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ABSTRACT

The Pantropical Caesalpinia group includes 225 species distributed in 27 monophyletic genera, among which Cenostigma stands out by taxo-
nomic and phylogenetic complexity. The genus includes trees and shrubs with interspecific hybridization and high diversity in north-eastern
Brazil (Caatinga domain). Detailed cytogenomic characterizations have been performed only in C. microphyllum revealing enrichment of
long terminal repeats (LTR) Ty3/gypsy transposable elements (TEs) and satellite DNA (satDNA) in the heterochromatin. Here, we aimed
to perform a comparative analysis of seven Northeast Brazilian species of Cenostigma using cytogenomic and genomic approaches. The com-
parative genomic analysis revealed repeats stability with similar TE abundance, composition, and chromosomal localization in all species.
On the other hand, satDNA were highly variable in abundance, in some cases species-specific. Cytogenomic data confirmed the karyotype
stability with the TE elements Athila and Tekay enriching the proximal heterochromatin. Moreover, the satDNA CemiSat163 appeared to be
exclusively located on acrocentric chromosomes of the analysed species. The genomic stability in Cenostigma may be related to their relatively
recent age (~13.59 Mya), long-life cycle, and/ or similarity in ecological niche among this species. We propose that the genomic stability
found in Cenostigma may facilitate the natural interspecific gene flow reported in sympatric species, complicating the interpretation of its
systematics and evolution.
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INTRODUCTION allowing a clustering approach to characterize the repetitive
sequences in non-model genomes (Novék et al. 2013, 2020).
This pipeline has been used to characterize repetitive genome
fractions, discover new repetitive elements, and perform gen-
omic comparative studies, thus contributing to the systematics
of phylogenetically complex groups (Marques et al. 2015, 2018,

The rapid evolution of repeats makes the repetitive fraction of
the genome an important source of information for evolutionary
studies of young plant lineages. High-throughput sequencing
(HTS) technologies have recently emerged as a versatile source

of genomics research for rapid access to different aspects of

biodiversity (Dodsworth et al. 2019). Among the main HTS McCann et al. 2020, Oliveira et al. 2021). When these repetitive
elements have their chromosomal distribution determined it is

possible to understand, for example, the composition of spe-
cific regions such as heterochromatin, as well as gain insight into
their origin and evolution (Gonzalez et al. 2018).

The ‘Ecology of the Genome’ concept was introduced
to mirror the aspects of species populating an ecological

approaches, genome skimming is based on the sequencing
(usually in low coverage) of small random genome fragments
(reads) through Next-Generation Sequencing (NGS) tech-
nologies (e.g. Illumina, DNBseq). Among the bioinformatics
tools used for repeat analysis using HTS, RepeatExplorer2
(https://repeatexplorer-elixir.cerit-sc.cz/galaxy) stands out as
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community and repetitive lineages present in genomes
(Brookfield 2005). By using this analogy, repeat dynamics
can be studied from an ecological point of view, in which the
genome can be compared to ecological communities, repeat
lineages as species, and the copy numbers of a given repeat
lineage as individuals (Schley et al. 2022). Therefore, it is pos-
sible to use ecological metrics, such as the Shannon diver-
sity (Shannon 1948) and Simpson diversity index (Simpson
1949), to calculate the diversity of repeats (species) within
a genome (ecological community). Although there are some
papers using ecological methods to study genome dynamics
(Brookfield 2003, Venner et al. 2009, Schley et al. 2022) few
have directly addressed this topic, emphasizing the need to use
these methods to conduct further research to better under-
stand repeat dynamics.

Polymorphism in the repetitive elements seems to be as-
sociated with ecological conditions (Bilinski et al. 2018).
Retroelements (RT) can undergo amplification/elimin-
ation influenced by ecological variables, especially stress
conditions (e.g. temperature, precipitation, salinity) (Negi
et al. 2016, Lyu et al. 2018). In this sense, the Caesalpinia
group has stood out as an important model group to study
genome—environment interaction. Heterochromatin dis-
tribution and composition, repetitive element abundance
(Van-Lume et al. 2017, 2019, Mata-Sucre et al. 2020a), and
genome size (Souza et al. 2019) were shown to be correlated
with ecological variables, mainly temperature and latitude.
The Caesalpinia group includes 205 species classified in 27
monophyletic genera, with a high diversity in the succulent
biome (Gagnon et al. 2016, 2019). This group represents an
ancient lineage (56 Mya) in which high niche conservatism
and karyotypic stability of chromosome number 2n = 24
(except a few polyploids) have been observed (Borges et al.
2012, Gagnon et al. 2019). On the other hand, an extensive
heterochromatic variability in this group has been reported
through the fluorochromes Chromomycin A3 (CMA) and
4’-6-diamidino-2-phenylindole (DAPI).

The CMA/DAPI banding patterns, described for 34 species
in 10 Caesalpinia genera, revealed a correlation between hetero-
chromatin patterns and the geographic distribution/ecological
niche of the species (Van-Lume et al. 2017, Mata-Sucre et al.
2020a). Based on a genomic approach, Van-Lume et al. (2019)
characterized repetitive fractions of Northeast Brazilian spe-
cies of the Caesalpinia group [ Cenostigma microphyllum (Mart.
ex G.Don) Gagnon & G.P.Lewis, Libidibia ferra (Mart. ex Tul.)
L.P.Queiroz, and Paubrasilia echinata (Lam.) Gagnon, H.C.Lima
& G.P.Lewis]. The predominant long terminal repeats (LTR)-
type TEs of the Ty3/gypsy superfamily ( Tekay and Athila) were
identified as the most abundant repeats in their genomes. In add-
ition, species-specific satDNAs were characterized (Van-Lume
et al. 2019). In situ hybridization revealed that all these repeats,
except Athila in C. microphyllum, were enriched in the proximal
heterochromatin CMA positive. However, intrageneric genomic
diversity has not been estimated for any genus of the Caesalpinia
group.

Within the Caesalpinia group, the Neotropical genus
Cenostigma Tul., is composed of 14 species, with high diversity
in Northeast Brazil, especially in the Caatinga domain where
many of its species share a similar ecological niche and occur in

sympatry (Fig. 1;Gagnon et al. 2016). The genus presents a rela-
tively recent diversification within Caesalpinia group around
13.59 Myr (Gagnon et al. 2019). The phylogeny of Cenostigma
is still poorly resolved and characterized by unsupported clades
and low congruence within clades (Gagnon ef al. 2016, 2019,
Aecyo et al. 2021). In addition, recent studies using microsatel-
lites and leaf morphometry demonstrated evidence for events
of hybridization between C. microphyllum and C. pyramidale
(Tul.) Gagnon & G.PLewis, in Caatinga areas (Aecyo et al.
2021). LTR-RTs are known to be activated in plant species
following interspecific hybridization, this activation depends
on the imbalance of TEs between the genomes of the parental
species (Parisod et al. 2010, Usai et al. 2020). Thus, greater im-
balance can lead to stronger genome shock effects during the
hybridization process (Glombik ef al. 2020). Therefore, char-
acterizing the relative proportion of the repeat component
between genotypes can be useful to better understand hybrid-
ization events.

Here we investigated the variation degree of repeats that com-
pose the genomic repetitive fraction in Cenostigma species from
north-eastern Brazil through a comparative cytogenomic ap-
proach. To characterize the global genomic repetitive fraction
of seven Cenostigma species, we performed fluorescence in situ
hybridization (FISH) using a set of specific repeat probes devel-
oped in C. microphyllum by Van-lume et al. (2019). Transfer of
this probes was conducted for all seven Cenostigma species, to-
gether with additional chromosome number counting, CMA/
DAPI double staining, 5S and 35S rDNA FISH. Considering the
recent age of the genus and the similar ecological niche among
species, we aimed to test the hypothesis that the heterochro-
matin composition and the presence/abundance of repeats are
conserved among Cenostigma species.

MATERIAL AND METHODS

Plant material and genome sequencing

The species analysed here correspond to 50% of the 14 species
from Cenostigma genus. All the species are Neotropical, with
nine found in central and/or north-eastern Brazil, including
parts of the Amazon (Gagnon ef al. 2016). The species ana-
lysed in this study [Cenostigma bracteosum (Tul.) Gagnon
& G.P.Lewis, C. laxiflorum (Tul.) Gagnon & G.P.Lewis, C.
macrophyllum Tul., C. microphyllum, C. nordestinum Gagnon &
G.P.Lewis, C. pluviosum (DC.) Gagnon & G.P.Lewis, and C.
pyramidale] are distributed in Brazil, mostly in the Caatinga
domain (Fig. 1). Five species of the genus occurs in the
Mesoamerica: C. eriostachys (Benth.) Gagnon & G.P.Lewis,
(Costa Rica and Panamd), C. gaumeri (Greenm.) Gagnon &
G.P.Lewis, (Mexico and Cuba), C. myabense (Britton) Gagnon
& G.PLewis, (Cuba), C. pellucidum (Vogel) Gagnon &
G.P.Lewis, (Dominican republic), and C. pinnatum (Griseb.)
E. Gagnon & G. P. Lewis (Cuba) (Fig. 1).

For the cytogenetic analysis, the seeds of each species
used in this study were collected from natural and culti-
vated populations (Table 1). All seedlings were kept in the
Experimental Garden of the Laboratory of Cytogenetics
and Plant Evolution—UFPE. For repeatome analyses, we
used previously published reads from C. microphyllum and C.
pyramidale (GenBank accession number SRX11185454 and
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Figure 1. Distribution map of Cenostigma genus, focusing on the species from Northeast Brazil analysed here. Maps were organized based on
their phylogenetic relationships: C. pyramidale + C. pluviosum + C. microphyllum, C. bracteosum + C. nordestinum and C. macrophyllum + C.
laxiflorum. Featured, image of an inflorescence of C. laxiflorum.

SRX11185448, respectively) and performed new Illumina the species analysed, voucher number, place of collection, and
sequencing data (Illumina HiSeq 2000 platform) for C. NCBI codes are available in Table 1.

bracteosum, C. laxiflorum, C. macrophyllum, C. nordestinum,

and C. pluviosum by paired-end reads of 150 bp in a genome Flow cytometry

skimming approach (~0.1 x coverage; see genome sizes in  Absolute nuclear DNA contents were determined for C.
Rodrigues et al. 2018, Souza et al. 2019). Information about  laxiflorum and C. nordestinum by flow cytometry according to
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Table 1. Voucher and NCBI codes of the Cenostigma ga species analysed in this study.

Species Provenance Voucher NCBI SRA code
C. bracteosum (Tul.) Gagnon & G.P.Lewis Recife—PE, Brazil Cultivated SAMN34379857
C. laxiflorum (Tul.) Gagnon & G.P.Lewis Manoel Vitorino — BA, Brazil UFP89958 SAMN34379855
C. microphyllum (Mart. ex G.Don) Gagnon & G.P.Lewis Buique - PE, Brazil UFP88534 SRX11185454

C. macrophyllum Tul. Petrolina—PE, Brazil Cultivated SAMN34379858
C. nordestinum Gagnon & G.P.Lewis Cabrobo - PE, Brazil UFP89959 SAMN34379859
C. pluviosum (DC.) Gagnon & G.P.Lewis Recife—PE, Brazil Cultivated SAMN34379856
C. pyramidale (Tul.) Gagnon & G.P.Lewis Buique — PE, Brazil UFP88533 SRX11185448

Dolezel et al. (2007). Fresh seeds (C. laxiflorum) or leaves (C.
nordestinum) were collected to prepare the samples of 25-50 mg.
The material was chopped together with fresh leaf tissue of the
internal standard (Raphanus sativus ‘Saxa, 1.11 pg/2C; Dolezel
et al. 1992) with a razor blade on a Petri dish (kept on ice) con-
taining 1 mL of WPB isolation buffer (Loureiro et al. 2007). The
solution was filtered through a 30 pm mesh filter and mixed with
50 pg/mL of propidium iodide (1 mg/mL).

Flow cytometry measurements were taken using a Partec
Cyflow Space (Miister, Germany) equipped with a 488 nm
laser canon. The relative fluorescence histograms were ana-
lysed on FloMax program v.2.3. The coefficient of variation of
obtained peaks was assessed at half of the peak height (H.P.CV.),
discarding peaks with a H.P.CV. > 5%. The genome size (pg)
of the samples were calculated using the following equation:
‘sample DNA = (sample G1/standard G1) x standard DNA,
where sample G1 is the peak position (G1) of the sample;
standard G1 is the peak position (G1) of the standard, and
standard DNA is the nuclear DNA (pg) of the standard used in
each measure. Three independent DNA estimations were per-
formed for each sample. Measurements were exhausted with at
least 1500 events per fluorescence peak.

Chromosome spreads and fluorescent in situ
hybridization (FISH)
Roots were pretreated with 0.002 M 8-hydroxyquinoline
for S hours at 18°C. The material was then fixed in Carnoy
(ethanol:acetic acid 3:1) and stored at —20°C until slide prep-
aration. Chromosomal banding by double staining of the fluoro-
chromes DAPI and CMA was performed according to Vaio et
al. (2018). The FISH was used to locate repeat elements ac-
cording to Pedrosa et al. (2002), with modifications. To localize
the rDNA sites, SS rDNA (D2) from Lotus japonicus (Regel) K.
Larsen (Pedrosa et al. 2002) labelled with Cy3-dUTP (GE) and
35SrDNA (pTa71) (Gerlach and Bedbrook 1979) from Triticum
aestivum labelled with Alexa-duTP (GE) were used as probes.
Labelling of probes was done by nick translation. The repeti-
tive DNA probes used in this study were designed and obtained
by Van-Lume et al. (2019). The probes used were developed
from the integrase domain of two TEs (Ty3/gypsy-Tekay and
Ty3/gypsy-Athila) and from the most conserved region of the
Cemisat163 satDNA consensus sequences (detailed information
of the probes can be found in Van-Lume et al. 2019). All probes
were amplified from the genomic DNA of C. microphyllum and

Sanger sequenced to confirm the protein domain, whereby com-
plete families of the Ty3/gypsy-Tekay and Ty3/gypsy-Athila
elements were mapped through FISH (see Van-Lume et al.
2019). Thus, C. microphyllum probes were used here as refer-
ence for the comparative cytogenomic analysis. Chromosomes
were denatured at 75°C for S min. with the hybridization mix-
ture containing formamide 50% (v/v), dextran sulphate 10%
(w/v), 2 x SSC, and 50 ng/pL of each labelled probe. Stringent
washes were performed, to give a final stringency of ~76%. The
slides were hybridized with this mixture for at least 18 hours at
37°C. Finally, chromosomes were counterstained and mounted
with DAPI/mountain medium. The best cells were analysed and
captured with a Leica DMRB photomicroscope equipped with a
Cohu CCD video camera using the Leica QFISH software. The
images were edited using the Adobe Photoshop program.

In silico analysis of the repetitive fraction

NGS data sequenced by the Illumina platform (2 x 150 bp)
were used for the repetitive fraction analysis of the genome. The
Galaxy/RepeatExplorer2 tool enabled a graph-based cluster ana-
lysis to identify the most abundant repetitive elements, grouping
them based on similarity, and generating clusters for the different
repetitive DNA families. The number of reads used as input for
comparative analysis were adjusted to obtain 0.10 times coverage
for each species [323 841 for C. bracteosum (1C = 449.9 Mbp);
692 715 for C. laxiflorum (1C = 1046 Mbp), 592 629 for C.
macrophyllum (1C = 894.87 Mbp), 608 821 for C. microphyllum
(1C =919.3 Mbp), 579 470 for C. nordestinum (1C = 875.31
Mbp), 608 821 for C. pluviosum (1C =919.3 Mbp), and
582 914 C. pyramidale (1C = 880.2 Mbp)] (Table 2). Only clus-
ters with abundance above 0.01% were considered, this propor-
tion was calculated from the number of clustered reads and the
total number of reads used for the analysis. The chloroplast and
mitochondria sequences were excluded, as they represent pos-
sible contaminants. The TAREAN (Tandem Repeat Analyser)
pipeline, also implemented in Galaxy/RepeatExplorer2, was
used to identify tandem repeats. This tool performs graph-based
clustering analysis, allowing the identification and characteriza-
tion of satDNA (Novak et al. 2017). The BLAST tool was used
to characterize, when possible, the unidentified clusters by com-
parisons with custom and public databases (i.e. NCBI, https://
www.ncbi.nlm.nih.gov/).

To analyse the homology of the most abundant repeats
and better understand the dynamic evolution of these
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elements, all sequences belonging to the Ty3/gypsy-Tekay
and Ty3/gypsy-Athila lineages were used for comparative
approaches. The reverse transcriptase protein domains of
Ty3/gypsy-Tekay and Ty3/gypsy-Athila lineages from C.
bracteosum, C. laxiflorum, C. macrophyllum, C. microphyllum,
C. nordestinum, C. pluviosum, and C. pyramidale were ex-
tracted and filtered for quality (alignment sequence identity
0.35, alignment similarity 0.45, and alignment ratio length
0.8) from contigs using DANTE (domain-based annotation
of transposable elements) on the RepeatExplorer2 platform
(Novaket al. 2020). This tool annotates and classifies protein
domains on the basis of homology comparisons with the
available Viridiplantae protein domain database (Neumann
et al. 2019). All reverse transcriptase protein obtained for
Ty3/gypsy-Tekay and Ty3/gypsy-Athila from different clus-
ters in RE (considered here as different lineages of the same
element) were aligned together using MAFFT (Katoh and
Standley 2013). For the satDNA CemiSat163, the mono-
mers representing the consensus sequences of the satDNA
present in the contigs of C. bracteosum, C. laxiflorum, C.
macrophyllum, C. microphyllum, C. nordestinum, C. pluviosum,
and C. pyramidale were aligned together using MAFFT. The
alignment of each element for all species was used to con-
struct Neighbor Joining phylogenetic trees using FastTree
in Geneious Prime (v.7.1.9) (http://www.geneious.com)
(Kearse et al. 2012).

To compare the diversity of repeats in the analysed spe-
cies, Shannon’s index (Shannon 1948) was used. This index
is commonly used to measure the diversity of a given popu-
lation or community. To calculate the Shannon index of the
genomes, we first identified the repeat lineages in our study
based on the lowest hierarchical classification in the REXdb
plant repeat database (Neumann et al. 2019). These lineages
were treated as ‘species’ within a ‘community’ (genome). We
then used the diversity() function of the Vegan (Oksanen
et al. 2013) package from R software (R Core Team 2019)
to calculate the Shannon index, as outlined by Schley et al.
(2022). The abundance of all lineages was taken into con-
sideration, providing us with a diversity measure for each
genome.

Comparative idiogram constructions and phylogenetic
relationships

The comparative cytogenomic idiograms were drawn using
Corel X7 and used for comparative interpretations following the
phylogenetic relationships. Metaphases of each species showing
clear chromosome morphology were measured using the
Drawid (v.0.26) Program (Kirov et al. 2017). The largest meta-
centric and acrocentric pairs were used to represent the TEs and
satDNA FISH distribution in each species. Evolutionary rela-
tions were performed using complete plastomes. The plastome
of C. microphyllum available at the NCBI (MZ441392; Aecyo et
al. 2021) was used as a reference to assemble the plastomes of
C. bracteosum, C. laxiflorum, C. macrophyllum, C. nordestinum,
C. pluviosum, and C. pyramidale (Table 1), more detailed in-
formation about the plastome macroevolution within the
Caesalpinia group are available at Aecyo et al. (2021). The raw
Illumina reads were mapped against the reference plastome

(MZ441392) using Geneious (v.9.1.8). The alignments were
made using MAFFT. For simplification, we used the most
general model of DNA substitution GTR + I + G (Abadi et al.
2019) on full plastome alignment. Phylogenetic relationships
were inferred using maximum likelihood (ML) with 1000 repli-
cates in Geneious (v.9.1.8) using the FastTree (Price et al. 2009)
plugin.

Geographical distribution of Cenostigma species

To gather occurrence information of the 14 Cenostigma species,
occurrence data were downloaded from the Global Biodiversity
Information Facility (GBIF) website (https://www.gbif.
org). To minimize the effect of erroneous GBIF distribution
data, we used the function Coordinate Cleaner (Zizka et al.
2019) implemented in the R software (R Core Team 2019).
Coordinate Cleaner allowed us to remove duplicate records.
The occurrence maps were constructed using QGIS software
(v.3.4.2) (http://qgis.osgeo.org), the shapefile used to plot the
seasonally dry tropical forest regions was downloaded from the
DRYFLOR website (http://www.dryflor.info/data) (Dryflor
et al. 2016). Finally, all the maps were edited and formatted
using Corel X7.

RESULTS

Comparative genome analysis
RepeatExplorer comparative in silico analysis included a total
of 1 143 965 reads from seven species, i.e. C. bracteosum, C.
laxiflorum, C. macrophyllum, C. microphyllum, C. nordestinum,
C. pluviosum, and C. pyramidale (Table 2; Fig. 2). DNA
content were estimated for the first time to C. laxiflorum
(1C=1.07 +0.05 pg; 1046.46 Mbp) and C. nordestinum
(1C=0.89 +0.03 pg; 875.31 Mbp). The repetitive frac-
tion proportion in all genomes was relatively similar, being
27.70% (C. microphyllum), 28.65% (C. pluviosum), 31.05% (C.
pyramidale), 33.20% (C. laxiflorum), 33.95% (C. nordestinum),
35.79% (C. macrophyllum), and 37.93% (C. bracteosum)
(Supporting Information, Table S1). The retrotransposons
Tekay, Athila and Ogre were the most abundant elements
(Table 2). On the other hand, satDNA showed a differen-
tial abundance among them (0.98% to 4.65%). Additionally,
the CemiSat163 showed a higher proportion in C. bracteosum
(3.69%), while in the other species ranged from 0.58% to
1.92%. Notably, the satDNA cluster 193, named CepySat222,
was found only in C. pyramidale genome (0.15%). The family
diversity of these repeats was measured using Shannon’s index,
which was very similar for all genomes analysed, ranging from
1.91t02.29 (Table 2). Abundance values of each element in the
individual analyses are presented in Supporting Information,
Table S1.

The phylogenetic trees using the different contigs of the
LTR-RT elements Tekay, Athila and the satDNA CemiSat163 re-
vealed a low rate of divergence between transcriptase domains
in all the species (Supporting Information, Fig. S1). Moreover,
alignments between the reverse transcriptase of the Athila and
Tekay repeats lineages in all species revealed high similarity be-
tween them (Supporting Information, Fig. S2), with a sequence
identity equal to 75.1% (Supporting Information, Fig. S2A) and
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Figure 2. Comparative analysis by clustering showing the difference between all clusters of the repetitive elements present in the genomes of
Cenostigma pluviosum, C. microphyllum, C. pyramidale, C. bracteosum, C. nordestinum, C. laxiflorum, and C. macrophyllum. The bar graph at the
top shows the size of the individual clusters. The size of the rectangles in the bottom panel is proportional to the number of reads in each cluster
for each species. The proportions of each cluster were adjusted using the genome size of each specie. The clusters and species were sorted using
hierarchical clustering. Each colour in the rectangle indicates a different repeat lineage.

79.0% (Fig. S2B), respectively. Likewise, alignments between
the satDNA revealed a high similarity, with a sequence identity
equal to 71.4% (Supporting Information, Fig S3).

Distribution of heterochromatin and 5S-35s rDNA sites in
Cenostigma species

All the seven species analysed showed a numerical stable
karyotype (2n=24), with 16 metacentric/submetacentric
chromosomes and eight acrocentric chromosomes (Figs 3-5).
CMA*/DAPI-positive bands were visualized in the proximal
regions of all chromosome in all samples. For C. laxiflorum, C.
macrophyllum, and C. nordestinum, we present the first character-
ization of the heterochromatin pattern (Fig. 3).

rDNA sites were analysed on C. laxiflorum, C.
macrophyllum, and C. nordestinum chromosomes. 5§
rDNA signals were observed in the terminal region of one
acrocentric chromosome pair, which is adjacent to one
35S rDNA sites. Additional 35S rDNA sites were observed
in three other pairs of acrocentric chromosomes (Fig. 3).
The 35S rDNA fully occupied the short arms of the three
acrocentric chromosome pairs (Fig. 3).

Comparative cytogenomic analysis and phylogenetic
relationships

Probes of the most abundant elements in the C. microphyllum
genome (Van-Lume et al. 2019) were used for the compara-
tive cytogenomic analyses of C. bracteosum, C. laxiflorum, C.
macrophyllum, C. nordestinum, C. pluviosum, and C. pyramidale
(Figs 4, 6). The TE Tekay was hybridized in C. bracteosum,
C. laxiflorum, C. macrophyllum, C. nordestinum, C. pluviosum,
and C. pyramidale and showed signals in all chromosomes of
these six species with an enrichment in pericentromeric het-
erochromatin, colocalized with the CMA*/DAPI-positive
bands (Figs 4, 6, Supporting Information Fig. S4). These
signals varied in intensity and in some cases with small

signals that were difficult to visualize (Fig. 4, Supporting
Information Fig. $4).

The TE Athila was hybridized in C. laxiflorum, C.
macrophyllum, C. pluviosum, and C. pyramidale, with the add-
ition of C. microphyllum (Figs 4, 6, Supporting Information Fig.
SS) revealing signals in the proximal heterochromatin in almost
all chromosomes of these five species, always colocalized with
CMA*/DAPI" bands (Figs 4, 6). Signals varied in size and in-
tensity among the species analysed, as reported for the Tekay
element. The chromosomal distribution of the Athila element
in C. microphyllum revealed clear signals in the proximal hetero-
chromatin of the entire chromosomal complement of this spe-
cies, which differed from what we have previously reported as
showing signals in only a few chromosome pairs (Van-Lume et
al.2019).

Signals obtained from CemiSat163 hybridizations were
unique to the acrocentric chromosome pairs and in vari-
able numbers (Figs S, 6). For the species C. pluviosum, C.
laxiflorum and C. macrophyllum, bands in the terminal re-
gions of the four acrocentric chromosome pairs were ob-
served, with small variations in intensity among the species
analysed. However, C. laxiflorum showed CemiSat163 signals
in the long arms of the first and second acrocentric pairs that
were not colocalized with the CMA*/DAPI~ bands (Fig. S).
Additionally, C. pyramidale revealed signals in three of the
four acrocentric chromosome pairs and the absence of the
terminal signal in the long arm of the first acrocentric pair
(Fig. S). Phylogenetic analysis revealed that Cenostigma spe-
cies analysed here form a high-support monophyletic group
(posterior probability = 1; Fig. 6), corroborating previous
analyses (Gagnon et al. 2016, 2019). The species are subdiv-
ided into three main subclades and although some species
are phylogenetically distant, all showed karyotypic similarity
in terms of heterochromatic bands, repeat distribution, and

abundance (Fig. 6).
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Figure 3. Double-stained DAPI (blue) and CMA (yellow) heterochromatic banding pattern and fluorescence in situ hybridization mapping of
SS (red) and 35S (green) rDNA in A, B, C. laxiflorum; C, D, C. macrophyllum and E, F, C. nordestinum. Arrows indicate the S adjacent to the
35S rDNA. The chromosomes are counterstained with DAPI (pseudocoloured in grey). Scale bar: 10 ym.
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Figure 4. Karyogram of the 12 chromosome pairs of Cenostigma microphyllum, C. pluviosum, C. pyramidale, C. bracteosum, C. nordestinum, C.
laxiflorum, and C. macrophyllum showing LTR elements signals. CMA/DAPI bands are shown in yellow/blue. The species-specific probes
for TEs Ty3/gypsy-Tekay and Ty3/gypsy-Athila are labelled with Cy3-dUTP and pseudocoloured in green and red, respectively. The
chromosomes are counterstained with DAPI (pseudocoloured in grey). Scale bar: 10 pm.
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Figure S. Scheme of acrocentric chromosomes of A, Cenostigma pluviosum; B, C. macrophyllum; C, C. pyramidale; and D, C. laxiflorum
showing CemiSat163 labelled with Cy3-dUTP pseudocoloured in purple and CMA*/DAPI" positive bands in yellow. The chromosomes are
counterstained with DAPI (pseudocoloured in grey). Arrows indicate the chromosome pairs that are lacking the satellite DNA signal. Scale
bar: 10 pm.
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Figure 6. Comparative cytogenomic idiograms showing the cytogenetic distribution of repetitive sequences retrotransposons (TE Tekay and
Athila), satDNA (CemiSat163) and 35S rDNA (green) in relation to constitutive heterochromatin in Cenostigma pluviosum, C. microphyllum, C.
pyramidale, C. bracteosum, C. nordestinum, C. laxiflorum, and C. macrophyllum. C. microphyllum Tekay hybridization results were based on Van-
Lume et al. (2019). CMA/DAPI banding are represented in yellow and blue. The phylogenetic topology is based on the maximum likelihood
plastome tree. Distribution of repeats in the comparative cytogenomic idiograms were based on fluorescence intensity.

DISCUSSION

The karyotypic stability in the genus Cenostigma
The remarkable karyotypic stability (chromosome number,
heterochromatic banding pattern, 5S/35S rDNA sites) re-
ported here corroborates previous cytogenetic analyses of the
genus Cenostigma (Van-Lume et al. 2017, 2019). A constant
chromosome number of 21 = 24 was confirmed for seven of
the 14 species of the genus, with an only description of poly-
ploidy in C. bracteosum (2n = 4x = 48) that is the most sig-
nificant cytogenetic difference reported for this genus (Alves
and Custodio 1989). At the intergeneric level, the Caesalpinia
group stands out for the variety of heterochromatin patterns
(Van-Lume et al. 2017, Mata-Sucre et al. 2020a). However, the
heterochromatic stability at generic level has been reported
in other Caesalpinia group genera, such as Arquita Gagnon,
G.P.Lewis & C.E.Hughes (proximal bands CMAO/DAPI-),
Coulteria Kunth (proximal bands CMAO/DAPI-), Libidibia
Schltdl., (proximal bands CMA*/DAPI"), and Tara Molina
(proximal bands CMAO/DAPI-) (Van-Lume et al. 2017,
Mata-Sucre et al. 2020a). By contrast, the genus Erythrostemon
shows high karyotypic diversity, in terms of heterochromatin
and genome sizes (Van-Lume ef al. 2017, Souza et al. 2019,

Mata-Sucre et al. 2020b). The karyotypic conservation in
Cenostigma may be related to environmental conditions, since
in Caesalpinia group, taxa that occur in similar ecological
niches tend to show more conserved karyotypes (Gagnon et al.
2019, Van-Lume et al. 2019, Mata-Sucre et al. 2020a). To date,
all Cenostigma species with available cyto-molecular analyses
are from the Brazilian Northeast (Van-Lume et al. 2017, 2019,
Mata-Sucre et al. 2020a).

The rDNA probes are typically used to characterize karyo-
types, especially in cytotaxonomy (Dias et al. 2020, Nguyen et
al. 2021). In angiosperms, rDNA show a non-random arrange-
ment related to factors such as the amount of active mobile
elements in the karyotype (Raskina et al. 2004). Particularly,
the 35S rDNA is preferentially distributed in the terminal re-
gions, especially in the short arms of acrocentric chromosomes
(Raskina et al. 2008, Roa and Guerra 2012). Unlike most
other genera in the Caesalpinia group, Cenostigma exhibits a
conserved rDNA site distribution with synteny of the 5SS and
35S site in one chromosomal pair (Van-Lume et al. 2017).
This synteny of rDNA sites is homoplasic in the Caesalpinia
group occurring in phylogenetically unrelated genera, such as
Coulteria, Mezoneuron Desf. and Tara (Van-Lume et al. 2017,
Mata-Sucre et al. 2020a).
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Similarity in heterochromatin composition in the genus
Cenostigma

Our data showed that heterochromatin in Cenostigma is highly
conserved and enriched by the Tekay and Athila TEs (Figs 4, 6).
In addition, the comparative genomic analysis, showed in general
a strong presence of LTR-TEs in the genomes of C. bracteosum,
C. laxiflorum, C. macrophyllum, C. microphyllum, C. nordestinum,
C. pluviosum, and C. pyramidale. LTR elements are particularly
abundant in plants, especially the Ty3/gypsy superfamily, which
is usually enriched in plant heterochromatic regions (Neumann
etal. 2019).

The Tekay TE, which belongs to the Chromovirus subfamily,
stands out in the genome of other Caesalpinia species as one of
the most abundant and enriched element in the proximal het-
erochromatin (Van-Lume et al. 2019), as observed in the genus
Cenostigma. Chromoviruses are characterized by its association
with centromeric regions and presence of chromodomains
known as CHDCRs (Neumann et al. 2019). The Tekay element,
specifically, contains the type II chromodomain (i.e. CHDII),
which plays a role in directing the Tekay insertion predominantly
into peri/centromeric heterochromatin, as it is able to recognize
and bind to methylated histone residues H3K9 (Jacobs and
Khorasanizadeh 2002, Nielsen et al. 2002) and H3K27 (Fischle
et al. 2003, Min et al. 2003) that are common in heterochromatic
regions (Gao et al. 2008, Neumann ef al. 2019). The TE Athila,
was previously described in C. microphyllum showing terminal
bands distribution on acrocentric chromosomes, colocalized
with the satDNA CemiSat163 (Van-Lume et al. 2019). However,
our results revealed that this element presents an enrichment
also in the proximal heterochromatin of all chromosomes, and
not only in acrocentric chromosomes. This difference may be
due to probe sensitivity and/or signal detection after in situ hy-
bridization (Van-Lume et al. 2019). Additionally, a proximal
distribution of the Athila element has also been reported for
Libidibia ferrea corroborating its presence in this chromosome
region (Van-Lume ef al. 2017, 2019). Both elements, Tekay
and Athila exhibit a predominantly clustered signals (forming
chromosome bands) on Cenostigma chromosomes, which sup-
ports the typical TE distribution observed in other Caesalpinia
genera (Van-Lume ef al. 2019, Mata-Sucre et al. 2020a). This
clustered pattern of TEs chromosomal distribution was also ob-
served in other angiosperms families such as Cyperaceae (de
Souza et al. 2018) and Poaceae (Topalian et al. 2022). Despite
the rapid evolution of repetitive DNAs, even in phylogenetically
close groups (Macas et al. 2015), we demonstrate here that the
TEs that make up the heterochromatin of Cenostigma species are
highly conserved in terms of chromosomal location, repeat di-
versity, and the sequences of the protein domains.

The most abundant satDNA in C. microphyllum, CemiSat163
showed signals colocalized with CMA*/DAPI" bands in the
acrocentric chromosomes and small dot-like signals in the
terminal region of these same chromosomes, without asso-
ciation with CMA* bands. The number, intensity, and size of
these CemiSatl163 bands vary among Cenostigma species, with
a constant number of at least three chromosomes with the
same pattern and similar abundance in the genome ~1%. In
this sense, despite the conservation of CemiSat163 abundance
in all analysed species, the absence of signal in an acrocentric
pair of C. pyramidale may be a differential cytological mark for

this species. The abundance of satDNA sequences using RE has
been reported to be underestimated in some groups probably
due to the use of short reads and/or inaccuracy of this method
for quantifying tandem repeats (Ribeiro ef al. 2020, Costa et al.
2021). In addition, signal intensity during in situ hybridization
depends on detection sensitivity and/or spatial resolution, so
the presence of minor signals is not discarded (De Jong et al.
1999). Thus, further analysis of the Cenostigma satellitome may
help to characterize species-specific sequences that allow differ-
entiation of the karyotypes of the genus.

The rapid evolution of the repetitive DNA makes this gen-
omic fraction an important source for understand plant system-
atics and evolution. Differences in the rate of TE evolution may
be related to environmental condition (Schley et al. 2022), plant
habit (He ef al. 2020) and the length of life cycles between per-
ennial and annual species (Mascagni et al. 2017). As expected,
the diversification of satDNA was greater than that of TEs, sug-
gesting that this class of repetitive elements have differential rates
of evolution (Lower et al. 2018). The proliferation of TEs and
changes in its abundance may be related to recombination events
whereby homologous chromosomes with differential numbers
of elements co-segregate in subsequent generations (Mascagni
et al. 2017). The occurrence of both processes can be related
to the number of generations which the accumulation or loss
can occur, which is higher in annual plants than in perennials.
Therefore, annual genera (e.g. Phaseolus L.,) can present high di-
versification rates of satDNA and mobile elements (Ribeiro et
al. 2020), even if they are recent (~S Myr old, Delgado-Salinas
et al. 2006). However, perennial genera with a longer life cycle,
as Cenostigma (~13.59 Myr old, Gagnon et al. 2019), low het-
erogeneity of repeats can be found, as observed here. This trend
related to plant habit, added to the high conservatism of the eco-
logical niche of Cenostigma in Caatinga, may explain the stability
in the repetitive fractions of the genomes observed here.

Does genomic stability facilitate hybridization in Cenostigma?
Within the genus Cenostigma, the available morphological,
phylogenetic and genomic evidences suggest the exist-
ence of natural hybrids (Lewis 1995, Aecyo et al. 2021).
Our phylogenetic analyses are better resolved than the lit-
erature (Gagnon et al. 2019) however, more robust phylo-
genetic analyses should be performed to better understand
Cenostigma evolution. Lewis (1995) proposed the existence
of interspecific hybrids in Cenostigma based on the difficulty
in separating species by morphological characters. In add-
ition, phylogenetic analyses reveal low resolution and non-
monophyly of some species (Gagnon et al. 2016, Aecyo et al.
2021). Hybridization in plants, are more common in younger
lineages as well as potential introgression with other spe-
cies (Mallet 2005), so it seems to be a correlation between
the recent age of a lineage and permeability of reproductive
barriers. There is evidence that the expansion and diversifi-
cation of the genus Cenostigma in the Neotropics correlates
with the last major peak of aridification in the late Miocene
(~15 Mya) (Gagnon et al. 2019). Interestingly, Cenostigma is
one of the genera with the most recent diversification (~13.59
Mya) in the Caesalpinia group (56 Mya) (Gagnon et al. 2019).
Moreover, the diversification of the genus arose between the
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Pliocene and Quaternary periods 5.3 Mya ago (Gagnon et
al. 2019). Although in the Caesalpinia group these ages are
recent, when it comes to the rate of evolution of repetitive
DNAs, the degree of genomic conservation of Cenostigma
species is remarkable when compared to other legumes with
divergences of >5 Mya (Ribeiro ef al. 2020).

Genome stability is one of the first traits that can be impaired
when two divergent genomes are combined. Genome instability
can be considered a hybrid incompatibility phenotype, due to
the wide range of sequence classes whose divergence leads to
genome instability in the hybrid individual (Dion-Cé6té and
Barbash 2017). The combination of unrelated genomes to
form hybrids causes a wide spectrum of genetic and epigenetic
changes in the offspring, termed ‘genomic shock’ (McClintock
1984). However, what happens if the genomes involved in hy-
brid formation have a high degree of conservation? Comparative
analyses among Cenostigma species corroborate a scenario of
genomic stability that may favour the viability of interspecific
hybrids. In this sense, this genomic stability, especially in terms
of chromosome number and heterochromatin distribution/
composition may provide a better recognition of homoeologous,
similarity in epigenetic patterns, leading to stable meiosis and
fertility in hybrids (Mason and Batley 2015). Moreover, satDNA
are more affected than TEs during the hybridization process, this
is congruent with the satDNA differentiation identified here in
the Cenostigma species (Zagorski et al. 2020). In future studies,
it will be important to perform similar comparative analysis
including such samples identified as potential hybrids with inter-
mediate phenotypes. This will shed light on the potential role of
genomic stability in facilitating hybridization in Cenostigma.

CONCLUSION

Advances were reached in the heterochromatin and repetitive
fraction characterization of the genomes in seven Cenostigma
species. Besides the stable chromosome number 2n = 24,
Cenostigma is characterized by an intrageneric cytomolecular
stability corroborated by three data set obtained here: (i) a
conserved CMA+/DAPI" banding pattern and number of 5S
and 35S rDNA sites; (ii) similarity in the composition/abun-
dance of the elements composing the repetitive fraction of the
genomes of C. bracteosum, C. laxiflorum, C. macrophyllum, C.
nordestinum, C. pluviosum, and C. pyramidale; and (iii) con-
served karyotypic distribution of Tekay and Athila TE elem-
ents composing the heterochromatin of the species. The
CemiSat163 satDNA showed few differences in its distribu-
tion, thus further studies of the satellitome could yield cyto-
genetic markers to differentiate the species in the genus. This
scenario of genomic stability may be favoured by a similar
ecological niche shared by the sampled species that may fa-
cilitate the emergence and establishment of hybrids within
Cenostigma in Caatinga vegetation. Additionally, the relatively
recent age of this genus (~13.59 Mya) may be related to an in-
cipient differentiation of the genomes. Finally, the character-
istic arboreal habit and relatively long-life cycle of Cenostigma
species may also be linked to the conservatism of the repeti-
tive fraction in the genus. This is the first infrageneric com-
parative cytogenomic investigation in the Caesalpinia group,

so future studies may reveal whether the heterochromatic sta-
bility reported here also occurs in other genera with similar
evolutionary/biogeographic histories.

SUPPLEMENTARY DATA

Supplementary data is available at Botanical Journal of the Linnean
Society online.

Table S1. Genomic composition (expressed in percentage) of
individual analysis of repetitive sequences in C. bracteosum, C.
laxiflorum, C. macrophyllum, C. microphyllum, C. nordestinum, C.
pluviosum and C. pyramidale by cluster analysis. Genome size are
expressed as Mbp

Figure S1. Phylogenetic relationships constructed through
FastTree by Neighbor Joining using the reverse transcriptase se-
quence alignments for Ty3/gypsy-Athila A, Ty3/gypsy-Tekay B,
and the monomer alignment for CemiSat163 elements satDNA
C.

Figure S2. MAFFT alignment of the Ty3/gypsy-Athila A
and Ty3/gypsy-Tekay B elements contigs in C. bracteosum, C.
laxiflorum, C. macrophyllum, C. microphyllum, C. nordestinum, C.
pluviosum, and C. pyramidale

Figure S3. Mapping of the CemiSat163 satDNA mono-
mer A and forward and reverse primers B on the alignment of
the satDNA CemiSat163 in C. bracteosum, C. laxiflorum, C.
macrophyllum, C. microphyllum, C. nordestinum, C. pluviosum,
and C. pyramidale.

Figure S4. Metaphases of A, C. pluviosum; B, C. macrophyllum;
C, C. pyramidale; D, C. laxiflorum; E, C. bracteosum, and F, C.
nordestinum showing the Ty3/gypsy-Tekay labelled with Cy3-
dUTP with pseudocoloured signals in green. The chromosomes
are counterstained with DAPI. Scale bar: 10 pm

Figure $5. Metaphases of A, C. microphyllum; B, C. pluviosum;
C, C. macrophyllum; D, C. pyramidale; and E, C. laxiflorum
showing the Ty3/gypsy-Athila labelled with Cy3-dUTP with
pseudocoloured signals in red. The chromosomes are counter-
stained with DAPI. Scale bar: 10 pm.
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LIMITATIONS OF THE STUDY

The seven Cenostigma species analysed in this study are characterized
by TE-enriched pericentromeric bands and satellites. However, we
were unable to hybridize all elements in all species because of the dif-
ficulty in obtaining material for cytogenetic analyses, some material
was extremely difficult to germinate and seeds were prone to constant
fungal infections. Some species of Cenostigma showed a different
DNA satellite banding pattern; therefore, it is unclear whether this
fraction of the genome evolved similarly in all species of the genus.
Extending our comparative cytogenomic approach to the remaining
seven species of the genus will help to validate the results observed
here.

DATA AVAILABILITY

All sequencing data used in this study were submitted to the NCBI
under the Bioproject no. PRINA739461. The plastomes presented in
this work are made available in Table 1. All other data needed to evalu-
ate the conclusions in the paper are provided in the paper and/or the
Supplementary Materials. Additional data related to this study may be
requested from the authors.
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