fig. S3). With a length of 305 bp, the Agla_CL21-5S 
repetitive unit contains an intergenic spacer of 216-bp.

Comprising approximately 3.11% of the genome, Agla_
CL8sat was the most abundant satDNA of A. glandulifera. 
The monomeric sequence had 359 bp with 82% A + T con-
tent. The comparison of the consensus sequence against pub-
lic databases revealed an identity of 70–75% (over 61–71% 
of the query length) with the previously published ATR-2 
satDNA (GenBank KX685960–KX686015) and 72–75% of 
identity (over 58–62% of the query length) with the H-b-Ad 
and H-b-Ai satDNAs (GenBank KF957859 and KF957860, 
respectively).

The second most abundant satDNA was Agla_CL39sat, 
with 0.11% of the genome. As observed for Agla_CL8sat, 
its 330 bp monomeric consensus sequence had high per-
centage of A + T nucleotides, 88%. Searches in public data-
bases revealed an identity of 81–94% (over 72% of the query 
length) with ATR-2 satDNA and of 90–93% (over 100% 
of the query length) with H-b satDNA. The comparison 
between Agla_CL8sat and Agla_CL39sat showed 75% of 
similarity.

The other two satDNA sequences, Agla_CL69sat and 
Agla_CL122sat, were less represented in the genome. The 
former had monomeric units of 155 bp and with 63% of 
A + T content and it accounted for 0.05% of the genome. The 
latter had a consensus monomeric unit of 209 bp, 70% of 
A + T nucleotides, and it constituted 0.02% of the genome. 
The comparisons of these two satDNAs against the NCBI 
database did not show any similarity with the other previ-
ously characterized satDNAs; however, both monomeric 
sequences had similarity hits to genomic sequences of A. 

duranensis, A. ipaënsis, and A. hypogaea in the PeanutBase 
(https ://www.peanu tbase .org/).

FISH experiments

To gain more insights into chromosome organization and 
sequence composition of the heterochromatin in this D 
genome species, mitotic chromosomes of A. glandulifera 
were in situ hybridized using probes of the four identified 
satDNA families (Agla_CL8sat, Agla_CL39sat, Agla_
CL69sat, and Agla_CL122sat), together with the ribosomal 
genes (5S and 18-26S) as chromosomal landmarks. Results 
of hybridization experiments and the relative positions of 
hybridization loci on the karyotype are shown in Figs. 2 and 
3, respectively.

In situ hybridization using rDNA probes revealed one 
5S rDNA loci in the subterminal position on the long arms 
of the D5 chromosomes (Fig.  2b) and three conspicu-
ous 18-26S rDNA loci: one located along the secondary 
constrictions of the D2 chromosomes and the remaining two 
on the long arms of the subtelocentric D9 and D10 chromo-
somes (Fig. 2e). The 18–26S rDNA sites on chromosomes 
D1 and D6 detected by Robledo and Seijo (2008) in the 
accession Se3263 were very tiny and rarely observed here. 
Therefore, only the three constant hybridization signals were 
represented in Fig. 3.

Seven chromosome pairs (D1, D2, D4, and D7–D10) 
showed fluorescent signals with the Agla_CL8sat, Agla_
CL39sat, Agla_CL69sat, and Agla_CL122sat probes, while 
D3, D5, and D6 did not evidence any detectable hybridiza-
tion signals of satDNAs.

Agla_CL8sat probe revealed fluorescent signals on most 
of the  DAPI+ heterochromatic bands (Fig. 2c). The hybridi-
zation signals were detected on the pericentromeric bands 
of D1, D2, and D7–D10 chromosomes, and on the intersti-
tial bands of long arms of D7 chromosomes. The size and 
strength of the fluorescent signals corresponded to the size 
of the heterochromatic bands.

The probe of Agla_CL39sat (sequence AhyTR-2c6) 
showed a total of three pairs of hybridization signals. Two 
of them on the D9 chromosomes, one pair on  DAPI+ peri-
centromeric bands and the other on distal regions of the long 
arms; the third in the interstitial location on the long arms 
of D7 chromosomes (Fig. 2d). All signals were of similar 
size and strength. The non-pericentromeric signals of D7 
chromosomes overlapped with the interstitial  DAPI+ hetero-
chromatic bands, while those of D9 chromosomes mapped 
on the euchromatin region.

Hybridization signals of the Agla_CL69sat probe were 
observed in the four subtelocentric (D7, D8, D9, and D10) 
chromosome pairs (Fig. 2e). All the signals were small and 
of similar in size and strength, and showed different loca-
tions. Distal hybridization signals were observed on the 

https://www.peanutbase.org/
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euchromatin of the long arms of the D9 chromosomes, adja-
cent to signals for Agla_CL39sat. Interstitial signals were 
detected on the long arms of D7 and D10 pairs. On pair D7, 
the hybridization signals of this satDNA mapped to euchro-
matic regions of the long chromosome arms. The signals on 
the D10 pair co-localized with the hybridization signals of 
one inactive 18-26S rDNA loci. The pericentromeric signals 
mapped within the hybridization sites of Agla_CL8sat, on 
the  DAPI+ heterochromatin of D8 pair.

The less represented family Agla_CL122sat was exclu-
sive of the metacentric pair D4. This satDNA produced weak 

hybridization signals revealed in subterminal position of the 
long arms of this chromosome pair (Fig. 2f).

Discussion

The characterization of the repetitive DNA has become key 
for the understanding, at a broad scale, the organization, and 
the structure of plant genomes (Biemont and Vieira 2006). 
However, since repeat sequences are extremely variable 
both in abundance and sequence length (Hemleben et al. 
2007; Heslop-Harrison and Schwarzacher 2011), the analy-
sis of this fraction is still a great challenge given technical 
constraints of the traditional methods. By contrast, high-
throughput in silico analysis of NGS data has transformed 
the study of repetitive DNA. The impact of these technolo-
gies has been particularly important for species still lacking 
a reference genome, opening new opportunities for studying 
the organization and evolution of plant genomes (Barghini 
et al. 2014; Heitkam et al. 2015; Iwata-Otsubo et al. 2016; 
Sveinsson et al. 2013; Sousa et al. 2017; Kirov et al. 2017). 
Here, we provide a detailed composition of the repeatome of 
A. glandulifera through the analysis of Illumina paired-end 
reads to identify repetitive sequences with those reported 
previously for the peanut diploid progenitors.

Composition of the A. glandulifera repeatome

Using a graph-based clustering approach in A. glandulifera, 
we found that 65.32% of its 1315 Mbp (1C value) genome 
(Samoluk et al. 2015a) was composed of medium/highly 
repetitive sequences. This proportion was similar to that 
reported for A. hypogaea (60%) in the pioneering study of 
Dhillon et al. (1980) and to those reported for two wild dip-
loid Arachis species through the analysis of whole-genome 
assemblies, in which the repetitive fraction was 60–69% and 
74–75% of A. duranensis (1C = 1247 Mbp) and A. ipaënsis 
(1C = 1560 Mbp), respectively (Bertioli et al. 2016; Chen 
et al. 2016; Lu et al. 2018). Considering that the non-repeti-
tive fraction is highly conserved among diploid species (Ber-
tioli et al. 2016), our results provide additional evidences 
that genome size variation among Arachis genomes is the 
outcome of the differential accumulation and elimination of 
repetitive DNA sequences.

Like in many studied plant genomes, LTR retroelements 
are the dominant repetitive fraction in A. glandulifera, com-
prising 50.99% of its genome. This proportion is higher than 
those estimated for A. duranensis (44.74%) and A. ipaënsis 
(45.72%) by whole-genome assemblies (Bertioli et al. 2016). 
However, these estimations are significantly different com-
pared to those found in the draft genomes of A. duranensis 
(40.07%; Chen et al. 2016) and A. ipaënsis (64.15%; Lu et al. 
2018). Despite the absolute values published for the different 

a b
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Fig. 2  Fluorescent in  situ hybridizations of tandem repeats on A. 
glandulifera chromosomes. Metaphase chromosomes stained with 
DAPI are pseudocolored in gray, whereas green fluorescein isothiocy-
anate (FITC) and red tetramethyl-rhodamine isothiocyanate (TRITC) 
signals indicate  hybridization signals of tandem repeats. a Meta-
phase stained with DAPI. b 5S rDNA loci (green). c Agla_CL8sat 
(red). d Agla_CL39sat (red). e Agla_CL69sat (green) and 18–26S 
rDNA (red). f Agla_CL122sat (green). The chromosomes are identi-
fied according to the nomenclature of Robledo and Seijo (2008). The 
short arm and the proximal segment of the long arm of pair D2 are 
indicated by an asterisk, and the separated satellite is marked by a 
degree sign. Bars represent 3 μm
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species, it is clear that the proportion of LTR fraction is 
directly related to the genome size and that those elements 
have been major players in evolutionary dynamics of the 
genome size among Arachis species.

Among the LTR retroelements, the superfamilies Ty3-
gypsy and Ty1-copia were differentially represented in the 
D genome. Ty3-gypsy elements (46.04%) were more than 11 
times higher than the estimated for Ty1-copia (4.01%). This 
clear prevalence of Ty3-gypsy over the Ty1-copia group was 
also observed in A and B genome Arachis species (Bertioli 
et al. 2016; Chen et al. 2016; Lu et al. 2018). Large-scale 
comparative analysis of repeats in different species from four 
genera (Vicia, Lathyrus, Lens, and Pisum) of the legume 
tribe Fabeae revealed that the Ty3-gypsy group is the main 
contributor to the genome size, with genome representations 
much higher than that observed for Ty1-copia retroelements 
(Macas et al. 2015). Thus, the high prevalence of Ty3-gypsy 
over Ty1-copia seems to be a general characteristic for leg-
ume species.

Considering the 20 families identified within the Ty3-
gypsy superfamily, a few autonomous and their non-auton-
omous retrotransposon were very abundant, while the oth-
ers were poorly represented in A. glandulifera. The high 
representativeness of “Fidel/Feral” (15.36%) was similar 
to that estimated for A. duranensis (16.8%) by Bertioli 
et al. (2013), but the estimated value of “Pipoka/Pipa” 
(14.29%), “Gordo” (6.09%), and “Curu/Bravo/Golf/Hem-
era/Hera” (3.34%) were almost twice than those published 
for A genome species. Inversely, “Grilo/Gilo” and “Mico” 

families were poorly represented in both species (less than 
7.3%). All the Ty1-copia families were scarcely repre-
sented in the D genome, excepting “RE128” family that 
represented almost half (2.20%) of the amount of these 
elements. The low representation of Ty1-copia elements 
was similar to that reported for A. duranensis (Bertioli 
et al. 2013).

Among the non-LTR retrotransposons of A. glandulifera, 
the representation of LINEs (1.28%) was significantly lower 
than that reported by Bertioli et al. (2016) for A. duranen-
sis and A. ipaënsis (7.77% and 11.73%, respectively), but 
it was between the values reported by Chen et al. (2016) 
and Lu et al. (2018) (1.26% and 2.97% for A. duranensis 
and A. ipaënsis, respectively). The representation of SINEs 
(0.04%) was similar to those reported by Chen et al. (2016) 
and Lu et al. (2018) (0.01% and 0.05% of the genomes in A. 
duranensis and A. ipaënsis, respectively), but slightly lower 
compared to those reported by Bertioli et al. (2016) in A. 
duranensis and A. ipaënsis (0.14 and 0.13% of the genome, 
respectively). Irrespective of the absolute values, the repre-
sentation of LINEs is relatively high in Arachis compared 
to the other legume species (Macas et al. 2015). In spite of 
the representation of LINEs which was directly related to the 
genome size in Arachis species (Samoluk et al. 2015b), our 
results suggest that the impact of non-LTRs in the genome 
size changes would have been less important than that of 
LTR elements.

The representation of DNA transposons found in the 
genome of A. glandulifera was almost three-to-six times 

Fig. 3  Schematic representation 
of A. glandulifera chromosomes 
according to the distribution 
of the DAPI+ heterochromatic 
bands, the rDNA loci (5S 
and 18–26S) and the satDNA 
sequences (Agla_CL8sat, 
Agla_CL39sat, Agla_CL69sat, 
and Agla_CL122sat). Somatic 
chromosomes were ordered by 
morphology and size
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lower than that reported for A and B species of Arachis 
(Bertioli et al. 2016; Chen et al. 2016; Lu et al. 2018). How-
ever, the composition of this fraction in the D genome at 
the superfamily level followed the overall pattern found in 
A and B genomes; with higher representation of TIRs over 
the Helitrons. Among the former, the high representation of 
MULEs and CACTAs is comparable to the pattern found in 
A. duranensis (Bertioli et al. 2016).

The impact of the activity of TEs, as a whole, on Arachis 
genomes was directly demonstrated by the comparison of 
homeologous regions in the A and B genomes (Bertioli et al. 
2013), showing that the microsyntenic regions are flanked by 
completely different repetitive DNA components. At a dif-
ferent scale, the magnitude of the activity of these elements 
in the differentiation of the euchromatic regions was clearly 
evidenced in GISH experiments in the AABB allotetra-
ploids, since the chromosomes of each chromosome com-
plement showed very limited cross-hybridization (Seijo et al. 
2007, 2018). Moreover, the analysis of a few TEs in FISH 
experiments showed preferential hybridization on either the 
A or B genome complements of the allopolyploids (Nielen 
et al. 2010; Bertioli et al. 2013; do Nascimento et al. 2018). 
All these comparative analyses, together with the results 
provided here, evidence that only a few families of LTR 
retrotransposons have been the major contributors to the dif-
ferentiation of the euchromatin in Arachis species.

rDNAs, satDNAs, and heterochromatin in A. 
glandulifera

The rDNA fraction was composed of the 18–26S (3.85%) 
and 5S (0.36%) rRNA genes. The 18–26S rDNA mapped 
constantly in three loci (D2, D9, and D10) and in complete 
coincidence with the  CMA+ heterochromatic bands (data 
not shown). However, the loci located on D2 pair were the 
only ones observed to be active, with extended secondary 
constrictions as previously reported (Robledo and Seijo 
2008). It is well known that all the transcriptionally inac-
tive genes in the active NORs and those in the inactive loci 
remain as  CMA+ heterochromatin (Guerra 2000; Preuss 
et al. 2008). Accordingly, the arrangement of 18–26S rRNA 
genes in heterochromatin (partially in the active loci and 
totally the inactive ones) completely explains the pattern of 
 CMA+ heterochromatic bands observed in A. glandulifera. 
As expected from the previous FISH analysis (Robledo and 
Seijo 2008), the 5S rDNA sequences mapped in unique loci 
not related to heterochromatic bands. The genome propor-
tions here estimated for both rDNAs genes through bioinfor-
matic approaches are in accordance to the number and size 
of the loci observed for each rDNA family in the karyotype.

Arachis glandulifera is one of the species with highest 
percentage of heterochromatin of section Arachis, detected 

as  DAPI+ blocks mainly localized in the pericentromeric 
regions of subtelocentric chromosomes (Robledo and Seijo 
2008). Considering that tandem repeats are usually localized 
in the heterochromatic regions of chromosomes (Hemleben 
et al. 2007), special attention was dedicated to this genomic 
fraction. In agreement with the amount of  DAPI+ hetero-
chromatin detected in the karyotype of this species (13.09% 
of the total chromosome length), the graph-based clustering 
analysis indicated that tandem repeat sequences were, after 
LTR retrotransposons, one of the most abundant sequences 
in the genome.

The conspicuous  DAPI+ heterochromatic bands of A. 
glandulifera are located in the centromeres of six chromo-
some pairs and in the interstitial regions of two chromosome 
pairs. The hybridization of three of the four satDNAs here 
characterized on most of the heterochromatic bands suggests 
that these families are the major components of the  DAPI+ 
heterochromatin.

The satDNA fraction of A. glandulifera includes four 
major families, defined by their sequence and length. The 
families Agla_CL8sat and Agla_CL39sat had the longer 
monomeric units (330 bp and 359 bp, respectively), while 
the families Agla_CL69sat and Agla_CL122sat showed the 
shorter ones (130 bp and 209 bp, respectively). Accord-
ing to the criterion proposed by Ruiz-Ruano et al. (2016), 
which classify the satDNA families based on their sequence 
similarities, Agla_CL8sat and Agla_CL39sat are differ-
ent families of the same superfamily of satDNAs. While 
Agla_CL8sat is a new described satDNA family for Ara-
chis species, Agla_CL39sat belongs to the same family of 
ATR-2 (Samoluk et al. 2017) and H-b (Zhang et al. 2016), 
with around 90% of nucleotide similarity. The sequences 
Agla_CL69sat and Agla_CL122sat constitute new satDNAs 
which have not yet been described for the Arachis species.

The clustering results showed that Agla_CL8sat was by 
far the most abundant satDNA (3.11% of the genome size). 
It has been hypothesized that the most abundant satellite 
repeat of any particular genome, generally localizes at the 
centromere and constitutes the binding site for the centro-
meric histone variant CENH3 (Melters et al. 2013). Our 
FISH results are in accordance with this hypothesis, since 
Agla_CL8sat arrays hybridized to most of the  DAPI+ peri-
centromeric heterochromatin.

The Agla_CL39sat was the second most abundant 
satDNA identified in the genome of A. glandulifera with 
0.11% of the genome fraction. Out of the three pairs of 
hybridization signals, two pairs located on the pericentro-
meric and interstitial  DAPI+ heterochromatic bands of D9 
and D7 pairs, respectively, co-localizing with the hybridi-
zation sites of Agla_CL8sat. The first interpretation of this 
result may be attributed to cross-hybridization. However, 
because of the high stringency conditions used in these FISH 
experiments, the cross-hybridization would be insignificant. 
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Under this assumption, the co-localization of these probes 
may be indicating that at least two different families of 
satDNA compose the heterochromatin in those bands.

Despite their low genome representations, Agla_CL69sat 
and Agla_CL122sat constitute new markers for chromosome 
identification. Agla_CL122sat was the less represented 
satDNA family (0.02% of the genome) identified in A. glan-
dulifera. The exclusive hybridization of Agla_CL122sat in 
the subterminal region of D4 pair allowed its unequivocal 
identification from the D3 pair. The family Agla_CL69sat 
(0.05% of the genome) was particular, since, aside of hybrid-
izing on one  DAPI+ heterochromatic band (pair D8) and 
on one  CMA+ heterochromatic band (pair D10); it showed 
hybridization signals on the euchromatic regions of two 
chromosomes pairs (D7 and D9). The partial co-localiza-
tion of Agla_CL69sat with the 18-26S rDNA hybridization 
sites in D10 pair needs a special consideration. The lack of 
significant similarity of Agla_CL69 against 18-26S rDNA 
reads and related clusters in A. glandulifera suggests that 
this satDNA family did not evolved from rDNA sequences, 
as it was reported (for other satDNAs) in Solanum lycoper-
sicum (Jo et al. 2009) and Vicia sativa (Macas et al. 2003). 
Thus, the presence of Agla_CL69sat within the 18–26S 
rDNA loci in D10 pair should be interpreted as a satDNA 
cluster of independent origin inserted within those NORs. 
Hybridization experiments, either on extended DNA fibers 
or on pachytene chromosomes, are needed to confirm this 
hypothesis.

The most notable karyotype difference among the 
genomes of the section Arachis is the relative percentage and 
distribution of  DAPI+ heterochromatin (Seijo et al. 2004; 
Robledo and Seijo 2008, 2010; Robledo et al. 2009). The 
species of the A, K, and D genome species have conspicuous 
 DAPI+ pericentromeric bands in most chromosomes; those 
of the F genome have tiny pericentromeric bands in six-to-
seven chromosome pairs, while those of the B genome are 
deprived of large blocks of pericentromeric heterochromatin. 
The ATR-2 satDNA family is composed most of the het-
erochromatin in the A, F, and K genomes, but it is very low 
represented in the B and D genomes (Samoluk et al. 2017). 
Here, we found that the heterochromatin in the D genome 
was mainly composed of Agla_CL8sat. Both satDNA fam-
ilies are members of the same superfamily of sequences. 
These results suggest that different members of one super-
family of satDNAs were differentially amplified from an 
ancestral set of sequences, leading to the heterochromatin 
diversification at chromosome and genome levels in species 
of the section Arachis. This finding is completely compat-
ible with the library model, which establishes that a com-
mon set of satDNA families shared by closely related species 
may show a differential spreading across the genomes due 
expansions and/or contractions of different variants from the 
library (Fry and Salser 1977; Plohl et al. 2008). The results 

now available for Arachis species suggest that the replacing 
of the main satDNA families in the heterochromatic regions 
occurred at very high rates, since the genome divergence 
estimated in less than 3 million years ago (Moretzsohn et al. 
2014, Bertioli et al. 2016).

Conclusion

This is the first survey of the repetitive fraction of a wild 
Arachis species not involved in the origin of peanut. All 
major types of repeats were characterized in the wild dip-
loid A. glandulifera (2n = 2x = 20, D genome). The satDNA 
families were used to develop chromosome markers, which 
revealed new insights into the genome organization of Ara-
chis species. Altogether, the results presented herein provide 
a fundamental understanding of the chromosome structure 
in A. glandulifera that can be helpful for further studies of 
genome and karyotype evolution in Arachis species.
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