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Abstract
Fluctuations in genomic repetitive fractions (repeatome) are known to impact several 
facets	of	evolution,	such	as	ecological	adaptation	and	speciation	processes.	Therefore,	
investigating the divergence of repetitive elements can provide insights into an im-
portant evolutionary force. However, it is not clear how the different repetitive ele-
ment clades are impacted by the different factors such as ecological changes and/
or	phylogeny.	To	discuss	this,	we	used	the	Neotropical	legume	genus	Erythrostemon 
(Caesalpinioideae) as a model, given its ancient origin (~33 Mya),	lineage-	specific	niche	
conservatism, macroecological heterogeneity, and disjunct distribution in Meso-  and 
South	American	(MA	and	SA	respectively)	lineages.	We	performed	a	comparative	re-
peatomic analysis of 18 Erythrostemon species to test the impact of environmental 
variables over repeats diversification. Overall, repeatome composition was diverse, 
with	high	abundances	of	satDNAs	and	Ty3/gypsy-	Tekay	transposable	elements,	pre-
dominantly	in	the	MA	and	SA	lineages	respectively.	However,	unexpected	repeatome	
profiles	unrelated	 to	 the	phylogeny/biogeography	were	 found	 in	a	 few	MA	 (E. coc-
cineus, E. pannosus and E. placidus)	and	SA	(E. calycinus) species, related to reticulate 
evolution and incongruence between nuclear and plastid topology, suggesting ancient 
hybridizations.	The	plesiomorphic	Tekay	and	satDNA	pattern	was	altered	in	the	MA-	
sensu	stricto	subclade	with	a	striking	genomic	differentiation	(expansion	of	satDNA	
and	 retraction	of	Tekay)	 associated	with	 the	colonization	of	 a	new	environment	 in	
Central	 America	 around	 20 Mya.	Our	 data	 reveal	 that	 the	 current	 species-	specific	
Tekay	pool	was	 the	 result	of	 two	bursts	of	 amplification	probably	 in	 the	Miocene,	
with	distinct	 patterns	 for	 the	MA	and	SA	 repeatomes.	 This	 suggests	 a	 strong	 role	
of	 the	 Tekay	 elements	 as	 modulators	 of	 the	 genome–environment	 interaction	 in	
Erythrostemon, providing macroevolutionary insights about mechanisms of repeatome 
differentiation and plant diversification across space and time.
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1  |  INTRODUC TION

Speciation and divergence in genomic repetitive fractions (re-
peatome) are closely related concepts in evolutionary biology 
and genomics. Different populations or species may accumulate 
distinct repetitive element profiles or exhibit different patterns 
of repetitive sequences due to the accumulation of mutations 
and genomic rearrangements over time. However, the impact 
of repeatome divergence on species divergence is complex and 
multifaceted. Studies have demonstrated a relationship between 
differences in the repetitive genomic fraction (repeatome) and di-
versification rates (Oliver et al., 2013; Ricci et al., 2018). It has 
been demonstrated that plant genera with a high frequency of nat-
ural hybridization often present a high similarity in the repetitive 
genomic fraction (Barros e Silva et al., 2010; Castro et al., 2024). 
However, many questions regarding the dynamics of repeatome 
evolution remain unknown.

The	 interaction	 between	 genome	 features	 (e.g.	 genome	 size,	
genes and mobile elements composition) and ecological variables 
(e.g. soil, temperature and precipitation) is an intriguing subject in 
evolutionary	biology	(Chumová	et	al.,	2022; Moraes et al., 2022). 
For instance, this interaction has been applied to understand the 
relationship	 between	 total	 nuclear	 DNA	 content	 (genome	 size),	
highly variable in eukaryotes and geographical distribution/eco-
logical conditions (Grotkopp et al., 2004; Hultgren et al., 2018; 
Kang et al., 2014;	Lysák	et	al.,	2000;Wang	et	al.,	2011). Notably, in 
angiosperms, genome size increases from the equator towards the 
poles in both the Northern and Southern Hemispheres. However, 
specifically in the Northern Hemisphere, genome size increases 
towards	 temperate	zones	and	 then	decreases	again	 in	Arctic	 re-
gions, forming an ‘S- shaped pattern’ attributed to a larger tem-
perature gradient in the north (Bureš et al., 2024).	 This	 genome	
size variation in plants accounts for approximately 2000- fold 
difference between the smallest and largest genomes reported 
(Gregory, 2005)	and	 is	mainly	caused	by	TEs	accumulation	 (Lwin	
et al., 2017).

DNA	 sequences	 found	 in	 the	 eukaryotic	 genome	 can	 be	
subdivided	 into	 two	major	 classes:	 the	 single-	copy	 coding	 DNA	
sequences (mainly composed of coding sequences) and the repet-
itive,	mainly	 non-	coding,	DNA	 sequences	 (Bourque	 et	 al.,	2018; 
Šatović-	Vukšić	 &	 Plohl,	 2023). Previous research has revealed 
genomic adaptation to the environment, highlighting correlations 
between gene polymorphisms and different environmental con-
ditions (Pluess et al., 2016; Sun et al., 2019). Nevertheless, little 
is known about the effect of ecological variables on repetitive 
elements, although flowering plants stand out for having large 
amounts	 of	 repetitive	 DNA	 (repeats)	 making	 up	 their	 genome	
(Hannan, 2018;	 Jouffroy	et	al.,	2016; Pita et al., 2019), with this 
being the primary cause of the remarkable genome size variation 
in the group (Pellicer et al., 2018).

The	 repeats	 are	 classified	 as	 tandemly	 (e.g.	 satellite	 DNAs)	
or disperse distributed in the genomes, and transposable ele-
ments	 (TE)	are	 the	major	group	within	 the	dispersed	counterparts	

(Galindo-	González	 et	 al.,	 2017).	 TEs	 can	 be	 classified	 into	 two	
classes distinguished by their transposition mechanism: retrotrans-
posons	 (RT)	 and	 DNA	 transposons	 (Bourque	 et	 al.,	 2018;	Wicker	
et al., 2007).	 Among	RTs,	 long	 terminal	 repeats	 (LTR-	RTs)	 are	 one	
of	 the	 most	 abundant	 elements	 of	 plant	 repeatomes	 (Wendel	
et al., 2016).	 LTR-	RTs	 are	 classified	 into	 superfamilies,	 with	 Ty1/
copia	and	Ty3/gypsy	standing	out	as	 the	most	notable	LTR	 repre-
sentatives, that are further subdivided into a diversity of lineages 
(Neumann et al., 2019;	Wicker	et	al.,	2007).

Recently, some studies demonstrated that repeat transposi-
tion can be affected by the environment, often resulting in gene 
activation/silencing and changes in the abundance/composition of 
repetitive	DNA	 (Canapa	 et	 al.,	2020; Guo et al., 2022; Kanazawa 
et al., 2009).	Nonetheless,	it	is	still	unclear	whether	specific	TE	lin-
eages are strongly affected by ecological conditions or not. In this re-
gard, only a few studies have properly investigated how repeatome 
composition (in terms of repeat clades) might be affected by con-
trasting ecological conditions. For instance, in barley (Hordeum spon-
taneum),	 stress-	induced	 activation	 of	 the	 retrotransposon	 BARE-	1	
is involved in adaptive selection across varying microclimates at 
Evolution Canyon, Israel, and is associated with an increase in ge-
nome size through its amplification (Kalendar et al., 2000). More 
recently, Schley et al. (2022) have shown differential patterns of 
expansion/contraction	 of	 specific	 Ty1/copia	 repeats	 under	 envi-
ronmental	 stress.	 Taken	 together,	 these	 studies	 suggest	 that	 the	
genome–environment	 interactions	 could	 be	 better	 understood	 by	
analysing at fine genomic scale.

It has been reported that fluctuations in the abundance 
and	 composition	 of	 both	 satDNA	 and	 TEs	 are	 involved	 in	 spe-
ciation processes (Feiner, 2016; Garrido- Ramos, 2015;	 Pons	 &	
Gillespie, 2004). One of the possible causes is the rapid evolution 
of this genome fraction, which can sometimes become a signifi-
cant source of biological innovations (Richardson et al., 2015). For 
instance, differences in repetitive sequences between populations 
can contribute to reproductive isolation by affecting chromo-
somal pairing during meiosis or leading to hybrid incompatibilities 
(Garrido- Ramos, 2015; Levy, 2013).	 Additionally,	 some	 previous	
studies demonstrate regulatory and maintenance functions of 
these	elements	 in	different	organisms	 (Cordaux	&	Batzer,	2009; 
Goodier	&	Kazazian,	2008).	Therefore,	the	repetitive	fraction	can	
be one of the key pieces during the evolutionary process of a bi-
ological group. Due to the complex interaction of repeats among 
themselves and to other components of the host genome, it has 
been proposed that repeat clades that compose the genome can 
be analogous to species in a hypothetical ecological community 
(Schley et al., 2022;	Venner	et	 al.,	2009).	 This	 intriguing	parallel	
is referred to as ‘genome ecology’ (Brookfield, 2005), a concept 
that allows us to better understand the repeatome diversity using 
ecological metrics and study repeats from an ecological perspec-
tive (Schley et al., 2022).	Therefore,	analysis	commonly	applied	in	
ecology studies can be used to understand, for instance, whether 
environmental conditions impact the evolution of genomic traits 
(Schley et al., 2022).
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The	 Caesalpinieae	 Rchb.	 tribe	 (Gagnon	 et	 al.,	 2024) is an in-
teresting	 model	 to	 investigate	 genome–environment	 interactions	
due to the significant correlation between genome size and lati-
tude/temperature observed for some species of the group (Souza 
et al., 2019). Furthermore, variation in heterochromatin amount and 
distribution on chromosomes was also linked to ecological niche 
and geographical distribution (Mata- Sucre, Costa, et al., 2020;	Van-	
Lume et al., 2017).	Within	the	tribe,	Erythrostemon is noteworthy for 
its	 ecological	diversity,	 and	disjunct	distribution.	The	genus	 is	dis-
tributed	disjunctly	in	three	main	centers:	(i)	Southern	USA,	Mexico,	
Central	America	and	the	Caribbean	(23	species);	(ii)	Caatinga	vege-
tation in Northeast Brazil (with one species: Erythrostemon calycinus 
(Benth.)	L.P.	Queiroz)	and	(iii)	Argentina,	Bolivia,	Chile	and	Paraguay	
(seven species) (Gagnon et al., 2016, 2019, 2024), in habitats ranging 
from	different	Seasonally	Dry	Tropical	Forest	 (SDTF	sensu	Lopez-	
Toledo	et	al.,	2024)	environments	(e.g.	lowland	SDTFs,	Caatinga,	dry	
forest, deserts, Yungas- Puna transition zones and Chaco- transition 
forests) (Figure 1a).

Erythrostemon has a high diversity of heterochromatin distribu-
tion, despite its strong stability in chromosome number (2n = 24)	and	
absence	of	polyploidy,	reported	for	both	Meso	and	South	American	
species (Mata- Sucre, Costa, et al., 2020;	 Van-	Lume	 et	 al.,	 2017). 
Moreover, the Mexican E. hughesii has a heterochromatin composed 
mainly	 by	 satellite	 DNAs	 (satDNA)	 in	 contrast	 to	 the	 Ty3/gypsy-	
Tekay-	rich	heterochromatin	of	some	South	American	species	occur-
ring in northeast Brazil (in the Caesalpinia group genera Cenostigma, 
Libidibida and Paubrasilia).	 This	 points	 to	 a	 possible	 geographical	
differentiation of the repeatomes in the Caesalpinieae tribe (Castro 
et al., 2024; Mata- Sucre, Sader, et al., 2020;	Van-	Lume	et	al.,	2019).

Given the previous findings for the Caesalpinieae, we here 
looked for putative repeats that may be under the influence of envi-
ronmental	variables.	We	took	advantage	of	genome	skimming	from	
several species of the genus Erythrostemon coupled with informa-
tion about environmental and geographic distribution to investigate 
the	genome–environmental	 interaction	 in	a	fine	genomic	scale.	By	
comparing the repeatome of 18 Erythrostemon species, covering all 
clades and more than 50% of the species diversity of the genus, we 
aimed to address three key questions: (1) Can Erythrostemon clades 
be distinguished by a differential repeat composition and diversity, 
given its 33 Mya origin? (2) Do ecological variables and/or phylogeny 
impact	 repeat	diversity	 in	 the	genus?	 (3)	Are	 there	specific	 repeat	
clades that are strongly associated with ecological traits?

2  |  MATERIAL S AND METHODS

2.1  |  Plant material, DNA extraction and genome 
sequencing

Eighteen species of the genus Erythrostemon were analysed, with 
eight	 representatives	 from	 the	 South	American	 (SA)	 clade	 and	10	
from	 the	 Mesoamerican	 (MA)	 clade.	 The	 seeds	 were	 obtained	
from the Millennium Seed Bank (Royal Botanic Gardens, Kew, UK), 

collected either from natural populations or obtained from cul-
tivated plants (Table S1).	 Total	 genomic	 DNA	 was	 obtained	 from	
seeds/leaves	 using	 the	 CTAB	 extraction	 protocol	 of	 Ferreira	 and	
Grattapaglia (1995), slightly modified (omitting preheating of the ex-
traction buffer before adding the sample) or using the Nucleopsin II 
kit	 (Macherey-	Nagel)	 following	manufacturer	 instructions.	The	ge-
nomes were then sequenced using the Illumina HiSeq 2000 platform 
at the Max Planck- Genome- Center, generating paired- end reads of 
150	or	250 bp	using	the	genome	skimming	approach.	All	of	the	se-
quenced genomes are available at the NCBI database (Project num-
ber:	PRJNA739461).

2.2  |  Phylogenetic analysis and molecular dating

We	used	full	plastomes	and	nuclear	rDNA	to	reconstruct	phyloge-
netic relationships. Raw Illumina reads were mapped against the 
reference plastome of E. calycinus, (NCBI accession NC047361.1) 
and	 full	 18S + ITS1 + 5.8S + ITS2 + 26S	 rDNA	 cistron	 of	 Sena sia-
mae (NCBI accession ERX386821) using Geneious (v. 9.1.8) then 
the	genomes	were	aligned	using	MAFFT	(Katoh	&	Toh,	2008). For 
simplification,	we	 used	 the	most	 general	model	 of	DNA	 substitu-
tion	 GTR + I + G	 (Abadi	 et	 al.,	 2019) on the full plastome and nu-
clear	rDNA	alignments.	Furthermore,	the	alignments	were	manually	
trimmed. Phylogenetic relationships were inferred using maximum 
likelihood (ML) with 1000 replicates in Geneious (v. 9.1.8) using the 
FastTree	plugin	(Price	et	al.,	2009). Considering that the monophyl-
etic status of Erythrostemon is well established (Gagnon et al., 2016), 
here we sought to characterize internal relationships based on our 
subsampling.	For	 this,	we	selected	 the	Andean	species	Arquita mi-
mosifolia	(Griseb.)	Gagnon,	G.P.	Lewis	&	C.E.	Hughes	as	an	outgroup	
(Gagnon et al., 2019).	 To	 check	 for	 incongruences	 among	 the	 dif-
ferent topologies, by matching the tips of the inputted trees, the 
Cophylo package in software R was used (Revell, 2012). Finally, 
the	 network	 (Holland	 &	Moulton,	 2003) was constructed for full 
plastome	and	nuclear	rDNA	dataset	using	the	program	SplitsTree4	
(Huson	 &	 Bryant,	 2006). Divergence times were estimated using 
BEAST	 version	 1.8.3	 (Drummond	&	Rambaut,	2007) with the ML 
analysis result as the fixed plastidial topology. For calibration, we 
used the crown age of Erythrostemon	 (33.32 ± 4.32 Mya)	 and	 the	
crown	ages	of	the	SA	(29.48 ± 6.02	Mya)	and	MA	(30.97 ± 5.32	Mya)	
clades determined by Gagnon et al. (2019).	An	uncorrelated	relaxed	
lognormal	 clock	 (Drummond	 &	 Rambaut,	 2007) and Birth- Death 
speciation model (Gernhard, 2008)	were	applied.	Two	independent	
runs of 100,000,000 generations were performed, sampling every 
10,000	generations.	After	removing	25%	of	samples	as	burn-	in,	the	
independent runs were combined and a maximum clade credibility 
tree	was	constructed	using	TreeAnnotator	version	1.8.2	 (Rambaut	
&	Drummond,	2013). In order to verify the effective sampling of all 
parameters and assess convergence of independent chains, we ex-
amined	 their	 posterior	 distributions	 in	 TRACER.	 The	MCMC	 sam-
pling was considered sufficient at effective sampling sizes equal to 
or higher than 200.
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2.3  |  Repeatome identification and 
characterization

For the individual analysis of the repetitive fraction of the species, 
genomic next- generation sequencing data was uploaded to the 
Galaxy/RepeatExplorer2	 platform	 (Novák	 et	 al.,	 2020) to identify 
the most abundant repetitive elements, grouping them based on 
similarity and generating clusters for the different families of repeti-
tive	DNA.	The	number	of	reads	for	the	comparative	analysis	were	fil-
tered by quality with default settings (95% of bases equal to or above 
the quality cut- off value of 10), then adjusted to obtain ~0.04× cov-
erage for each species and interlaced (Table S2). Due to the diffi-
culty in obtaining appropriate tissues for measuring genome size and 
since most of genome size variation within Erythrostemon clades is 
generally low (Souza et al., 2019), for species lacking genome size 
data, we extrapolated from the mean genome size of its respective 
clade (Table S2). Clustering was performed with default settings of 
90% similarity over a 55% minimum sequence overlap. Only clus-
ters	 with	 abundance	 above	 0.01%	 were	 considered.	 Additionally,	
in order to compare the repeat composition observed in all 18 
species,	we	employed	a	comparative	analysis	 (Novák	et	al.,	2020). 
The	individual	and	comparative	proportions	of	repeat	clades	sensu	
Neumann et al., 2019 (henceforth, whenever we mention a specific 
repeat	clade	or	TE	clade,	it	is	referring	to	the	total	of	all	repeat	units	
classified within that category), identified in each species genome, 
were calculated using the number of reads grouped versus the total 
amount of reads used for analysis, after excluding chloroplast and 
mitochondrial reads.

2.4  |  Environmental data acquisition

To	gather	occurrence	information	of	the	18	Erythrostemon species, 
data were downloaded from the Canadensys database (Gagnon 
et al., 2018) selecting only our subsample of Erythrostemon species. 
Additionally,	 from	 the	 coordinates	 of	 each	 species,	 we	 extracted	
values	 for	 the	19	climatic	variables	available	 in	 the	WorldClim	1.4	
(5 min)	generic	grid	format	(Hijmans	et	al.,	2005) utilizing the package 
raster 2.6- 7 (Hijmans, 2023) implemented in R.

After	extracting	the	environmental	variables,	to	avoid	the	selec-
tion of highly collinear variables, we checked for collinearity by using 
Pearson's correlation coefficient (r > .75).	Finally,	we	selected	non-	
collinear	WorldClim	variables	which	represented	the	finest	tempo-
ral resolution, resulting in the following eight variables: Bio2—Mean 
Diurnal Range, Bio3—Isothermality (Bio2/Bio7) (× 100),	 Bio5—Max 
Temperature	of	Warmest	Month,	Bio6—Min	Temperature	of	Coldest	
Month, Bio13—Precipitation	of	Wettest	Month,	Bio14—Precipitation 
of Driest Month, Bio19—Precipitation of Coldest Quarter and 

Elev—elevation data. In order to have typical variable values for each 
species, we calculated the species median of those eight selected 
environmental variables (Table S3).

2.5  |  Environmental model selection and 
phylogenetic signal

To	assess	how	each	repeat	clades	 in	Erythrostemon genomes were 
influenced by different ecological variable predictors (non- collinear 
WorldClim	variables),	we	evaluated	which	set	of	ecological	variables	
best explained repeat lineage abundances. For this, we employed 
generalized	 linear	 models	 with	 Quasi-	Binomial	 Regression.	 We	
performed an exhaustive model selection approach using glmulti 
(Calcagno, 2010)	package	implemented	in	R	(Bartoń,	2023).	The	best	
minimum adequate models (model with less predictors) with lower 
Akaiake	information	criterion	for	regression	models	(Akaiake,	1973; 
Hurvich	&	Tsai,	1989) values were selected.

2.6  |  Association between TEs variation and 
environment/phylogeny

We	performed	a	Generalized	Dissimilarity	Modelling	(GDM)	(Ferrier	
et al., 2007), a distance- based, nonlinear extension of matrix regres-
sion implemented in the R package gdm (Fitzpatrick et al., 2022). For 
that,	a	distance	matrix	using	the	Bray–Curtis	dissimilarity	metric	(Bray	
&	Curtis,	1957)	was	created.	The	Bray–Curtis	dissimilarity	metric	is	
based	on	the	sum	of	the	lesser	abundant	TEs	shared	between	differ-
ent	species	genomes	in	relation	to	the	total	TE	abundances	across	
the analysed species: C = 1 − (2pjk)/(pj + pk), where pjk is the sum of the 
lesser values for the species found in each site, while pj and pk are the 
sums of species values for samples j and k (Beals, 1984).	Therefore,	
GDM analyses seek to establish relationships based on input data, 
here consisting of the distance dissimilarity matrix (Bray- Curtis) of 
repeatome composition against environmental and phylogenetic 
predictors.	We	used	 this	 set	 of	 variables	 for	 variance	 partitioning	
with	the	gdm.partition.deviance	function.	This	analysis	indicates	the	
total amount of deviance explained by each variable set individually 
as well as in combination (Gattoni et al., 2022).

2.7  |  Repeatome ecology and evolution

To	investigate	the	repetitive	DNA	abundances	between	the	SA	and	
MA	 clades,	we	 performed	 a	 Principal	 Coordinate	 Analysis	 (PCoA)	
using the vegan package (Oksanen et al., 2022) in R software  
(R	Core	Team,	2023). Furthermore, to test if the two Erythrostemon 

F I G U R E  1 (a)	Ecological	diversity	in	Erythrostemon. Occurrences of Erythrostemon are highlighted on the map of Mesoamerica and 
South	America,	black	points	are	the	genus	distribution.	(1)	E. placidus (Mesoamerica), (2) E. exilifolius	(South	America)	and	(3)	E. calycinus 
(Northeastern	Brazil).	(b)	Comparative	topologies	comparison	obtained	from	plastome	(right)	and	the	rDNA	tree	(left).	The	number	above	
the	branches	represents	the	bootstrap	values.	(c)	The	SplitsTreesnetwork	based	nuclear	rDNA.	The	colours	of	the	branches	represent	the	
geographic distribution of the species.
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6 of 18  |     CASTRO et al.

clades form distinct groups in relation to their repeatome composi-
tion,	we	carried	out	a	Permutation	Multivariate	Analysis	of	Variance	
(PERMANOVA,	Anderson,	2005)	also	using	a	Bray–Curtis	distance	
and 1000 permutations with the R package vegan.

To	 investigate	 the	 temporal	 dynamics	 of	 Tekay	 elements	 in	
Erythrostemon, we calculated the distributions of pairwise diver-
gence between Illumina reads mapped to the reverse transcriptase 
(RT)	domain	(Mascagni	et	al.,	2020; Usai et al., 2017).	We	extracted	
the reverse- transcriptase sequence using the Protein Domains 
Filter function of RepeatExplorer (Neumann et al., 2019).	Then,	we	
mapped the raw reads of the analysed species to the corresponding 
reverse- transcriptase domain sequence using the Low Sensitivity 
preset (five iterations) of the Geneious Read Mapper v. 6.0.3 plugin 
implemented in Geneious v. 7.1.9 (Kearse et al., 2012). From the 
mapped reads, we randomly selected 100 reads and calculated 
pairwise	divergence	using	the	MAFFT	plugin	(Katoh,	2002) under 
the Kimura two- parameter model of sequence evolution (Kimura, 
1980).	The	pairwise	distances	were	then	converted	to	millions	of	
years	 using	 the	 rice	 substitution	 rate	 of	 4.9 × 10−9 substitutions/
site/year (Mascagni et al., 2020; Usai et al., 2017).	 The	 resulting	
values were used to build density plots using the ggplot2 package 
(Wickham,	 2016) in R software, where peaks indicate bursts of 
Tekay	insertion.

To	 investigate	what	could	cause	 repeat	differences	among	 the	
clades, we calculated the β-	diversity	 (Whittaker,	1960) which en-
abled comparative understanding of the repeat composition of 
Erythrostemon	genomes.	That	is,	we	investigated	if	the	differences	in	
TEs	clades	abundances	across	the	genomes	were	linked	to	turnover	
(which	implies	the	replacement	of	some	TEs	‘species’	by	others)	or/
and nestedness (i.e. Erythrostemon genomes with smaller numbers of 
TEs	‘species’	are	subsets	of	the	Erythrostemon genomes with higher 
TEs	richness)	(Baselga,	2010).

In order to evaluate alfa diversity of repetitive elements in 
Erythrostemon	 species,	 we	 used	 two	 metrics:	 ‘TEs	 clades	 rich-
ness’,	 that	 is,	 the	 number	 of	 distinct	 TEs	 clades	 present	 in	 each	
Erythrostemon repeatome and Pielou's evenness (Pielou, 1966), 
which	 assesses	 the	 uniformity	 of	 TE	 clades	 abundances	 in	 each	
Erythrostemon	 representative.	We	specifically	chose	Pielou's	even-
ness	 to	 investigate	 whether	 certain	 TEs	 clades	 are	 highly	 domi-
nant	compared	 to	others	 in	our	 sampling.	Additionally,	 in	order	 to	
test if these metrics had a phylogenetic significance, we measured 
the phylogenetic signal λ (Pagel, 1999) using the phytools package 
(Revell, 2012) implemented in R software.

In order to test the phylogenetic significance of repeat abun-
dances, we calculated the phylogenetic signal λ (Pagel, 1999) across 
all species using the results from the individual clustering analysis. 
For this, we used the phylosig function from the phytools package, 
implemented	in	the	R	software.	With	the	aim	of	exploring	changes	
in	satDNA	and	Tekay	abundance	over	time,	these	data	were	recon-
structed along the plastid phylogeny using the contmap function 
implemented in the phytools package in R software. Finally, to in-
vestigate	relationships	between	LTR	TEs	and	satDNA,	Tekay	abun-
dance, genome size (Souza et al., 2019) and latitude, we performed 

Pearson's	 correlation	 analyses.	 Additionally,	 we	 test	 the	 Pearson	
correlation of the repetitive elements with each other.

3  |  RESULTS

3.1  |  Revisiting Erythrostemon 
phylogeny and dating

The	plastid	alignment	 (155,846 bp)	 showed	125,612	 identical	 sites	
(80.6%)	 and	 5230	 phylogenetically	 informative	 sites	 (3.35%).	 This	
phylogenetic reconstruction of the 18 analysed Erythrostemon spe-
cies, was congruent with previous phylogenetic analyses (Gagnon 
et al., 2016, 2019).	We	observed	the	presence	of	two	well-	supported	
clades	 (BS = 1;	 Figure 2).	 The	 SA	 clade,	 is	 composed	 of	 Andean/
Chaco species (E. angulatus, E. argentinus, E. coluteifolius, E. exilifolius, 
E. fimbriatus and E. gilliesii) and one NE Brazilian Caatinga species (E. 
calycinus). Only one species distributed in the Mesoamerican region 
(E. caudatus)	was	positioned	in	the	SA	clade.	The	MA	clade	comprised	
E. caladenia, E. coccineus, E. exostemma, E. hughesii, E. melanadenius, 
E. mexicanus, E. pannosus, E. placidus, E. sousanus and E. yucatanensis 
(BS = 1;	Figure 2).	According	to	our	molecular	clock	analysis,	the	esti-
mated crown age of the analysed species was 33.6 million years (My; 
Figure 2),	with	subsequent	diversification	of	the	MA	and	SA	clades	
at around the same time (~30 Mya),	similar	to	the	times	described	by	
Gagnon et al. (2019).

For	the	rDNA	tree,	the	rDNA	alignment	(5873 bp)	showed	5156	
identical sites (87.8%) and 349 phylogenetically informative sites 
(5.94%).	 The	 positions	 of	E. calycinus, E. mexicanus and all species 
of	the	SA	clade	were	incongruent	when	comparing	the	plastid	and	
rDNA	 topologies	 (Figure 1b). In addition to the incongruence, the 
nuclear	 rDNA	 topology	 revealed	 low	support	 and	poorly	 resolved	
relationships, which gave rise to the hypothesis of reticulate evo-
lution.	The	network	analysis	that	was	performed	revealed	a	highly	
reticulated pattern in the backbone of the network, especially in the 
low- resolution parts of the tree (Figure 1c). On the other hand, the 
network analysis of the full plastome dataset did not show signs of 
reticulate evolution (data not shown).

3.2  |  Repetitive DNA composition in species of 
Erythrostemon

The	 number	 of	 analysed	 reads	 of	 our	 individual	 RepeatExplorer	
analysis ranged from 170,563 reads in E. hughesii to 741,976 in E. co-
luteifolius (Table S2).	The	analysis	revealed	a	heterogeneity	in	abun-
dance of the repetitive fraction varying from 21.0% (E. hughesii) to 
74.0% (E. fimbriatus) (Figure 2; Table S2).

Notably,	 both	 SA	 and	 MA	 species	 exhibited	 high	 proportions	
of repetitive elements ranging from 20.9% (E. hughesii) to 74.0% 
(E. fimbriatus).	Ty3/gypsy-	Tekay	was	especially	abundant	 in	 the	SA	
species	 (mean	 value = 29.4%)	 while	 appearing	 in	 smaller	 propor-
tions	in	most	MA	species	(mean	value = 5.92%)	(Figure 2; Table S2). 
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    |  7 of 18CASTRO et al.

Remarkably,	 the	 MA	 species	 E. melanadenius, E. pannosus and E. 
placidus	conserved	higher	Tekay	abundances	similar	to	the	SA	spe-
cies	(Tekay	mean	value = 11.03%).	This	pattern	was	strongly	altered	
in the subclade comprising E. coccineus, E. caladenia, E. exostemma, 
E. hughesii, E. mexicanus, E. sousanus and E. yucatanensis, referred 
to	here	as	the	‘MA-	sensu stricto	subclade’.	Within	this	group,	Tekay	
accounted for less than 2% of the repetitive fraction in most spe-
cies	(mean	value = 3.73%),	except	for	E. coccineus (24.5%) which has 
most	of	its	repetitive	fraction	composed	of	this	TE	lineage	(Figure 2; 
Table S2).	On	the	other	hand,	satDNAs	proportions	were	relatively	
low	 in	 the	SA	clade,	 ranging	 from	0.01%	 in	E. exilifolius to 1.9% in  

E. calycinus	(mean	value = 0.65%),	but	significantly	higher	in	the	MA-	
sensu	stricto	subclade	(mean	value = 7.97%).

For the comparative analysis, a total of 1,034,936 Ilumina reads 
from all 18 species were analysed, with a final coverage of ~0.01×. 
Of these, 777,831 reads were grouped into 122,168 clusters, 
while 257,105 remained unclustered. Considering only clusters 
with at least 0.01% genome abundance, 287 clusters were identi-
fied as repetitive elements (Figure S1). Our results of the species- 
specific and comparative repeatome analysis revealed contrasting 
satDNA	and	TEs	patterns	between	the	two	phylogenetic	clades	in	
Erythrostemon.

F I G U R E  2 Dated	plastid	phylogenetic	tree	of	18	Erythrostemon species and individual repeat proportion (unclassified abundances 
are omitted) of each species including the outgroup Arquita mimosifolia	(grey	branch)	analysed	by	Repeatexplorer.	The	colours	of	the	
branches	represent	the	geographic	distribution	of	the	species.	Bars	on	the	right	of	the	tips	are	coloured	based	on	repetitive	DNA;	the	x- axis 
represents	the	proportion	of	repeats	expressed	as	a	percentage	for	each	genome.	MA = Mesoamerican.	Nodes	marked	with	an	asterisk	(*)	
indicate bootstrap values (BS) lower than 1.
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8 of 18  |     CASTRO et al.

3.3  |  Composition and biogeographic patterns of 
transposable elements in Erythrostemon

To	 check	 whether	 the	 differential	 repeat	 accumulation	 found	
across Erythrostemon species can help to differentiate the taxo-
nomic	clades,	we	performed	a	PCoA	analysis.	The	analysis	revealed	
that the first and second principal components explained 74% and 
12% of the variation in repeat abundances, respectively (Figure S2). 
These	 axes	mainly	 separated	 the	MA-	sensu	 stricto	 subclade	 and	
the	SA	clade,	with	few	incongruencies.	Curiously,	the	MA	species	
E. coccineus, E. pannosus and E. placidus exhibited a similarity with 
South	 American	 species	 in	 the	 PCoA.	 Furthermore,	 the	 unique	
Northeastern Brazilian representative (E. calycinus), appeared more 
similar	 to	Mesoamerican	 species.	 Additionally,	 the	 PERMANOVA	
analysis	 confirmed	 that	 the	 South	 and	 MA	 sensu	 stricto	 clades	
can be differentially separated by repeat lineage compositions 
(F1,14 = 11.14;	p = .0037).

TEs	 richness	 varied	 from	 6	 (E. fimbriatus) to 18 (E. mexicanus) 
(Figure 3) and did not differentiate the clades, suggesting a het-
erogeneity	 in	 repeatome	 composition	 in	 the	 genus.	 The	 Pielou	
evenness	was	higher	in	the	MA	clade	(mean	value = 0.65;	standard	
deviation = 0.25)	compared	to	the	SA	clade	(mean	value = 0.30;	stan-
dard	 deviation = 0.21).	 Within	 the	 remaining	 Mesoamerican	 spe-
cies (E. melanadenius, E. pannosus and E. placidus) Pielou evenness 
was	 intermediate	 (mean	 value = 0.50;	 standard	 deviation = 0.24)	
(Figure 3).	The	unique	Northeastern	Brazil	representative	(E. calyci-
nus) exhibited higher Pielou evenness values, similar to those of the 
Mesoamerican clade (Figure 3).	The	Pielou	 index	also	presented	a	
high phylogenetic signal λ (Table S4).

In general, the β- diversity revealed intermediate values, that is, 
most	of	the	repeat	clades	are	shared	among	the	species.	When	the	re-
peat sharing did not occur, it was mostly by turnover, with fewer cases 
of nestedness, especially in E. fimbriatus (Figure S3). Furthermore, 
there was no clear evolutionary nestedness direction related to a 

F I G U R E  3 Quantitative	diversity	metrics	(richness	and	Pielou's	evenness),	genome	size	variation	and	Pielou's	evenness	index	for	each	
clade represented as a boxplot for all Erythrostemon	coloured	by	phylogenetic	relationships.	The	phylogeny	of	the	plastome	shows	the	
grouping	of	species	in	South	America,	Mesoamerica	and	MA-	sensu	stricto.	The	single	species	from	northeast	Brazil	is	marked	with	an	
asterisk	(*)	in	the	boxplot.
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    |  9 of 18CASTRO et al.

loss	of	TEs	among	different	species	(Figure S3). Interestingly, E. ex-
ostemma, E. hughesii and E. yucatanensis,	species	from	the	MA-	sensu	
stricto subclade tended to have higher β- diversity related to turn-
over	events	compared	with	the	SA	clade	and	other	Mesoamerican	
species (Figure S3).

We	investigated	the	dynamics	of	Tekay	 insertion	events	 in	the	
Erythrostemon	genomes.	In	general,	two	bursts	of	Tekay	amplifica-
tion	were	identified:	(1)	11–5 Mya	in	the	Miocene	and	(2)	<5 Mya	in	
the	Pliocene–Pleistocene.	Most	 of	 the	 SA	 species	 presented	both	
bursts 1 and 2 (Figure S4).	 As	 with	 the	 previous	 results,	 the	MA	
species E. pannosus and E. placidus exhibited a similar pattern to the 
South	 American	 representatives	 (Figure S4). On the other hand, 
within	the	MA-		sensu	stricto	clade,	E. caladenia, E. coccineus, E. mex-
icanus and E. sousanus revealed a more recent expansion scenario of 
Tekay	elements	(burst	2)	(Figure S4). Remarkably, our results reveal 
several	 synchronized	 independent	 Tekay	 bursts	 across	 the	 genus	
Erythrostemon in the Neotropics and further hint at an environmen-
tal	effect	on	differential	TE	accumulation.

3.4  |  Factors that impact repeatome composition in 
Erythrostemon

To	 check	 whether	 environmental	 variables	 have	 an	 effect	 on	
differential repeat accumulation across Erythrostemon species 
we performed model selection analysis. One best fit model was 
yielded	for	each	repeat	lineage	abundance,	with	most	of	the	Ty3/
gypsy repeats presenting at least one ecological variable as the 
best	explanatory	variable,	except	for	the	Athila	element.	Of	note	
was	 that	 the	 Ty3/gypsy-	Tekay	 element	 was	 the	 most	 strongly	
influenced by Bio6.	 Additionally,	 other	 Ty3/gypsy,	 Ty1/copia,	

Class	II	and	Non-	LTR	elements	were	also	influenced	by	ecologi-
cal variables, although showing weaker relationships (Figure 4a; 
Table S5).

In the GDM analysis, environmental variables alone explained 
6.68% of the compositional dissimilarity across all Erythrostemon. 
Due to the strong correlation between the phylogeny and distribu-
tion of the species (which, in turn, is correlated with environmen-
tal variation), phylogeny alone did not account for any variation. 
This	 indicates	that	all	of	 the	percentage	explained	by	phylogeny	
was also captured by environmental factors (15.63%) (Figure 4b). 
The	 sum	 of	 all	 analysed	 factors	 and	 their	 possible	 interactions	
contributed to explain 22.31% of total variation in Erythrostemon 
repeatomes (Figure 4b).	To	investigate	if	TEs	abundance	reflected	
phylogenetic relationships, we assessed Pagel's λ	 of	 the	 TEs	
across	the	species	genomes.	We	found	a	high	phylogenetic	signal	
for six repeat clades (Table S4). Furthermore, Pearson's correla-
tion	analysis	within	all	TE	clades	in	Erythrostemon revealed posi-
tive	correlations	between	different	TEs.	Notably,	Tekay	and	SIRE	
exhibited significantly negative correlations with some of the re-
maining repeats (Figure S5).

Given	 Tekay	 and	 satDNA	 abundances	 were	 highly	 different	
among the two biogeographic clades, we investigated how it changed 
within Erythrostemon evolution across space and time (Figure 5a,b). 
Interestingly,	 the	 species	 with	 higher	 satDNA	 abundance	 present	
less	 LTR-	TEs,	 corroborated	 by	 inverse	 correlation	 among	 these	
different	 repetitive	 DNA	 groups	 (Figure 5c).	 Additionally,	 the	
abundances	of	Tekay	were	positively	 associated	with	 latitude	 and	
genome size (Figure 5c). Our results suggest that both ecological 
and phylogenetic factors are shaping repeatome composition within 
Erythrostemon, with the environment exerting a particularly strong 
influence,	especially	on	the	TE	Tekay.

F I G U R E  4 Factors	influencing	repeatome	composition	in	Erythrostemon.	(a)	The	estimate	values	of	the	best	model	selected	for	each	TE	
lineage abundance in Erythrostemon	species.	The	Y-	axis	is	TE	clades;	colours	of	repeat	names	are	based	on	their	superfamily	or	class.	The	
X-	axis	is	the	WorldClim	variables:	Bio2—Mean	Diurnal	Range,	Bio3	Isothermality	(Bio2/Bio7)	(×100),	Bio5—Max	Temperature	of	Warmest	
Month,	Bio6—Min	Temperature	of	Coldest	Month,	Bio13—Precipitation	of	Wettest	Month,	Bio14—Precipitation	of	Driest	Month,	Bio19—
Precipitation	of	Coldest	Quarter	and	Elev—elevation	data.	(b)	Venn	diagram	of	the	deviance	partitioning	analysis	obtained	to	assess	the	
relative	importance	of	environment	(green)	variables	and	phylogeny	(grey)	in	all	TE	abundances	within	the	Erythrostemon species.

(a) (b)
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10 of 18  |     CASTRO et al.

F I G U R E  5 The	interpretation	of	Erythrostemon	repeatome	evolution	across	space	and	time.	(a)	satDNA	and	(b)	Ty3/gypsy	Tekay	
reconstruction and their evolution throughout Erythrostemon	diversification.	The	maps	on	the	right	of	the	reconstructions	show	the	
hypothesized Erythrostemon	distribution	over	30,	20 Mya	and	at	the	present,	together	with	the	abundance	of	satDNA	and	Tekay	element	
throughout	the	genus	diversification.	The	maps	next	to	the	reconstructions	shows	the	hypothesized	Erythrostemon distribution over 30, 
20 Mya	and	at	the	present,	respectively,	together	with	the	abundance	of	satDNA	and	Tekay	element	throughout	the	genus	diversification.	
(c)	Correlogram	of	latitude,	nuclear	genome	size	(GS)	and	genome	traits:	Proportion	of	satDNA,	LTRs	and	Tekay	elements.	Shades	of	purple	
indicate increasing positive correlation coefficient; shades of orange indicate increasing negative correlation coefficient. Correlation values 
are within each ball, white values represent significant correlation (p < 0.05),	black	values	represent	non-	significant	correlations	(p < 0.05).
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    |  11 of 18CASTRO et al.

4  |  DISCUSSION

4.1  |  Multi- trait influences shape repeatome 
diversity in Erythrostemon

Here we report a heterogeneity in the repeat ‘community’ composition 
within the genomes of Erythrostemon species across their geographical 
range in the Neotropics, which can be explained, in part, by environ-
mental	variables	with	 less	 influence	of	 the	phylogeny.	Although	 the	
environmental factors analysed here did not account for the majority 
of repeat variation in Erythrostemon, they substantially contributed to 
repeat's composition compared to phylogeny, which alone lacks ex-
planatory power but shows significance when coupled with environ-
mental factors. Despite existing studies investigating the phylogenetic 
significance of repeat abundances (Dodsworth et al., 2015;	 Vitales	
et al., 2020), there is still limited exploration into dissecting and differ-
entiate the contribution of the phylogeny and other factors that may 
affect repeatome composition across different species.

The	 environmental	 diversity	 in	 the	 Neotropics	 could	 potentially	
contribute to the differentiation of repetitive elements, since correla-
tions between genomic and ecological variables have been widely 
reported in plants (Bilinski et al., 2018; Lyu et al., 2018; Mata- Sucre, 
Costa, et al., 2020; Souza et al., 2019;	Van-	Lume	et	al.,	2017). Different 
ecological variables, such as temperature, humidity, and biotic interac-
tions, can shape the genetic patterns of populations and species (Negi 
et al., 2016). In Erythrostemon, our regression model analyses revealed 
that precipitation and temperature variables are ecological factors re-
sponsible	for	a	fraction	of	the	variation	 in	some	TE	abundances,	es-
pecially	for	Ty3/gypsy-	Tekay	element.	Considering	that	repeats	have	
been shown to undergo fast evolution (Macas et al., 2015), combined 
with the age of Erythrostemon (~33 Mya)	and	the	high	ecological	spe-
cialization with different species showing niche conservatism (Gagnon 
et al., 2019), might help to explain the genomic differentiation de-
scribed	here.	We	suggest	that	this	genome–environment	interaction	
(genome size variation and consequently repeat composition) has 
been one of the factors shaping Erythrostemon genomes since their or-
igin	33 Mya,	aligning	with	the	evolutionary	trend	previously	reported	
for other members of tribe Caesalpinieae (Souza et al., 2019).

Previous analysis of the Mesoamerican E. hughesii had revealed a 
contrasting repeatome composition compared to other Caesalpinieae 
taxa genomes occurring in Northeastern Brazil (e.g. Cenostigma spp., 
Libidibia ferrea	(Mart.	ex	Tul.)	L.P.Queiroz	and	Paubrasilia echinata (Lam.) 
Gagnon,	H.C.Lima	&	G.P.Lewis)	(Castro	et	al.,	2024; Mata- Sucre, Sader, 
et al., 2020;	Van-	Lume	et	al.,	2019). Our results show that this may be 
related to a broader pattern, since within Erythrostemon	 the	SA	and	
MA	sensu	stricto	clades	formed	separate	groups	(with	few	exceptions)	
based	on	their	TE	clades	abundances,	with	a	few	lineages	even	reveal-
ing	high	phylogenetic	signal.	This	repeatome	differentiation	between	
clades	is	mainly	mediated	by	satDNA	and	Tekay	abundance	variation.	
The	inverse	correlation	between	LTR	repeats	and	satDNA	is	well	doc-
umented	 in	 other	 angiosperms	 (Ambrožová,	 et	 al.,	 2010;	 Chumová	
et al., 2022; Mata- Sucre et al., 2023).	This	pattern	may	be	elucidated	
by the concept of genome “carrying capacity” (Schley et al., 2022), 

suggesting that, like species that inhabit an ecosystem, the genome 
also	has	an	optimal	threshold	for	accommodating	repetitive	DNAs	and	
when the genome exceeds its ‘optimal size’, there is a selective pres-
sure that may trigger repeat elimination (Schley et al., 2022).

The	 high	 number	 of	 repetitive	 elements	 with	 significant	 abun-
dance correlation with each other (Figure S5) suggests that the repeats 
may	have	a	regulatory	dynamic	between	themselves.	These	 interac-
tion between repeats can be analysed using genome ecology concepts 
(Brookfield, 2005;	Venner	et	al.,	2009), which establish relationships 
such as commensalism (relationship between units of two repetitions 
in which one copy obtains benefits from the other without harming or 
benefiting the latter), competition (one repeat is negatively affected 
by the presence of another) and cooperation (both elements benefit 
in the same genomic niche) within repetitive elements (Le rouzic et al., 
2007;	 Venner	 et	 al.,	 2009). In this regard, the negative correlation 
between	Tekay	and	other	 repeats	 (ALE,	Alesia,	Athila,	Bianca,	CRM,	
Harbringer	and	satDNA),	along	with	 lower	Pielou's	evenness	associ-
ated	with	Tekay	dominance	in	SA	genomes,	suggests	that	interactions	
among	 the	 different	 TE	 clades	 may	 also	 modulate	 repetitive	 DNA	
composition in Erythrostemon.

Nevertheless, our results suggest that stressful environmental 
conditions encountered during the colonization of Mesoamerica 
by Erythrostemon	may	have	 led	to	selective	stress-	mediated	Tekay	
elimination	and	opportunistic	amplification	of	satDNAs.	This	differ-
entiated	 their	 genomes	 from	 the	 plesiomorphic	 Tekay-	rich	 condi-
tion	of	the	SA	repeatomes.	In	support	of	this	hypothesis,	we	found	
a	positive	correlation	between	Tekay	abundance	and	genome	size.	
Repetitive	DNAs,	especially	LTRs,	are	a	key	driver	of	genome	size	
variation in plants (Bennetzen et al., 2005;	Bennetzen	&	Wang,	2014; 
Bureš et al., 2024; Lisch, 2013;	Tenaillon	et	al.,	2011). Genome size 
variations can impact phenotypic traits, leading to selection for 
smaller genomes, a phenomenon known as the ‘nucleotypic effect’ 
(Bennett, 1972). In plants, larger genomes often face selection pres-
sure due to their negative impact on anatomy and physiology lead-
ing to reduced fitness (Knight et al., 2005;	Vinogradov,	1995, 2003). 
In contrast, smaller genome sizes promote features such as faster 
rates of cell division (Francis et al., 2008;	Šímová	&	Herben,	2012), 
and lower nutrient demands (Peng et al., 2022; Šmarda et al., 2013), 
which can be important in adaptation to certain environmental con-
ditions (Bureš et al., 2024; Schley et al., 2022).	In	this	context,	Tekay	
reduction and consequently, genome size reduction is likely main-
tained in the genome due to nucleotypic effects, contributing to the 
pattern observed in Erythrostemon	species.	These	findings	align	with	
the latitudinal and environmental trends previously described for 
genome size in angiosperms that follows an S- shaped distribution 
towards the globe (Bureš et al., 2024).

4.2  |  Historical drivers of repeatome diversification 
in Erythrostemon

Our	analysis	of	the	temporal	dynamics	of	Tekay,	revealed	two	bursts	
of	 Tekay	 amplification,	 around	 10	 and	 5 Mya	 (Figure S4).	 These	
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bursts	were	observed,	with	only	a	few	exceptions,	across	most	SA	
species,	 and	 in	 the	earliest	diverging	MA	species	 (E. pannosus and 
E. placidus).	We	observed	a	significant	positive	correlation	(ρ = 0.32,	
p = 2.2e−16)	between	the	age	of	the	Tekay	insertions	and	their	abun-
dance	 in	 the	 genome,	 suggesting	 that	 SA	 lineages	 with	 a	 greater	
proportion	 of	 this	 element	 have	 been	 accumulating	 these	TEs	 for	
a	 longer	 time.	The	Late	Miocene-	Early	Pliocene	 (ca.	11–3 Ma)	was	
a period characterized by the emergence of new habitats in South 
America,	 including	 the	 uplift	 of	 the	Patagonian	Andean	Cordillera	
(Pascual et al., 1996). During this period, temperatures declined, 
and seasonality became more pronounced compared to the middle 
Miocene	(20 Ma)	(Donato,	2006;	Ortiz-	Jaureguizar	&	Cladera,	2006; 
Pascual et al., 1996).	Thus,	we	suggest	that	such	substantial	changes	
in	environmental	conditions	likely	influenced	the	dynamics	of	Tekay	
in Erythrostemon.

Interestingly, E. coccineus,	the	unique	MA	sensu	stricto	repre-
sentative	with	Tekay-	rich	repeatome	similar	 to	species	 in	 the	SA	
clade,	exhibited	an	independent	burst	of	Tekay	insertions	around	
5 Mya.	This	could	be	attributed	to	a	major	Pliocenic	event,	such	as	
the closure of the Panama Isthmus, coinciding with the northern 
hemisphere glaciations in the Late Pliocene (Bartoli et al., 2005). 
Due to the similar ages of diversification of the Mesoamerican 
and	South	American	clades	(~30 Mya),	and	the	widespread	distri-
bution	of	species	in	the	Americas/Caribbean	for	other	closely	re-
lated Caesalpinieae genera (e.g. Cenostigma and Libidibia) (Gagnon 
et al., 2019) we hypothesize that Erythrostemon diversification 
began	 in	South	America.	By	extension,	 the	 common	ancestor	of	
the	genus	would	have	been	widely	distributed	in	South	America.	
This	scenario	finds	support	in	geological	and	paleontological	evi-
dence which indicates an arid period with expansion and estab-
lishment	of	the	Succulent	Biome	(Arakaki	et	al.,	2011). Moreover, 
this	 is	corroborated	by	our	results	 that	show	that	 the	Tekay	and	
satDNA	abundances	of	 the	probable	 ancestor	would	most	 likely	
resemble	 SA	 repeatomes	 (a	 predominance	 of	 Tekay	 instead	 of	
satDNAs)	(Figure 5a,b).

An	 unexpected	 result	 was	 the	 observation	 of	 a	 species	 from	
South	America	(E. calycinus) with a repeatome characteristics simi-
lar	to	the	Mesoamerican	species,	such	as	low	abundance	of	Tekay.	
Additionally,	 some	 Mesoamerican	 species	 (E. coccineus, E. panno-
sus and E. placidus) presented a repeatome profile similar to South 
American	 species.	 This	 incongruence	 could	 be	 related	 to	 hybrid-
ization events in the genus Erythrostemon. Interspecific hybridiza-
tion, leading to reticulate evolution, can cause low resolution in 
phylogenies, resulting in clades with low support and incongruence 
between	nuclear	and	plastid	 trees	as	observed	here	 (Stefanović	&	
Costea, 2008; Stull et al., 2020). Lewis (1995), based in morpholog-
ical characters, suggested the existence of natural on- going hybrid-
ization among Erythrostemon	species.	This	also	raises	the	possibility	
of hybridization events occurring during the evolution of the genus. 
Moreover,	hybridization	can	lead	to	the	mobilization	of	TEs	due	to	
potential	disruptions	 in	 the	 regulation	of	TE	movement	within	hy-
brids after the ‘genomic shock’ (Smukowski et al., 2021; McClintock, 
1984). Interesting, E. coccineus	exhibits	a	notable	increase	in	Tekay	

abundance, a highly divergent repeatome compared to others spe-
cies	in	the	MA	sensu	stricto	clade.	This	divergence	could	be	related	
to a hybrid origin, with activation/silencing of repeats generating an 
unexpected	profile.	 Therefore,	we	 cannot	 rule	out	 the	hypothesis	
that ancient hybridization events during Erythrostemon diversifica-
tion could also explain some of the inconsistencies in the repeatome 
composition	 among	 the	 clades	 reported	 in	 our	PCoA	analysis.	On	
the other hand, it is important to note that tree discordances in 
groups that underwent rapid ancient radiation can also occur due to 
incomplete lineage sorting (ILS), producing patterns similar to those 
caused	by	hybridization	and	introgression	(Wang	et	al.,	2014), thus, 
those phylogenetic incongruences should be analysed with caution 
(Morales- Briones et al., 2021).	Additionally,	the	absence	of	data	for	
additional Mesoamerican species should be considered, as these 
non- analysed species may also exhibit distinct repeatomic patterns 
that	could	enhance	our	understanding	of	 the	repetitive	DNA	vari-
ation observed in Erythrostemon. Hence, we have not disregarded 
other potential explanations, beyond hybridization, for the phyloge-
netic incongruencies and differential repeatomic patterns reported 
here.

It	 has	 been	 proposed	 that	 Central	 and	 South	 America	 were	
connected during a pre- Pliocene period (late Eocene and early 
Oligocene)	 by	 a	 land	 bridge	 known	 as	 GAARlandia	 (Greater	
Antilles	 Rise-	Aves	 Ridge)	 (Agnolin	 et	 al.,	 2019;	 Iturralde-	Vinent	
&	 MacPhee,	 1999, 2023) which may have enabled colonization 
of	Central	America	during	 the	Oligocene	 (~20 Mya).	Remarkably,	
the Caribbean species E. glandulous	 originated	 around	 32 Mya	
(Gagnon et al., 2019), reinforcing the relative ancient distribu-
tion of Erythrostemon. During the mid- late Eocene (~38–34 Mya),	
a	 tendency	 towards	 drier	 seasons	 initiated	 (Ortiz-	Jaureguizar	 &	
Cladera, 2006).	 This	 environmental	 shift	 would	 have	 provided	
a favourable niche for the ancestral Erythrostemon to diversify 
into	 and	 thus	 colonize	 the	 Americas,	 especially	 given	 that	 the	
genus has a strong predilection for niche conservatism (Gagnon 
et al., 2019). In this context, we hypothesize, that the colonization 
of Mesoamerica, culminating in the specialization of the MA sensu 
stricto subclade may have led to stress- mediated elimination of 
Tekay	and	amplification	of	satDNAs	throughout	 the	heterochro-
matin, resulting in the observed pattern described here (Figure 5). 
Furthermore,	the	disjunct	distribution	of	South	American	species	
in	Chaco/Andes	and	Northeastern	Brazil	could	be	explained	by	an	
ancient Chaco/Caatinga biogeographic connection known as the 
South	 American	Dry	Diagonal,	 an	 open	 vegetation	 belt	 extend-
ing	from	Northeastern	Brazil	to	northern	Argentina	that	includes	
several xeric biomes (~19 Mya)	 (Collevatti	 et	 al.,	 2020;	 Prado	 &	
Gibbs, 1993;	 Rull	 &	Carnaval,	2020).	 After	 this	 initial	 expansion	
throughout	Mesoamerica	 and	 South	America,	 increasing	 humid-
ity and subsequent re- expansion of evergreen forests in South 
America	(Prado	&	Gibbs,	1993;	Furley	&	Ratter,	1988) may have led 
to the extinction of several highly specialized Erythrostemon lin-
eages, which led to the present relict disjunct distribution among 
seasonally	dry	biomes.	We	hypothesize	that	these	historical	pro-
cesses were accompanied by changes in repeat evolution, so that 
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evolutionary shifts are reflected in the currently contrasting re-
peatome	patterns,	marked	by	an	expansion	in	Tekay	abundance	in	
Chaco/Andean	species	and	Tekay	removal	in	the	MA-	sensu	stricto	
subclade (Figure 5).

The	 expansion	 of	 specific	 TEs	 can	 occur	 gradually	 or	 in	
bursts (Naito et al., 2009). It has been proposed that bursts of 
transpositions can occur in response to stressful conditions 
(McClintock, 1984).	 Some	 of	 these	 changes	 in	 TE	 content	 have	
been shown to be associated with species adaptation to new 
environments	 (Schrader	 &	 Schmitz,	 2019; Stapley et al., 2015). 
Therefore,	considering	the	relation	of	Tekay	content	with	ecologi-
cal variables in Erythrostemon, as well as its high abundance in the 
SA	representatives,	this	element	could	be	involved	with	the	genus	
adaptation	and	diversification	throughout	the	Americas.	Likewise,	
the	expansion	of	satDNA	in	the	MA- sensu stricto clade is notewor-
thy.	 The	 satDNA	 is	 one	 of	 the	most	 dynamic	 type	 of	 sequences	
of the genome, due to its fast evolution rate associated with 
rapid	changes	 in	both	structure	and	abundance	(Alix	et	al.,	2017; 
Burgess et al., 2014;	Čertner	et	al.,	2017;	Jiao	et	al.,	2011). In this 
context, these sequences can be a strong source of genetic vari-
ation, which can result in reproductive isolation in various ways 
(Ferree	&	Prasad,	2012), increase genomic instability and gener-
ate infertile progeny (McClintock, 1984), phenomena that can 
accompany speciation (Levy, 2013). Hence, several studies have 
revealed	 differences	 in	 satDNA	 between	 closely	 related	 species	
in	short	periods	of	time	(Ahmad	et	al.,	2020; Belyayev et al., 2019; 
Camacho et al., 2022).	This	peculiar	way	of	satDNA	evolution	may	
have	 boosted	 diversification	 of	MA-	sensu	 stricto	 clade	 through-
out its evolution, promoting rapid differentiation from ancient 
Erythrostemon	 lineages.	 Although,	 previous	 analysis	 revealed	 a	
constant diversification rate for the tribe Caesalpinieae (Gagnon 
et al., 2019), interestingly Erythrostemon genus stands out for its 
diversity (31 spp.) when compared to other genera within the tribe. 
Remarkably, in addition to being the most diverse genus of the 
tribe, Erythrostemon showed the highest intrageneric heterogene-
ity in the repetitive genomic fraction (Castro et al., 2024; Mata- 
Sucre, Sader, et al., 2020;	 Van-	Lume	 et	 al.,	 2019), suggesting a 
relationship between repeatome dynamics and biological diversity.

Overall, our data show that phylogenetic and environmental 
factors should be carefully considered when examining specific re-
peat lineages abundance in Erythrostemon genomes. Furthermore, 
intrinsic factors such as reticulate evolution and interactions be-
tween	different	repeat	clades	may	also	be	taken	into	account.	When	
considering	 the	 plasticity	 of	 Ty3/gypsy	 Tekay	 and	 its	 correlation	
with latitude and genome size, we suggest that this particular re-
peat might be key to understand Erythrostemon diversification and 
genome–environment	correlations	previously	described	in	the	tribe	
Caesalpinieae.	 This	 suggests	 a	 strong	 role	 of	 the	 Tekay	 elements	
as	 modulators	 of	 the	 genome–environment	 interaction,	 providing	
macroevolutionary insights about mechanisms of repeatome differ-
entiation	and	plant	diversification	across	space	and	time.	Additional	
fine- scale genomics will enable deeper investigation of repeats evo-
lution patterns on a broader biogeographical scale.
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