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•  Background and Aims  In eastern Neotropical South America, the Cerrado, a large savanna vegetation, and the 
Atlantic Forest harbour high biodiversity levels, and their habitats are rather different from each other. The biomes 
have intrinsic evolutionary relationships, with high lineage exchange that can be attributed, in part, to a large con-
tact zone between them. The genomic study of ecotypes, i.e. populations adapted to divergent habitats, can be a 
model to study the genomic signatures of ecological divergence. Here, we investigated two ecotypes of the tree 
Plathymenia reticulata, one from the Cerrado and the other from the Atlantic Forest, which have a hybrid zone in 
the ecotonal zone of Atlantic Forest–Cerrado.
•  Methods  The ecotypes were sampled in the two biomes and their ecotone. The evolutionary history of the di-
vergence of the species was analysed with double‐digest restriction site‐associated DNA sequencing. The genetic 
structure and the genotypic composition of the hybrid zone were determined. Genotype-association analyses were 
performed, and the loci under putative selection and their functions were investigated.
•  Key Results  High divergence between the two ecotypes was found, and only early-generation hybrids were 
found in the hybrid zone, suggesting a partial reproductive barrier. Ancient introgression between the Cerrado and 
Atlantic Forest was not detected. The soil and climate were associated with genetic divergence in Plathymenia 
ecotypes and outlier loci were found to be associated with the stress response, with stomatal and root development 
and with reproduction.
•  Conclusions  The high genomic, ecological and morphophysiological divergence between ecotypes, 
coupled with partial reproductive isolation, indicate that the ecotypes represent two species and should be 
managed as different evolutionary lineages. We advise that the forest species should be re-evaluated and re-
stated as vulnerable. Our results provide insights into the genomic mechanisms underlying the diversification 
of species across savanna and forest habitats and the evolutionary forces acting in the species diversification 
in the Neotropics.

Key words: Adaptive loci, Atlantic Forest, Cerrado, ecological divergence, ecotypes, forest–savanna bound-
aries, genotype–environment associations, hybrid zone, Neotropics, local adaptation, Plathymenia foliolosa, 
Plathymenia reticulata.

INTRODUCTION

In eastern South America, the Cerrado, a large savanna vege-
tation, and the Atlantic Forest harbour high floristic diversity, 
and their habitats are rather different. The genetic mechanisms 
underlying the diversification of species along environmental 
gradients and across habitat types remain poorly understood in 
Neotropical areas. The Cerrado and Atlantic Forest had intrinsic 
evolutionary relationships, with high lineage exchange between 
them (Simon et al., 2009; Hughes et al., 2013; Antonelli et al., 
2018). The evolution of several Cerrado species from forest an-
cestors and the colonization of forest by Cerrado lineages in-
dicate that both biomes contributed to the biodiversity of each 
other (Simon et al., 2009; Hughes et al., 2013; Antonelli et al., 
2018). As a savanna vegetation, the Cerrado is characterized 
by high light availability, regular fires, a harsh dry season and 

acidic soils, whereas in the Atlantic Forest the dry season is 
shorter and less severe, and the soils are richer than those in 
the Cerrado, with the light availability being a limiting factor 
(Furley, 1992; Pinto et al., 2005; Durigan and Ratter, 2006). 
These habitat characteristics lead to adaptive responses of trees. 
For example, Cerrado trees have thick bark that protects against 
fire (Hoffmann et al., 2012; Dantas et al., 2013), low leaf specific 
area, thick leaves with trichomes, and high leaf carbon content 
in response to high solar irradiance and longer and more severe 
drought periods (Scholz et al., 2007; Hao et al., 2008; Dantas et 
al., 2013). Moreover, the leaves of Atlantic Forest tree species 
show differences in traits associated with light competition, 
showing higher leaf area and leaf specific area (Hoffmann et 
al., 2005). Although the morphofunctional characteristics asso-
ciated with the two habitats are well established, little is known 
about the genetic basis of these adaptations.

© The Author(s) 2023. Published by Oxford University Press on behalf of the Annals of Botany Company. 
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The high species exchange between the Cerrado and Atlantic 
Forest can be attributed, in part, to the large contact zone they 
share in southeastern Brazil (Simon et al., 2009; Hughes et al., 
2013; Antonelli et al., 2018). In these ecotonal areas, patches 
of savannas and forests occur side by side. Closely related spe-
cies occur in savanna–forest boundaries, with poor capacity 
to colonize the alternative habitat owing to their functional 
traits, which specialize them to either savanna or forest patches 
(Maracahipes et al., 2018). Hybridization between tree species 
or ecotypes, i.e. populations genetically adapted to ecologic-
ally divergent habitats, such as Casearia silvestris (Cavallari 
et al., 2010), Dimorphandra species (Muniz et al., 2020) and 
Hymenaea species (Resende-Moreira et al., 2017), has been 
detected in the ecotone, where hybrid zones with ancient and 
recent hybridization were demonstrated. Hybridization is a 
well-known phenomenon in plants and is well studied among 
plant species of temperate zones of the Northern Hemisphere 
(Eaton et al., 2015; Kremer and Hipp, 2019; Leroy et al., 2019; 
Arteaga et al., 2020; Benowicz et al., 2020) and Eucalyptus 
species in Australia (Foster et al., 2007; Field et al., 2010; 
Rutherford et al., 2018; von Takach Dukai et al., 2019; 
Pfeilsticker et al., 2022, 2023), for instance. However, the eco-
tonal areas of tropical South America are not well studied, and 
the extent of hybridization between ecologically divergent lin-
eages and its driving processes are poorly studied across tree 
species.

The analysis of genomic data can be a powerful tool to 
evaluate the processes underlying the divergence between lin-
eages and to evaluate their association with the environment, 
especially in closely related species, such as some of the spe-
cies occurring in savanna–forest boundaries. By studying the 
patterns of genomic differentiation of lineages, we can inves-
tigate the loci associated with the divergence, in addition to 
the processes leading to reproductive isolation between them 
(Feng et al., 2020: p. 202; Tonzo et al., 2020; Wang et al., 
2022; Hu et al., 2023). For example, a strong association of 
allelic differences with differences in environmental variables 
and the lack of effective immigration might suggest a puta-
tive reproductive barrier for nascent species, such as the in-
viability of the hybrid in the alternative habitat (Lowry, 2012). 
In hybrid zones, where divergent lineages can interbreed, such 
conditions may be found and can be used as a natural experi-
ment to characterize the divergence of lineages (Payseur and 
Rieseberg, 2016). Knowledge of the genotypic composition of 
a hybrid zone and the process related to the ecotypic diver-
gence can provide insights into the evolution of reproductive 
barriers and speciation.

Plathymenia reticulata (Benth.) is a widespread tree species 
from South America, occurring mainly in Brazil but also in 
Bolivia and Paraguay (Warwick and Lewis, 2003). Previously, 
the Plathymenia genus was recognized to contain two species, 
P. reticulata from the Cerrado and Plathymenia foliolosa from 
the Atlantic Forest. However, the continuous distribution of 
morphological differences based on herbarium data and the 
finding that a population of P. foliolosa in the ecotone had 
gene flow with P. reticulata (Lacerda et al., 2002) led to the 
recognition of P. reticulata and P. foliolosa as a single spe-
cies, named P. reticulata (Warwick and Lewis, 2003). Later 
studies showed differences between the Plathymenia popula-
tions of the Cerrado and the Atlantic Forest related to adaptive 

responses in morphological and physiological characters to 
divergent habitats, characterizing them as two ecotypes (de 
Lemos-Filho et al., 2008). Putative adaptive differences be-
tween the Cerrado and Atlantic Forest based on field observa-
tion were found in vegetative phenology (Goulart et al., 2005), 
fruit and seed and morphology (Goulart et al., 2006) and the 
stem radial increment (Toledo et al., 2012). Furthermore, a 
common garden study showed that differences in vegetative 
traits associated with savanna and forest ecotypes were main-
tained, indicating a genetic determination of these charac-
teristics (Goulart et al., 2011). These studies also indicated 
that the ecotonal individuals generally showed intermediate 
trait values for the characters evaluated (de Lemos-Filho et 
al., 2008), supporting the hypothesis of hybridization of the 
ecotypes in ecotonal areas between the Cerrado and Atlantic 
Forest.

High genetic divergence has been observed between the eco-
types of P. reticulata based on molecular data (Lacerda et al., 
2002; Muniz et al., 2022), but no clear separation between the 
savanna and forest lineages was found in a phylogeographical 
study using chloroplast DNA (Novaes et al., 2010). A recent 
study using microsatellites (Muniz et al., 2022) identified a 
hybrid zone in ecotonal areas, with a predominance of later-
generation hybrids. In addition, Muniz et al. (2022) showed 
that climatic and edaphic factors drove the genetic divergence 
between the ecotypes. A genomic study in P. reticulata using 
a wider sampling of the species range would allow for a better 
characterization of the genetic diversity and structure in the spe-
cies and could increase the power of the hybrid classification of 
the hybrid zone. Furthermore, the phylogenetic relationships 
among populations and putative ancient gene flow between 
ecotypes can also be evaluated better using a genomic dataset, 
which could provide insights into the evolutionary history of 
the species. Studies of genotype–environment association in P. 
reticulata populations can determine the environmental drivers 
of ecological divergence and identify adaptive loci and their 
biological functions.

In this study, we used double‐digest restriction site‐as-
sociated DNA sequencing (ddRADseq) to genotype single 
nucleotide polymorphisms (SNPs) to investigate the evolu-
tionary history of the divergence in P. reticulata. We used a 
wide sampling of the species range, including populations 
of the Atlantic Forest, Cerrado, Caatinga (a seasonally dry 
forest) and the ecotonal range between the Atlantic Forest and 
Cerrado. Considering the high genetic divergence found in the 
previous studies and the adaptive morphophysiological differ-
ences between the ecotypes, we hypothesize a partial repro-
ductive barrier between them owing to ecological divergence. 
Finding only early-generation hybrids would indicate the in-
viability of the hybrids in the alternative habitat, supporting 
the hypothesis of a reproductive barrier, whereas finding 
later-generation hybrids would disprove it. Owing to high 
morphophysiological divergence between ecotypes associated 
with the habitat characteristics, we hypothesized that divergent 
selection could lead to allelic differences associated with the 
environment of each ecotype. Our specific aims were to an-
swer the following questions:

1.	 What is the degree of genetic divergence between the 
ecotypes?
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2.	 Do forest and Cerrado populations show evidence of ancient 
gene flow?

3.	 What is the genotypic composition of the hybrid zone?
4.	 Is there evidence of reproductive isolation between the two 

ecotypes?
5.	 What are the environmental drivers of genetic divergence?
6.	 How many putative SNPs are under natural selection and to 

what function they are related?
7.	 What is the degree of genomic diversity of the Atlantic 

Forest, Cerrado, Caatinga and the ecotone Atlantic 
Forest–Cerrado?

We discuss the results in the context of the incipient speciation 
process of P. reticulata, considering the genomic signatures of 
ecological divergence and the putative presence of reproductive 
barriers. We also discuss the implications for conservation, con-
sidering the divergence of the ecotypes and the genetic diver-
sity of populations. Finally, our study using P. reticulata as a 
biological model can reveal the genomic differences associated 
with local adaptation, providing insights into the mechanisms 
responsible for the lineage divergence between the Cerrado 
and the Atlantic Forest and the high diversity in eastern South 
America.

MATERIALS AND METHODS

Population sampling

We sampled 96 individuals of P. reticulata, comprising sa-
vanna and forest ecotypes, in 14 localities from four different 
habitats: Atlantic Forest, Cerrado, Caatinga and the ecotone 
between the Atlantic Forest and Cerrado biomes (Fig. 1). 
We classified the individuals in ecotypes based on pheno-
typic differences in size, trunk and bark of the trees. The 
savanna individuals did not exceed 10 m in height and had 
tortuous, suberous and twisted trunks, whereas forest indi-
viduals measured between 15 and 30 m in height and showed 
straighter and thinner trunks than savanna individuals (Fig. 
2). Six to seven individuals were sampled in four localities of 
the Atlantic Forest (AJF, BPF, CAF and SJF), in five of the 
Cerrado (DES, PRS, PTS, SPS and VZS), one in the Caatinga 
biome (a seasonal dry forest, CRF) and four in the ecotonal 
range (NEE, COE, SUE and FEE) (Fig. 1). In SUE and FEE 
localities, both ecotypes were found and sampled, whereas 
in COE and NEE only the savanna or forest ecotype was 
found, respectively. To distinguish the populations of each 
ecotype in the ecotone range, we used the letters ‘s’ and ‘f’ 
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Fig. 1.  Map showing the sampling localities of Plathymenia reticulata in the Brazilian Atlantic Forest, Cerrado, Caatinga and the ecotone between the Cerrado 
and Atlantic Forest.
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before the locality code to refer to savanna and forest individ-
uals, respectively. Therefore, the locality SUE was split into 
f-SUE and s-SUE samples, and FEE was split into f-FEE and 
s-FEE samples. Hereafter, the sampled individuals of each 
ecotype in each polymorphic locality are treated as separate 
populations.

DNA isolation and ddRADseq

Cambium tissue or leaves dried in silica gel were used for 
genomic DNA isolation. The sorbitol buffer-based method 
(Souza et al., 2012) and a modified CTAB method (Novaes et 
al., 2009) were used for DNA extraction of leaves and cambium 
tissue, respectively. The DNA was quantified using the Qubit 

A B

C D

Fig. 2.  Photographs of Plathymenia reticulata trees, showing a tree of forest ecotype (A), a tree of savanna ecotype (B), details of the forest ecotype trunk (C) and 
details of the savanna ecotype suberous bark (D).
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dsDNA Assay Kit (Invitrogen), and 0.30 µg of each sample 
was used to build the genomic libraries for 96 individuals using 
ddRADseq adapted from the protocol of Peterson et al. (2012). 
The genomic DNA was digested with the restriction enzymes 
EcoRI and MseI. Each sample was ligated with adaptors with 
unique barcodes. The libraries were pooled, then size selected 
to 350–450 bp using the Pippin Prep (Sage Science, Beverly, 
MA, USA). More details on ddRADseq preparation are pro-
vided in the Supplementary Data (Text S1). The library was 
sequenced (100 bp single-end reads) on a lane of an Illumina 
HiSeq 2000 flow cell (Illumina Inc., San Diego, CA, USA) at 
the Centre for Applied Genomics in Toronto (ON, Canada).

Identification of SNPs and genotyping

We used the SAGARANA high perfomance computing 
cluster inCento de processamento de alto desempenho/Instituto 
de Ciencias Biológicas- Universidade Federal de Minas Gerais 
(CEPAD-ICB-UFMG) to perform all genomic assembly and 
variant call analyses. The raw sequence reads were processed in 
Stacks 2.45 using a de novo assembly pipeline (Catchen et al., 
2013; Rochette et al., 2019). The process_radtags program was 
used to demultiplex and filter poor-quality and missing reads 
in the expected EcoRI cut site (options -barcode_dist-1 2 -c -q 
-r -t85 -E phred33 -e ecoRI). The software FastQC (Andrews, 
2010) was used to evaluate the quality of reads per individual 
after demultiplexing. A total of ~114 million reads for the 96 
individuals were retained after running the process_radtags 
program, with an average of 1 192 901.2 ± 1 023 773.6 reads 
per individual. After the demultiplexing and quality control, 81 
individuals were maintained with an average of 82 % of reads 
per individual and a mean coverage per locus of 71.3 ± 14.5 
after processing and assembly. Fifteen individuals were ex-
cluded from further analysis owing to the low number of read 
retention and read quality and the high number of missing data 
(< 60 %) after variant SNP calling. We used the module ustacks 
to find exactly matching stacks (putative alleles) using a max-
imum likelihood framework. A catalogue of consensus loci 
was built using cstacks module, and genotypes were identified 
using sstacks. The minimum depth of coverage (m) was set to 
three, the maximum distance allowed between stacks (M) to 
two and the maximum number of stacks per de novo locus (n) 
to three. The SNPs were called using the software tsv2bam and 
gstacks using the default settings (Rochette et al., 2019). The 
processed genomic data resulted in 102 250 genotyped loci for 
P. reticulata. The module populations was used to retain only 
one SNP per locus genotyped in ≥80 % of individuals across 
populations. The SNPs were filtered using two minor allele 
frequency (MAF) thresholds, 0.05 and 0.01, in addition to no 
filtering, and 10 % thresholds of missing data for each locus. 
Linkage disequilibrium within populations was tested using the 
poppr package through the estimation of the rd index (Agapow 
and Burt, 2001). To avoid false positives attributable to multiple 
comparisons, the Bonferroni correction was applied.

Genetic diversity, population structure and ecotype divergence

The mean observed heterozygosity (HO) and unbiased mean 
expected heterozygosity (uHE) were estimated using dartR 

v.1.1.1 (Gruber et al., 2017). The allelic richness (AR) was cal-
culated using rarefaction, with a standardized sample size of 
three diploid individuals, using the Popgenreport R package 
(Adamack and Gruber, 2014). We combined the total population 
of Atlantic Forest, Cerrado, forest ecotype in the ecotone and 
savanna ecotype in the ecotone to test differences in the AR, HO 
and HE among these groups using Student’s t-test implemented 
in R software with the Bonferroni correction for multiple com-
parisons using the package rstatix v.0.7.2 (Kassambara, 2023).

We calculated the genetic divergence among populations 
(FST) and the genetic divergence between ecotypes (FCT) to in-
vestigate the hierarchical distribution of genetic variation with 
analysis of molecular variance (AMOVA) in the poppr package 
(Kamvar et al., 2014). We set the ecotypic level of P. reticulata 
as the highest hierarchical level, followed by among-population 
and within-population levels. The pairwise fixation indexes 
(FST) were estimated in the package Stampp v.1.6.3 (Pembleton 
et al., 2013).

The genetic structure and the individual admixture coeffi-
cients were evaluated with the maximum‐likelihood algorithm 
implemented in Admixture v.1.3 software (Alexander et al., 
2009). The best number of panmictic populations (K) was de-
termined based on the lowest error rate across 100‐fold cross‐
validation iterations, with K ranging from 1 to 16. The package 
ggplot2 v.3.3.1 (Wickam, 2016) was used to produce bar plots 
of estimated ancestry proportions given by the Q‐value esti-
mates of Admixture.

The proportion of fixed differences in different P. reticulata 
groups was calculated using dartR v.1.1.1 (Gruber et al., 2017). 
The individuals were pooled into five sub-datasets: (1) all indi-
viduals of the Atlantic Forest; (2) all individuals of the Cerrado; 
(3) CRF locality; (4) individuals of the forest ecotype in the 
ecotone; and (5) individuals of the savanna ecotype in the eco-
tone. Two analyses were performed with ecotonal individuals, 
one with hybrid individuals and the other excluding the hybrids.

A principal component analysis (PCA) was performed using 
the function gl.pcoa implemented in dartR v.1.9.9.1 (Gruber 
et al., 2017). Phylogenetic trees were built using SVDquartets 
(Chifman and Kubatko, 2014) in PAUP* v.4.0a152 
(Wilgenbusch and Swofford, 2003) for coalescent‐based ana-
lysis to investigate the differentiation between P. reticulata 
populations. As the root group, we used two individuals from 
PRS populations because there is a hypothesis of emergence 
of the species in the central Cerrado (Novaes et al., 2010). To 
evaluate the support of the tree nodes, a non-parametric boot-
strapping using 100 replicates was used. For both PCA and 
SVDquartets analyses, we used the following three datasets: 
(1) all individuals of P. reticulata; (2) only the pure individ-
uals identified by NewHybrids and hybrid index analysis (see 
Results); and (3) the Atlantic Forest, Cerrado and Caatinga, 
excluding individuals from ecotonal areas.

Genotypic composition of ecotonal zone

The individuals were assigned to genotypic classes using 
the NewHybrids software v.1.1 (Anderson and Thompson, 
2002). First, the individuals were classified into two purebred 
parentals, F1 and F2 hybrids, and two backcrosses of F1 
with each parent, totalling six genotypic classes. In further 
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analysis, the NewHybrids was run using 12 genotypic classes 
to test for later-generation backcrosses in the dataset. These 
later-generation backcrosses comprise one generation of 
backcrosses between the F2 and the two parental classes, and 
second and third generations of backcrosses of F1 with the 
two parental classes (Supplementary Data Table S1). We ran 
NewHybrids using Jeffreys-like priors for 500 000 iterations 
of Markov chain Monte Carlo (MCMC) with a burn-in period 
of 100 000 chains and with no a priori information about the 
genotypic classes of individuals. Given the limitation of the 
number of SNPs in NewHybrids, the R package dartR v.1.1.1 
(Gruber et al., 2017) was used to select 200 SNPs for the 
analysis based on their polymorphic information content. To 
test the power of this analysis in the discrimination of hybrid 
classes, we simulated 100 individuals of each of the 12 hybrid 
classes using the pure individuals (posterior probability > 95 
%) of Atlantic Forest and Cerrado as parental individuals in the 
simulation. The function hybridize from the adegenet v.2.1.10 
package (Jombart, 2008) was used to produce the genotypic 
data of the individuals. The hybrid index was estimated using 
the gghybrid package v.0.0.0.9 in R (Bailey, 2022), with the 
total Atlantic Forest and Cerrado populations being used as 
parental individuals of the ecotonal populations. The posterior 
probability for the individual hybrid index was estimated 
after 5000 MCMC iterations of burn-in and 10 000 MCMC 
iterations.

Historical introgression in Plathymenia reticulata

To investigate the topological relationships and ancient 
introgression among the P. reticulata populations, the TreeMix 
v.1.13 method was used (Pickrell and Pritchard, 2012). The 
method estimates the maximum likelihood tree for a set of 
populations based on the covariance of allele frequencies, 
which are produced by shared drift or gene flow. The ecotonal 
populations were excluded because they showed recent hy-
bridization (see Results). The best tree and the best number of 
migration edges (i.e. introgression) were estimated using 100 
iterations for each tree for 0–16 migration edges. The threshold 
of 99.8 % for the proportion of variance explained was used to 
investigate the number of migration edges that best explained 
the trees using optM v.0.1.6 (Fitak, 2021). Dsuite was used to 
estimate the ABBA-ABBA statistics (Peterson’s D) and the re-
lated statistic, the f4-ratio, to assess evidence of historical gene 
flow between Plathymenia populations using the Dtrios func-
tion of the package (Malinsky et al., 2021). We corrected the 
P-value of Peterson’s D statistics based on the false discovery 
rate, as suggested by Malinsky et al. (2021). The same dataset 
as TreeMix was used to estimate these statistics.

Genomic signatures of adaptation and environmental influence on 
genetic divergence

To identify SNPs potentially under balancing and diver-
gent selection, we used the software BayeScan v.2.1 (Foll 
and Gaggiotti, 2008). The individuals without recent admix-
ture between ecotypes were excluded, in order to determine 
the putative alleles associated with the genetic divergence 
of the ecotypes. The software was run for five pilot runs of 

10 000 iterations and burn-in of 100 000 iterations, with a 
final run of 1 000 000 iterations. We set the prior odds of 
the neutral model as 100 to minimize false positives (Foll 
and Gaggiotti, 2008). The SNPs with log10 Posterior Odds 
(PO) > 1.0 were selected as putative outliers because this is 
considered strong evidence for selection according to Foll 
and Gaggiotti (2008).

To calculate the correlation between genetic distance among 
populations with the environmental and spatial distances, we 
used the partial Mantel test implemented in the ncf package 
in R software (Bjornstad, 2022). The genetic distance was 
obtained using the pairwise linearized FST among populations 
with the same individuals analysed in BayeScan using the 
genet.dist function implemented in hierfstat (Goudet, 2005). 
The pairwise spatial distance was calculated in the geodist 
package v.0.0.7 in R using the population geographical co-
ordinates (Padgham, 2021). Nineteen bioclimatic variables 
downloaded from the WorldClim database in raster format 
with a spatial resolution of 2.5 arc-seconds were used as the 
climatic dataset (www.worldclim.org; Hijmans et al., 2005). 
In addition, the nitrogen content, the bulk density of the fine 
earth fraction, soil pH, soil organic carbon and the cation ex-
change capacity of the soil were used as soil variables, down-
loaded from https://files.isric.org/soilgrids/latest/data/ with a 
spatial resolution of 2.5 arc-seconds and based on samples 
from 15–30 cm below the soil surface. A PCA for climatic 
variables and another for soil variables were performed to 
create synthetic components for the Mantel test and to per-
form the genotype–environment association analyses. Five 
synthetic climatic variables (95 % of explanatory power) and 
three synthetic edaphic variables (90 % of explanatory power) 
were retained, and the score of each population was extracted 
using the function extract from the terra package v.1.7-39 
(Hijmans et al., 2022). To perform the partial Mantel test, the 
Mahalanobis distance was calculated for the following syn-
thetic variables: (1) climatic variables; (2) soil variables; and 
(3) soil and climatic variables together.

The genotype–environment association in P. reticulata was 
evaluated using the distance-based redundancy analysis (RDA) 
(Legendre and Andersson, 1999). The genetic dataset used to 
perform RDA was the same as in BayeScan. The SNP matrix 
was imputed with the neighbour method using the function gl.
impute from the package dartR v.1.1.1 (Gruber et al., 2017), 
because the RDA does not accept missing data. The geograph-
ical coordinates of individuals were applied in the principal co-
ordinates of the neighbourhood matrix (PCNM) using the pcnm 
function of the vegan package to obtain axes of relevant spa-
tial structure among P. reticulata individuals (Oksanen et al., 
2022). We performed a stepwise variable selection based on the 
Akaike information criterion using the ordiR2step function in 
vegan (Oksanen et al., 2022). The variance inflation factor was 
used to assess the collinearity among the predictors. The sig-
nificance of the predictors and the canonical axis of the RDA 
were estimated using anova.cca in R software (R Core Team, 
2022). To evaluate the proportion of variance explained by each 
variable (partial R2), the function varpart in the vegan v.2.6-4 
package was used (Oksanen et al., 2022). The SNPs with locus 
scores >2.0 standard deviations were considered putative loci 
under natural selection based on Forester et al. (2018) and 
Rellstab et al. (2015).
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Outlier SNP annotation and putative gene functions

We searched for similarities of the consensus sequences 
of the putative outliers with proteins in the database of the 
National Center for Biotechnology Information (NCBI) nu-
cleotide database (nr) using BLASTx (Basic Local Alignment 
Search Tool). To increase the power of the analysis, we con-
sidered only the SNPs that were identified in both BayeScan 
and RDA. The best alignments were chosen based on the best 
hits values and the E-values, i. e. is the number of expected hits 
of similar quality (score) that could be found just by chance, of 
the protein alignments. The information about the protein func-
tions was searched in the https://www.uniprot.org/ database 
(The UniProt Consortium, 2023).

RESULTS

Sequencing results

The resulting dataset for no filtering and filtering with a MAF 
of 0.01 and 0.05 yielded 590, 546 and 457 SNPs, respectively, 
with ~4 % of missing data. Given that the MAF of 0.05 showed 
the best performance for the classification of individuals in hy-
bridization and admixture analysis, we used the dataset with 
MAF = 0.05 for further analyses. Only the analyses to detect 
SNP outliers and genotype–environment association were per-
formed with a dataset filtered by a MAF = 0.01, which removed 
loci present in only one individual, and ~20 % of missing data in 
order to have a higher number of SNPs available (1500 SNPs). 
The linkage disequilibrium (rd) was significant (P < 0.003 after 
Bonferroni correction) for s-COE, f-FEE, f-NEE, PRS, f-SUE 
and CAF showing the highest values in the ecotonal popula-
tions (Supplementary Data Table S2).

Genetic diversity, population structure and ecotype divergence

The allelic richness (AR) values ranged from 1.13 to 1.59, 
with higher values in the ecotonal areas in both forest and sa-
vanna ecotypes (Table 1). The mean observed heterozygosity 
(HO) values ranged from 0.077 in AJF to 0.474 in f-SUE, and 
the mean expected heterozygosity (HE) ranged from 0.080 in 
AJF to 0.338 in f-SUE (Table 1). The total forest ecotype in 
the ecotone showed the highest genetic diversity indexes of all 
groups, Cerrado, Atlantic Forest, and savanna ecotype in the 
ecotone (Supplementary Data Fig. S1). In contrast, the total 
Atlantic Forest population showed less diversity than all other 
groups (Supplementary Data Fig. S1).

The hierarchical AMOVA showed that 65.8 % of the total 
variation was explained by the divergence between ecotypes 
(Table 2). The FST and FCT were 0.800 and 0.657, respectively, 
indicating that most of the divergence in P. reticulata oc-
curred between the two ecotypes. All the pairwise FST values 
among populations were significantly different from zero 
(P < 0.05), showing values ranging from 0.034 to 0.855. The 
pairwise FST was high between Atlantic Forest and Cerrado 
populations (FST = 0.784–0.834), while the populations of 
the same biome showed the lowest genetic divergence values 
(FST = 0.074–0.135) (Supplementary Data Table S3). In the 
ecotonal areas, the divergence between ecotypes was high in 

general (FST = 0.059–0.603), although lower in comparison 
to the Atlantic Forest vs. Cerrado (Supplementary Data Table 
S3). The exception to this pattern was f-SUE population, 
which showed lower divergence values with all ecotonal 
populations.

The Admixture software estimated the lowest cross-
validation values for K = 3, followed by K = 2 and K = 4, with 
very small differences in the cross-validation values between 
them indicating that they are similarly probable (Supplementary 
Data Fig. S2). In all models of Admixture, the Atlantic Forest 
populations were separated from the Cerrado and CRF popu-
lations, with ecotonal populations showing admixture between 
the ecotypes (Fig. 3). The forest populations showed higher ad-
mixture with the savanna group than savanna ecotype popu-
lations with the forest group. The K = 3 and K = 4 models 
provided the separation of the savanna ecotype in two and three 
lineages, respectively. The PTS and PRS populations were the 
pure populations of one lineage; the CRF population, which oc-
curs in Caatinga, was a pure lineage of another group; and the 
remaining savanna populations showed admixture between the 
other savanna groups (Fig. 3B, C).

We found 26 and 32 % of fixed differences in alleles in the com-
parison between the Atlantic Forest and Cerrado and the Atlantic 
Forest and CRF population, respectively (Supplementary Data 
Table S4). The number of fixed differences between ‘pure’ in-
dividuals (<99 % probability of being pure in NewHybrids 
and hybrid index <0.05 and >0.95) of savanna and forest eco-
types was slightly greater in the ecotone than in allopatry. The 
savanna individuals from the ecotone showed 34 and 28% of 
fixed differences the forest individuals in the ecotone and in the 
Atlantic Forest, respectively (Supplementary Data Table S4). 
Finally, the fixed differences between Cerrado and CRF with the 

Table 1.  Genomic diversity parameters of Plathymenia reticulata 
populations. Abbreviations: AR, allele richness; HO, mean ob-
served heterozygosity; N, mean number of samples; uHE, unbiased 
mean expected heterozygosity. The last letter of the locality code 

indicates savanna (S), forest (F) and ecotone (E) populations.

Population N AR (s.d.) HO (s.d.) uHE (s.d.)

AJF 4.2 1.23 (0.31) 0.077 (0.175) 0.080 (0.166)

BPF 2.6 1.15 (0.31) 0.081 (0.205) 0.085 (0.191)

CAF 4.8 1.15 (0.30) 0.082 (0.189) 0.080 (0.172)

CRF 2.6 1.14 (0.30) 0.093 (0.222) 0.083 (0.181)

DES 4.8 1.29 (0.32) 0.129 (0.215) 0.143 (0.203)

f-FEE 5.3 1.43 (0.32) 0.264 (0.223) 0.233 (0.184)

f-NEE 4.6 1.44 (0.32) 0.275 (0.232) 0.243 (0.186)

f-SUE 3.8 1.59 (0.35) 0.474 (0.349) 0.338 (0.201)

s-COE 4.0 1.49 (0.30) 0.257 (0.209) 0.280 (0.191)

s-FEE 5.5 1.29 (0.33) 0.150 (0.219) 0.143 (0.193)

s-SUE 5.2 1.40 (0.30) 0.198 (0.202) 0.205 (0.183)

PRS 3.7 1.21 (0.32) 0.116 (0.200) 0.120 (0.188)

PTS 3.8 1.21 (0.32) 0.111 (0.205) 0.113 (0.191)

SPS 3.6 1.28 (0.34) 0.151 (0.251) 0.137 (0.204)

VZS 6.0 1.23 (0.32) 0.131 (0.209) 0.127 (0.183)
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forest population in the ecotone were 31 and 38 %, respectively 
(Supplementary Data Table S4).

Plathymenia reticulata savanna and forest ecotypes were sep-
arated on the first PCA axis of the three PCAs realized, which 
represented 68–72 % of the genetic variability between the in-
dividuals (Fig. 4). The analysis removing the hybrid individuals 

or the ecotonal populations reinforced the high divergence 
levels between the ecotypes because no overlap between forest 
and savanna individuals was observed (Fig. 4B, C).

The SDVquartets phylogenetic tree also clearly showed 
the separation between forest and savanna ecotypes in all 
datasets tested (Supplementary Data Fig. S3). When using all 

Table 2.  Analysis of molecular variance, showing the distribution of genetic variability between ecotypes, populations and within popu-
lations of Plathymenia reticulata.

Variability d.f. Sum of squares Mean square Sigma Percentage of variance

Between ecotypes 1 4674.0 4674.0 112.7 65.8

Between population within ecotypes 14 2180.6 155.8 24.3 14.2

Within populations 65 2230.2 34.3 34.3 20.0

Total 80 9084.8 113.6 171.3 100

FST = 0.800; FSC = 0.414; FCT = 0.658. Abbreviations: FCT, divergence between ecotypes; FSC, divergence among populations within ecotypes; FST, divergence 
among populations.
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Fig. 3.  Population structure of Plathymenia reticulata. Bar plot, showing the admixture coefficients of individuals based on Admixture with K = 2 (A), K = 3 (B) 
and K = 4 (C).
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individuals sampled, even the hybrids, the bootstrap values in-
dicated high support for a forest ecotype group that included 
ecotone and the Atlantic Forest (Supplementary Data Fig. 
S3). The three phylogenetic trees presented high concordance, 
with the discordances only in the topology of DES and CRF 
(Supplementary Data Fig. S3).

Genotypic composition of the ecotonal populations

The classification of P. reticulata in the NewHybrids analysis 
supported a pure parental composition for the Atlantic Forest 
and Cerrado individuals, with high posterior probability (>99 
%; Fig. 5). In the analysis with six genotypic classes, all eco-
tonal localities showed hybrid individuals between forest and 
savanna ecotypes: five F1s, one F2, four backcrosses with a 
savanna parent and six backcrosses with a forest parent (Fig. 
5A). In the analysis with 12 genotypic classes including later 
generation hybrids, only one individual showed a different 
classification relative to the analysis with six genotypic classes. 
This individual was classified as a third-generation backcross 
{B8 = savanna × [savanna × (F1 × savanna)]} instead of pure 
parental as in the analysis with six genotypic classes. These 
results indicated that most hybrids represented early gener-
ations of hybridization, i.e. no more than two generations of 

hybrid classes (Fig. 5B). In accordance with Admixture ana-
lyses, the ecotonal populations of the forest ecotype showed the 
highest proportion of hybrid individuals, with f-SUE, f-NEE 
and f-FEE showing 100, 66 and 50 % of hybrid individuals, re-
spectively, whereas the savanna populations s-SUE and s-COE 
showed 40 %, and s-FEE showed 20 % of hybrids. The simu-
lation showed a high capacity to classify parental individuals 
and early-generation hybrids, although the classification pro-
cedure mistakenly classified the third-generation backcrosses 
as the second-generation backcrosses, indicating a lower cap-
acity to classify these individuals based on the present data 
(Supplementary Data Fig. S4). The mean hybrid index was 
consistent with the NewHybrids, showing values of hybrids per 
population ranging from 20 to 100 %, with a higher proportion 
of hybrids being found in f-SUE, f-NEE and f-FEE (Fig. 5C). 
Therefore, both analyses supported that the ecotonal area be-
tween the Cerrado and Atlantic Forest is a hybrid zone between 
forest and savanna P. reticulata ecotypes.

Historical gene flow in P. reticulata

TreeMix (without the ecotonal populations) indicated high 
genetic divergence between the populations of P. reticulata 
from the Cerrado and Atlantic Forest (Fig. 6). The model 
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without historical introgression events explained >99.99 
% of the variance, indicating that there was no need to add 
an introgression event to explain the best tree topology. In 
the phylogenetic tree, the Atlantic Forest populations were 
very divergent from the Cerrado and CRF populations (Fig. 
6). The Dsuite analysis estimated the D-statistics ranging 
from 0.005 to 0.392, and the f4 statistics ranged from 0 to 
0.601 (Supplementary Data Table S5). Based on D-statistics 
(ABBA-BABA statistics), no evidence of ancient gene flow 
between Cerrado and Atlantic Forest populations was found 
(Supplementary Data Table S5).

Genomic signatures of adaptation and environmental influence on 
genetic divergence

The BayeScan method identified 144 loci with the log10 of 
the probability >1.0 supporting their characterization as FST 

outlier loci (Supplementary Data Table S6). The method iden-
tified 136 SNPs with positive alphas, suggesting divergent se-
lection, while only eight SNPs showed negative alpha values, 
suggesting purifying or balancing selection. These results show 
that most outliers might be involved with the divergence be-
tween the P. reticulata ecotypes.

The partial Mantel test showed a significant association 
(P < 0.01) between genetic distance and soil (r = 0.430), 
climatic (r = 0.349) and environmental (soil and climatic; 
r = 0.343) distances when controlling for spatial distance, 
indicating that the environmental gradient is associated with the 
genetic divergence in P. reticulata (Table 3). The association 
between genetic distance and spatial distance was not signifi-
cant (P > 0.05) when controlling for environmental factors.

The RDA showed a significant association of the differences 
in allelic variation of P. reticulata individuals with the first 
soil component (P = 0.0025), the fourth climatic component 
(P = 0.0433) and the spatial structure (PCNM1, P = 0.0001; 
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Fig. 5.  Genotypic composition of Plathymenia reticulata in parental genotypic classes and hybrids based on NewHybrids method. (A) Assignment in six geno-
typic classes: P1 = forest ecotype, P2 = savanna ecotype, F1 = savanna × forest, F2 = F1 × F1, B1 = F1 × forest and B2 = F1 × savanna. (B) Assignment in 12 
genotypic classes: the previous six classes plus B3 = F2 × forest, B4 = F2 × savanna, B5 = forest × (F1 × forest), B6 = savanna × (F1 × savanna), B7 = forest × [f

orest × (F1 × forest)] and B8 = savanna × [savanna × (F1 × savanna)]. (C) Estimated hybrid index for Plathymenia reticulata individuals.
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PCNM2, P = 0.0375). The first soil component, representing 
53 % of the variation of the soil dataset, showed a correlation 
coefficient >0.300 for soil pH and bulk density of the fine 
earth fraction and <−0.300 for nitrogen content and soil or-
ganic carbon (Supplementary Data Table S7). The fourth cli-
matic component, which represented 6 % of the variation in 
the climatic dataset, showed a correlation >0.300 for tempera-
ture seasonality (bio4), mean temperature of wettest quarter 
(bio8) and mean temperature of wettest quarter (bio7) and 
<−0.300 with isothermality (bio3) (Supplementary Data Table 

S7). In addition, four precipitation variables were mildly cor-
related with the fourth climatic components, with correlation 
values >0.200 and <0.300 or <−0.200 and >−0.300, which in-
dicates a minor influence of these factors on the divergence 
of P. reticulata (Supplementary Data Table S7). The first soil 
component and the fourth climatic component explained 7 
and 2.5 % of the variation in allele frequencies of P. reticulata 
based on partial RDA, respectively, whereas the spatial dis-
tance represented by the PCNMs explained 4.4 %. The first ca-
nonical axis of the RDA was the only statistically significant 
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Fig. 6.  Consensus tree topology for the divergence of Plathymenia reticulata populations based on the TreeMix method. Here, we excluded the individuals of 
ecotonal populations.

Table 3.  Partial Mantel test, showing the correlation of soil, climate and environmental distance (climate and soil) with the genetic 
distance, while accounting for the spatial distance of Plathymenia reticulata populations.

Soil

Genetic × soil Genetic × spatial Soil × spatial Genetic × soil (spatial) Genetic × spatial (soil)

Correlation 0.505 0.320 0.433 0.430 0.130

P-value 0.000 0.017 0.017 0.001 0.178

Climate

Genetic × climate Genetic × spatial Climate × spatial Genetic × climate (spatial) Genetic × spatial (climate)

Correlation 0.451 0.320 0.538 0.349 0.102

P-value 0.000 0.018 0.000 0.003 0.226

Environment (climate and soil)

Genetic × environment Genetic × spatial Environment × spatial Genetic × environment (spatial) Genetic × spatial (environment)

Correlation 0.449 0.320 0.572 0.343 0.085

P-value 0.000 0.017 0.002 0.005 0.274
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axis (P = 0.0001), indicating that the environmental gradient 
coupled with spatial distance separated the forest and savanna 
individuals (Fig. 7). A high proportion of loci showed scores 
>0.300 and <–0.300, indicating a high genetic divergence be-
tween the two Plathymenia ecotypes (Supplementary Data Fig. 
S5). Based on the locus score of each SNP with the first canon-
ical axis, 138 putative outliers were found (Supplementary Data 
Table S8), with most SNPs being nearly fixed for alternative 
alleles when comparing the forest and savanna populations.

Annotation and putative function of SNPs

The number of alleles identified as outliers by both BayeScan 
and RDA was 81, with all of them being under divergent se-
lection. The annotation of these SNPs resulted in 43 protein 
alignments, with 28 loci showing putative functions based on 
the UniProt database (Supplementary Data Table S9). The bio-
logical functions of these loci were associated mainly with re-
sponses to biotic and abiotic stress, but also with constitutive 
functions and with plant reproduction and architecture (Fig. 8). 
Proteins associated with the response to abiotic stress were re-
lated to the abscisic acid metabolic path, in addition to auxin and 
jasmonic acid, which are involved in the response to cold, heat, 
water and salt stress (Supplementary Data Table S9). In add-
ition, several of these proteins were also related to the immune 
response to fungi, bacteria and viruses (Fig. 8; Supplementary 
Data Table S9). The proteins associated with plant development 
and architecture were mainly related to root and stomatal devel-
opment, especially the guard cell. Finally, the functions of pro-
teins associated with reproduction were related to gametophyte 
development (Fig. 8; Supplementary Data Table S9).

DISCUSSION

In this work, we analysed P. reticulata populations from the 
forest and savanna ecotypes sampled in sympatric and allo-
patric localities with SNPs obtained with the ddRADseq 
method. A high genetic divergence between the Atlantic Forest 
and Cerrado was found, and a hybrid zone of early-generation 
hybrids in the ecotonal localities was detected. The lack of 
later-generation hybrids supports our hypothesis of partial re-
productive isolation between the ecotypes. The soil and the cli-
mate were associated with genomic divergence in P. reticulata 
populations, indicating an effect of natural selection in the 
ecotypic divergence and local adaptations of the ecotypes. A 
total of 30 SNPs classified as outliers by BayeScan and RDA 
could be associated with biological processes such as the re-
sponse to biotic and abiotic stress and plant development and 
architecture, in agreement with the hypothesis of ecological di-
vergence of the ecotypes. We discuss the results in light of the 
speciation process of the P. reticulata lineages. Finally, we con-
sider the implications of the levels of genetic diversity of popu-
lations, the hybrid zone structure and the speciation process of 
the lineages for the conservation of P. reticulata ecotypes.

Divergence, hybrid zone and partial reproductive isolation 
between ecotypes

The AMOVA showing 65.8 % of the total variation between 
ecotypes, the PCA, the phylogenetic trees and the high per-
centage of fixed differences in alleles indicated a high gen-
etic divergence between forest and savanna ecotypes of P. 
reticulata, corroborating the results found in other studies 
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Fig. 7.  Plots showing the association between genetic divergence of Plathymenia reticulata with the soil, climate and spatial distance based on the RDA. The 
purple dots represent the outlier SNPs found using the RDA scores, and the arrows represent the correlation coefficient of the predictors with each RDA axis.
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(Lacerda et al., 2002; Muniz et al., 2022). Historical isola-
tion between Cerrado and Atlantic Forest populations con-
tributed to the pattern of high genetic divergence found here, 
because no evidence of past introgression was found by the 
TreeMix analysis and the ABBA-BABA statistics (Peterson’s 
D and f4-ratio). A posterior contact between populations of the 
Cerrado and Atlantic Forest could lead to the current hybrid 
zone formation. In fact, phylogeographical and ecological 
niche modelling studies have shown an eastern and southern 
retraction of the Cerrado during the Last Glacial Maximum 
(Souza et al., 2017; Buzatti et al., 2018). The Atlantic Forest 
was also retracted into two large refuges and a third smaller 
refuge (Carnaval and Moritz, 2008; Ribeiro et al., 2011). 
After climate amelioration during the Holocene, the Cerrado 
and Atlantic Forest expanded and came into contact (Carnaval 
and Moritz, 2008; Ribeiro et al., 2011; Souza et al., 2017; 
Buzatti et al., 2018). Thus, it is probable that P. reticulata 
savanna and forest lineages could be in contact at least after 
the Last Glacial Maximum and that the hybrid zone could be 
established at that time. An investigation with coalescent ana-
lysis to date the time since the divergence of ecotypes and the 
posterior contact could determine the hybrid zone formation 
better.

The genomic analysis and a larger population sampling than 
a previous study (Muniz et al., 2022) allowed the Admixture 
analysis to reveal two to four genetic groups, with one rep-
resenting the forest and three representing the savanna and 
CRF. The CRF population, which occurs in the Caatinga, was 
grouped with savanna individuals, although it was considered 
morphologically similar to forest individuals. This population 
was probably identified mistakenly as from the forest ecotype. 

The Caatinga is a seasonal dry forest, and the rainfall has an 
extreme seasonality, with the annual precipitation limited to 
≤1000 mm in this biome (Silva and Souza, 2018). As revealed 
by the phylogenetic trees, the CRF population was more closely 
related to DES, SPS and VZS than to the geographically closest 
population of the forest ecotype, BPF, which is from the north 
of the Atlantic Forest. These results corroborate the results of 
a phylogeographical study showing that P. reticulata colonized 
the Caatinga from the central Cerrado (Novaes et al., 2010).

The hybridization analyses showed that the ecotonal popu-
lations represent a hybrid zone between the P. reticulata 
ecotypes. The individuals from the hybrid zone are mostly first-
generation backcrosses (F1 × parent) and F1s, with a higher 
proportion of hybrids in the population classified morphologic-
ally as the forest ecotype, indicating ongoing asymmetric hy-
bridization between the ecotypes. The introgression into the 
forest lineage could lead to the invasion of a site previously 
occupied by the savanna ecotype. The invasion of forest vege-
tation in Cerrado areas has been documented (Hoffmann et al., 
2012; Rodrigues-Souza et al., 2015). Using microsatellites, 
Muniz et al. (2022) found a higher proportion of F2s than this 
study. However, a few simple sequence repeats (SSR) that can 
show homoplasy (Gramlich et al., 2018) could have a lower 
power to detect the true genotypic class of individuals than a 
high number of biallelic SNPs with a high number of fixed al-
lelic differences. In the Cerrado and Atlantic Forest, outside 
ecotonal areas, no admixture between the savanna and forest 
ecotype was detected. The absence of later-generation hybrids 
suggests the presence of partial reproductive barriers between 
the P. reticulata ecotypes (Rieseberg and Blackman, 2010; 
Baack et al., 2015).
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Fig. 8.  Plot showing the proteins associated with putative functions based on the UniProt database for Plathymenia reticulata outlier loci.
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In ecotonal zones, P. reticulata savanna and forest ecotypes 
can be found side by side, but they occupy divergent habitats 
with sharp habitat discontinuities owing to environmental con-
ditions (Hoffmann et al., 2003; Hao et al., 2008; Barros et al., 
2018; Maracahipes et al., 2018). Ecological factors can be 
strong reproductive barriers, especially in sympatric popula-
tions if the differences in habitat are sharp and the establish-
ment in the alternative habitat is low (Feder and Nosil, 2010; 
Feder et al., 2012; Lowry, 2012; Lowry et al., 2015; Bridle et 
al., 2019), and might facilitate the speciation process in lin-
eages that show some degree of ecological divergence. The 
local adaptation owing to morphological and physiological 
traits of the P. reticulata ecotypes has been demonstrated in 
several field studies (Goulart et al., 2005, 2006, 2011; Toledo et 
al., 2012) and in laboratory (Lacerda et al., 2004) and common 
garden (Goulart et al., 2011) studies. The association of SNPs 
with genes related to differences in functional aspects, such as 
the stress response to abiotic factors and plant structural devel-
opment and reproduction, also indicates that the ecotype dif-
ferences are genetically determined. Altogether, these findings 
suggest that ecological barriers have an important role in the 
maintenance of the genetic integrity of the ecotypes, although 
it is not possible to discount some intrinsic reproductive barrier.

The Plathymenia genus was considered to contain two spe-
cies until 2003, P. foliolosa from the forest and P. reticulata 
from the savanna. These species were synonymized poster-
iorly as P. reticulata (Warwick and Lewis, 2003). The high 
genomic divergence associated with ecological divergence and 
morphophysiological differences between ecotypes, coupled 
with partial reproductive isolation, indicate that the ecotypes 
represent different evolutionary lineages and that the species 
status of P. foliolosa and P. reticulata should be restated.

Genomic signatures of adaptation and environmental influence on 
genetic divergence

The association of the genetic divergence of P. reticulata 
with soil, climate and spatial distances suggests that both se-
lection and genetic drift are driving forces of the divergence 
between savanna and forest ecotypes. The genomic divergence 
was associated with differences in the nitrogen content, soil pH 
and organic carbon of soil, characteristics that are very different 
between savanna and forest habitat (Hoffmann et al., 2012). In 
addition, the SNPs were also associated with the bulk density 
of the fine earth fraction, which is positively correlated with 
the capacity of the soil to retain water and is very important 
in environments where there is water shortage throughout the 
year (Indoria et al., 2020). Furthermore, in several areas of 
the Cerrado, the climate is similar to the climate of the forest, 
but the low nutrient and water availability and regular fires of 
Cerrado sites filter the forest species, and colonization of these 
areas does not occur (Lloyd et al., 2008). The comparison of 
several species in savanna–forest boundaries indicates that the 
establishment of species in the alternative habitat might be 
difficult (Maracahipes et al., 2018). In P. reticulata, the gen-
omic differences reflect the morphophysiological adaptations 
to forest and savanna present in the two ecotypes and their re-
sponse to limiting factors occurring in their habitats (de Lemos-
Filho et al., 2008).

The annotation of proteins showed that several outliers were 
associated with constitutive functions of the cell, including 
DNA duplication and transcription, the transition of the mitotic 
cell cycle, cell–cell signalling and cell differentiation. The re-
sponse to biotic and abiotic stress and the root and stomatal 
architecture were other biological functions found for the an-
notated proteins. For example, ten proteins, including ATP syn-
thase subunit b, HSP20-like chaperone, Transcription factor 
MYB44, E3 ubiquitin-protein ligase RING1, protein phos-
phatase 2C 68 and protein Brevis radix-like 4, were involved in 
the path of regulation of the stress response by activating the ab-
scisic acid path but also involved in the salicylic acid-mediated 
defences and auxin activation (Luo et al., 2006; Jung et al., 
2008; Ambrosone et al., 2015; Singh et al., 2015). The Cerrado 
is more prone than the Atlantic Forest to drought and heat stress 
throughout the year (Maracahipes et al., 2018), hence the dif-
ferences in these proteins could be related to the response to 
these stresses. The protein phosphatase 2C 68 is also involved 
with stomatal movement, which has the function to regulate 
water loss, indicating its function in response to stress.

The putative transcription factor family and the protein 
Brevis radix-like 4 are involved in root development (Yang 
et al., 2015; Breda et al., 2017). The savanna species have a 
higher root-to-shoot ratio than forest species, which allocate 
their biomass preferentially to the shoot structures (Hoffmann 
et al., 2003, 2004; Silva et al., 2019). The high investment in 
root structures in savannas maximizes nutrient and water up-
take, whereas the production of high stems owing to the invest-
ment in shoot structures in the forest highlights the importance 
of light competition in this habitat (Shipley and Meziane, 
2002). Thus, the divergence in the tree architecture associated 
with different forms of proteins involved in root development 
indicates that divergent selection is acting on the P. reticulata 
ecotypes.

In summary, the results of this study showed that the genes 
were related to the ecological divergence in a tree occurring in 
savanna habitat (the Cerrado) and forest (the Atlantic Forest). 
The evolutionary relationships with lineage interchange be-
tween the Cerrado and Atlantic Forest have been pointed out 
as one of the factors that explain the high biological diver-
sity in eastern South America (Simon et al., 2009; Hughes et 
al., 2013; Antonelli et al., 2018). However, the genes respon-
sible for local adaptations to each biome are not known. Our 
study showed that proteins in the path of response to stresses, 
such as water and heat stress, and plant architecture are im-
portant factors shaping the differences between the lineages 
from these divergent habitats. A few studies comparing the 
genomic components of species adaptation across habitat 
types have been performed among the ecosystems of South 
America. Recent studies comparing species of Handroanthus 
and Tabebuia genera also found a similar pattern of response 
to stress for these trees, but contrary to our study they did 
not find larger differences across ecosystems when comparing 
the populations sampled (Collevatti et al., 2019; Vieira et al., 
2022). Our results highlight the complexity of the relationship 
between the Cerrado and Atlantic Forest and help to provide 
insights into the genomic mechanisms underlying the diver-
sification of species across savanna and forest habitats and 
the evolutionary forces acting in the lineage diversification in 
Neotropical areas.
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Genomic analysis and the conservation of Plathymenia

The genomic analysis of populations provides important 
insights into the evolution and conservation of P. reticulata. 
Initially, the genomic analysis of hybrid zone and allopatric 
populations with no historical admixture suggested a partial 
reproductive barrier between the two ecotypes owing to eco-
logical factors. The high genomic divergence coupled with the 
presence of local adaptations indicates that P. reticulata eco-
types constitute independent evolutionary lineages. Altogether, 
the currently termed ecotypes should be managed as different 
species or at least as different evolutionarily significant units 
(Crandall et al., 2000).

The P. reticulata forest ecotype, previously known as P. 
foliolosa, was considered vulnerable to extinction by the IUCN 
(World Conservation Monitoring Centre, 1998). Owing to the 
low levels of genetic diversity of P. reticulata populations of 
the Atlantic Forest, we consider that this status should be main-
tained and updated from the data generated by our studies. The 
species should be assessed and listed in the Brazilian Red List, 
with its extinction risk determined. The lower genetic diversity 
of these populations might also increase the risk for the popu-
lations of the Atlantic Forest, because the isolation of patches 
is high owing to habitat loss and deforestation in the Atlantic 
Forest (Ribeiro et al., 2009).

The ecotonal area showed the highest genetic diversity and 
alleles of all lineages, which indicates that selected individuals 
could be used as source material for the restoration process. 
The ongoing admixture occurring in hybridizing populations 
augments genetic diversity, and the Plathymenia individuals 
of forest ecotype of ecotonal areas could be considered to re-
cover Atlantic Forest populations with low genetic diversity. 
However, this should be done with care to not disrupt the local 
adaptations of Atlantic Forest populations. Therefore, progeny 
tests should be done to test whether differences in local adapta-
tion might be disrupted. The current climate changes can lead to 
the maladaptation of species that will have to migrate or adapt 
to new climatic conditions (Aitken et al., 2008). Besides gen-
etic diversity, phenotypic plasticity can also have a role in the 
response of trees in the face of environmental changes (Souza 
et al., 2019, 2021; De Kort et al., 2020). The populations of the 
Atlantic Forest and ecotonal areas of the Plathymenia showed 
high phenotypic plasticity in traits related to the response to 
light (Goulart et al., 2011), a limiting factor in forest habitats. 
The pace of environmental changes relative to the generation 
time of species might create an adaptational lag (Aitken et 
al., 2008), which is very important in long-lived tree species. 
Phenotypic plasticity in long-lived trees could alleviate the risk 
of extinction, countering the adaptational lag. Therefore, the 
phenotypic plasticity and the risk of mismatch between local 
adaptation and the future environment in the populations of 
Plathymenia of the Atlantic Forest should be considered when 
undertaking restoration and reintroduction programmes.
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Table S5: ABBA-BABA statistics for Plathymenia reticulata 
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