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Abstract Studying the genetic structure of vicariant species
(i.e., closely related species that occupy ecologically distinct
yet adjacent habitats) can shed light on the evolution and di-
vergence of species with different ecological requirements. A
previous phylogeographic study identified chloroplast DNA
haplotype sharing between two vicariant tree species, one
from forest (Hymenaea courbaril) and one from savanna
(H. stigonocarpa) habitats. These species co-occur in the
Brazilian Cerrado, a biome that encompasses forest patches
and riverine forests within a savanna matrix. In order to inves-
tigate the evolutionary processes involved in the genetic di-
vergence of these trees, we used nuclear microsatellite

markers, statistical methods including approximate Bayesian
computation (ABC), and leaf morphology to analyze neigh-
boring and distant populations. Bayesian analysis revealed
admixture between the species. ABC analysis supported the
scenarios with the occurrence of gene flow between species
during the Last Glacial Maximum or from the Holocene to the
present, when compared to alternative scenarios of no gene
flow or constant gene flow since divergence. However, puta-
tive hybrids did not exhibit intermediate leaflet morphology,
which could be related to distinct selective pressures maintain-
ing species integrity even in the face of gene flow. Our results
suggest that despite morphological differences between sa-
vanna and forest species, interspecific barriers to gene flow
might not be fully developed between vicariant tree species
and that interspecific hybridization in trees from Cerrado bi-
ome may be an underdiagnosed process.

Keywords Cerrado . Hybridization .Hymenaea . Leaf
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Introduction

Comparison of the genetic structure of closely related species
occurring in distinct but geographically adjacent habitats
might shed light on the evolution and the divergence of spe-
cies with different ecological requirements. The Cerrado and
the Atlantic forest are two neighboring biomes in Eastern
Tropical South America (ETSA), considered Bhotspots^ for
conservation priorities (Mittermeier et al. 2004). The Cerrado
biome is the world’s most species-rich tropical savanna com-
prising many physiognomies with different tree densities. In
addition to savanna physiognomies, the Cerrado biome in-
cludes riverine forests along the watercourses and deciduous
and semidecidous forests in areas with more fertile soils
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(Ratter et al. 2006). Climatic conditions, especially those re-
lated to water availability such as rainfall and dry season
length, and fire frequency seem to be associated with the oc-
currence of each biome (Eiten 1972; Rizzini 1997; Oliveira-
Filho and Ratter 2002). Compared with the Cerrado, the
Brazilian Atlantic forest usually displays lower light accessi-
bility, higher water availability, and soil that is richer in nutri-
ents and has lower aluminum content (Eiten 1972; Furley
1992; Ratter et al. 2006). Species occurring in these biomes
display morphological and physiological features resulting
from adaptation to characteristics of each environment, main-
ly related to the presence of fire in savanna (Hoffmann and
Franco 2003; Goulart et al. 2011). Some of the characteristics
related to distinct selective pressures include tree architecture
and leaf morphology (Ackerly et al. 2000; Archibald and
Bond 2003; Hovenden and Vander Schoor 2005; Barros
et al. 2012).

Recent phylogenetic studies have suggested that Cerrado
species are mainly derived from lineages of forest ancestry,
such as those present in the Atlantic forest, in the Amazon
forest, and in seasonally dry forests (Simon et al. 2009;
Duarte et al. 2011; Fiaschi and Plunkett 2011; Simon and
Pennington 2012). In addition, some of these studies show
that the Cerrado is a recent biome, with diversification of most
of its lineages dating from less than 10 Myr (Simon et al.
2009; Simon and Pennington 2012). The close phylogenetic
relationship among many forest and savanna species and the
strong adaptive differences between these habitats suggest that
ecological speciation might be an important process related to
tree diversification in the Cerrado biome (Pennington et al.
2006; Simon and Pennington 2012). Pairs of closely related
species that occupy distinct habitats like savanna and forest
have been called vicariant species by botanists (Rizzini 1997).
Vicariant species may co-occur in some areas within the
Cerrado biome, especially where forest patches and riverine
forests are present, providing a large geographic interface, or
contact zone, between savanna and forest species.

Although the geographical proximity of closely related
species may allow interspecific gene flow if reproductive bar-
riers are not fully developed, only a handful of natural hybrid-
ization events between native tree species have been described
at ETSA. Interspecific hybridization between Cerrado trees
has been suggested previously for some pairs of species such
asHandroanthus chrysotrichus andH. ochraceus (Bittencourt
and Moraes 2010) and also for Kielmeyera coriaceae and
K. grandiflora (Caddah et al. 2013). In addition, studies have
suggested a putative hybrid origin for some Cerrado tree spe-
cies such as Eriotheca pubescens (Forni-Martins et al. 1995),
Tocoyena formosa (Silberbauer-Gottsberger et al. 1992), and
Anemopaegma arvense s.l. species complex (Firetti-Leggieri
et al. 2011). Most of these species are polyploid, a trait present
in many other Cerrado species (Forni-Martins and Martins
2000), which could suggest hybrid origin for other Cerrado

trees. Also, a fewmolecular studies have reported intraspecific
gene flow between highly divergent lineages, evidencing that
hybridization might occur at different stages of divergence in
trees present in this biome (Cavallari et al. 2010; Garcia et al.
2011; Lacerda et al. 2002; Warwick and Lewis 2003).

Environmental differences could result in divergent lin-
eages either in sympatric or allopatric populations. In such
cases, barriers to gene flow usually evolve as a by-product
of adaptations driven by different environmental selective
pressures (Schluter 2001). If selection is strong enough and
gene flow is not very common, reproductive isolation
might slowly arise in sympatry, but this process often starts
in allopatry, and if the range distribution of different line-
ages changes over time allowing secondary contact, gene
flow among them might promote hybridization. In the con-
tact zone, hybridization could break down the barriers to
gene exchange (Grant and Grant 2014), maintain the cur-
rent lineage divergence through persistent balance between
selection and hybridization, or even strengthen divergence,
ultimately resulting in different species (reviewed in
Abbott et al. 2013). While some hybrids are less competi-
tive than parental species, others might display mecha-
nisms responsible for hybrid persistence such as asexual
reproduction, polyploidy, and occupation of new niches
(reviewed in Vallejo-Marín and Hiscock 2016).

Hybridization events are usually described when morpho-
logically intermediate individuals are found. However, hy-
brids may also express a high proportion of characters of a
single parent (Rieseberg et al. 1993), and hybridization may
therefore be underestimated if molecular markers are not
employed. Recently diverged species usually share haplo-
types/alleles, which might be related to hybridization and in-
trogression or ancestral polymorphism (incomplete lineage
sorting) (Muir and Schlotterer 2005; Lexer et al. 2006;
Wang et al. 2011). In ETSA, haplotype sharing was found
between Hymenaea stigonocarpa and H. courbaril, a pair of
vicariant trees (Ramos et al. 2007, 2009). These species shared
the most common chloroplast DNA (cpDNA) haplotypes and
displayed similar phylogeographic structure, but the authors
could not distinguish whether haplotype sharing was due to
ancestral polymorphism or hybridization between these spe-
cies (Ramos et al. 2009). The former is endemic to the Cerrado
biome, and the latter is frequently found in the Atlantic forest
and in riverine forests and forest patches within the Cerrado.
Despite the lack of phylogenetic studies including all 17 spe-
cies belonging to this genus (Lee and Langenheim 1975;
Ribeiro et al. 2015), Fougère-Danezan et al. (2007) analyzed
cpDNA of six species and observed that H. courbaril,
H. eriogyne, and H. stigonocarpa are part of a monophyletic,
closely related, and unresolved clade within the genus. In
addition, an early review of the genus suggested that savanna
species like H. stigonocarpa might have derived from forest
Hymenaea lineages (Lee and Langenheim 1975).
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In order to investigate the evolutionary processes that
have shaped the divergence of vicariant Neotropical tree
species of savanna and forest, we used H. stigonocarpa
and H. courbaril as a case study. We analyzed neighbor-
ing and distant populations of these species for nuclear
microsatellite markers (nSSRs) and leaf morphology.
Specifically, we addressed the following questions re-
garding their interspecific relationship: (1) Do nSSR
markers reveal genetic evidence of hybridization between
these vicariant species? (2) If they do, when did the
hybridization happen? (3) Is there any evidence of hy-
bridization between the two species based on leaf mor-
phology? By answering these questions we attempted to
unravel the causes of polymorphism sharing in vicariant
ETSA tree species in order to further understand the
evolutionary relationship between savanna and forest
vegetation.

Materials and methods

Studied species, sampling, and DNA extraction

Hymenaea courbaril and H. stigonocarpa are a pair of vicar-
iant tree species (Heringer et al. 1976). The first species occurs
mainly in the Atlantic forest but is also found in forest patches
and riverine forest within the Cerrado biome, while the second
species is restricted to the Brazilian Cerrado (Lee and
Langenheim 1975). These species are closely related
(Fougère-Danezan et al. 2007) and share many life-history
traits: bats are the main pollinators (Gibbs et al. 1999;
Dunphy et al. 2004), and agoutis are probably the main seed
dispersers (Asquith et al. 1999). Eight populations of
H. courbaril located in the Brazilian Atlantic forest or forest
sites in the Cerrado biome were sampled, with a total of 142
individuals, and 11 populations ofH. stigonocarpawere sam-
pled in the Cerrado, with a total of 210 individuals (Table 1
and Fig. 1). In order to facilitate the sampling identification,
abbreviations of all populations ofH. courbaril ended with the
letter M and abbreviations of H. stigonocarpa ended with the
letter C (following Ramos et al. 2007, 2009). Whenever pos-
sible, one population of each species was sampled in close
localities, and therefore, they have similar abbreviations with
the exception of the last letter. Leaves were collected, identi-
fied, and ice frozen before permanent storage in −20 °C.
Extraction of total DNA followed modifications of the
CTAB protocol.

Nuclear microsatellite loci

Seven nSSR loci developed forH. courbaril and transferred to
H. stigonocarpa (Ciampi et al. 2008) were used for the pop-
ulation genetic analyses in both species. Microsatellite loci

were amplified using polymerase chain reaction (PCR) fol-
lowing the conditions established by Ciampi et al. (2008).
Amplifications were confirmed with 3.5% agarose gel
electrophoresis. Amplified products were analyzed in an
ABI-Prism 377XL sequencer (Applied Biosystems, Life
Technologies Ltd., Paisley, UK) with a ROX fluorescent-
labeled internal size standard. The size of amplified frag-
ments (in bp) was obtained with the program GeneScan
(Applied Biosystems) and analyzed by the software
Genotyper (Applied Biosystems).

Genetic data analyses

Genetic diversity levels for each population were estimated
using the following statistics: mean number of alleles per lo-
cus (Â), mean-observed (HO) and mean-expected (HE) hetero-
zygosities with the program Arlequin v. 3.5.1.2 (Excoffier and
Lischer 2010), and allelic richness (AR) using FSTAT v. 2.9.3.2
(Goudet 2001). Deviations from Hardy-Weinberg equilibrium
(HWE) were assessed with allelic permutations among indi-
viduals within populations, and linkage disequilibrium be-
tween pairs of loci was evaluated using the program FSTAT.
The presence of null alleles at each locus was tested by Monte
Carlo simulation (1000 bootstraps) using MICRO-
CHECKER v. 2.2.3 (Van Oosterhout et al. 2004).

Genetic structure was assessed using several different
approaches. Analysis of molecular variance (AMOVA)
based on the sum of squared size differences implement-
ed in Arlequin was computed to describe the degree of
genetic structure between species, among populations
within species, and within populations. Differentiation
among pairs of populations was estimated by pairwise
FST using significance tests at the P < 0.05 level follow-
ed by a Bonferroni correction in the software FSTAT. In
addition, pairwise Cavalli-Sforza and Edwards chord dis-
tances (Cavalli-Sforza and Edwards 1967) were calculat-
ed for all populations using Microsatellite Analyzer
(MSA) (Dieringer and Schlotterer 2003) with 1000 ran-
domized permutations to assess statistical support. Trees
were constructed using the neighbor-joining algorithm,
and a majority rule bootstrap consensus tree was con-
structed with the programs Neighbor and Consense in
PHYLIP v. 3.695 (http://evolution.genetics.washington.
edu/phylip.html) and visualized with the software
TreeView v. 1.6.6 (Page 1996). Genetic structure was also
evaluated by a principal components analysis (PCA)
using the adegenet and ade4 (Jombart 2008) packages
in R v. 3.0.1 (R Foundation for Statistical Computing,
http://www.R-project.org).

Additionally, Bayesian clustering analyses were performed
to identify clusters (K) of genetically similar individuals and to
look for evidence of interspecific admixture using the soft-
ware STRUCTURE v. 2.3.4 (Pritchard et al. 2000). Three
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different analyses were conducted, one for each species sepa-
rately and one including all sampled individuals of both spe-
cies. Analyses were carried out with 10 independent runs of
2 × 105 burn-in-length Markov Chain Monte Carlo (MCMC)
iterations and 5 × 105 additional simulations, testing the prob-
able number of clusters ranging from one to the number of
sampled populations in each analysis plus one, except when
both species were included and the specified K ranged from
one to six. Parameter sets assumed the admixture model with-
out prior population information and allele frequency

correlation among populations. The optimal number of clus-
ters was determined following the recommendations of
Evanno et al. (2005). We used STRUCTURE to identify pu-
tative hybrids because the overall performance of this soft-
ware in identifying hybridization is satisfactory even when a
small number of loci are used (Vähä and Primmer 2006). The
admixture proportion (Q) obtained with STRUCTURE anal-
ysis was used to classify individuals as putative hybrids with a
threshold ofQ = 0.8, as a compromise between efficiency and
accuracy (Vähä and Primmer 2006). Hybrids were identified

Table 1 Sampling localities,
information about hybrids,
genetic diversity, and inbreeding
coefficient across microsatellite
loci for each population sampled

Population
codea

Locality State N NH %H Â AR HE HO FIS

H. courbaril

PAM Chapada
Diamantina
National Park

BA 20 1 5 6.71 4.89 0.684 0.521 0.242*

RLM Reserva de
Linhares

ES 10 0 0 5.29 4.54 0.628 0.557 0.118

CPM Rio Doce State
Park

MG 20 5 25 8.43 6.01 0.804 0.739 0.082

FBMI Fazenda Brejão I MG 20 2 10 6.00 4.46 0.623 0.469 0.253*

FBMII Fazenda Brejão II MG 21 0 0 4.29 3.39 0.536 0.495 0.087

FUM Furnas MG 21 0 0 7.86 5.79 0.795 0.739 0.072

RPM São Gonçalo do
Rio Preto

MG 10 3 30 5.57 5.04 0.745 0.490 0.356*

SCM Serra do Cipó
National Park

MG 20 0 0 5.71 4.22 0.618 0.466 0.251*

Overall 142 11 7.75 6.23 4.79 0.679 0.560 0.171*

H. stigonocarpa

MUC Chapada
Diamantina
National Park

BA 20 4 20 4.86 4.16 0.574 0.411 0.290*

RCC Rio de Contas BA 21 2 9.5 4.29 3.68 0.550 0.366 0.340*

ADC Abadia dos
Dourados

MG 12 3 25 4.29 4.20 0.587 0.421 0.292*

BIC Biribiri MG 17 0 0 4.00 3.48 0.496 0.379 0.243*

FBC Fazenda Brejão MG 22 1 4.5 4.29 3.55 0.526 0.480 0.090

FUC Furnas MG 21 3 14.3 5.57 4.46 0.540 0.400 0.264*

MCC Montes Claros MG 20 3 15 5.00 3.97 0.438 0.354 0.197*

PEC Vale do Peruaçu
National Park

MG 20 1 5 5.14 4.28 0.550 0.309 0.445*

RPC Rio Preto State
Park

MG 17 1 5.9 4.86 4.03 0.547 0.451 0.180

SCC Serra do Cipó
National Park

MG 20 1 5 4.43 3.73 0.557 0.370 0.342*

VPC Várzea da Palma MG 20 0 0 4.71 3.63 0.443 0.317 0.290*

Overall 210 19 9.05 4.83 3.93 0.507 0.366 0.272*

N number of individuals, NH number of putative hybrids according to the STRUCTURE analysis (0.2 ≤ Q ≤ 0.8),
%H percentage of putative hybrids, Â mean number of alleles per locus, AR allelic richness, HE expected hetero-
zygosity, HO observed heterozygosity, FIS inbreeding coefficient
a The third letter of each population code represents the species. M = H. courbaril (forest species) and
C = H. stigonocarpa (savanna species) following Ramos et al. (2007, 2009)

*Significant values (P values smaller than the adjusted nominal level—5%—after allelic permutations among
individuals within samples)
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conservatively because morphologically intermediate individ-
uals between the two species have not been described.

In order to assess STRUCTURE’s ability to identify hy-
brids correctly, we used HYBRIDLAB (Nielsen et al. 2006) to
simulate a scenario of complete isolation between the three
groups identified with STRUCTURE, two groups within
H. courbaril and one for H. stigonocarpa (see BResults^ sec-
tion). Alleles were randomly drawn from each group to gen-
erate three populations of 300 Bpure^ individuals, two popu-
lations of H. courbaril (one using individuals from FBMI,
FBMII, and PAM and one with individuals from the other
populations), and one of H. stigonocarpa. The simulated
datasets were then analyzed together in STRUCTURE with
the same settings used previously. The probability of misclas-
sification of hybrids was estimated from the percentage of
simulated individuals with the admixture proportion of
0.2 ≤Q ≤ 0.8. This method has been used successfully in other
studies, and the inclusion of putative admixed individuals is
considered a conservative approach (Vähä and Primmer 2006;
Marino et al. 2013).

As the inference of K can be sensitive to the presence of
isolation by distance (IBD) in STRUCTURE (Pritchard et al.
2000), we performed a Mantel test in the program Arlequin
using the correlation between the matrix of pairwise Slatkin’s
linearized FST (Slatkin 1995) and the matrix of the natural
logarithm of approximate geographic distances (in km). The
significance of the Mantel test was assessed with 1000
randomizations.

Test of evolutionary scenarios using approximate
Bayesian computation

To further investigate gene flow between H. courbaril and
H. stigonocarpa, we used approximate Bayesian computation
(ABC). ABC is a statistical framework within which one can
test the relative probability of a set of alternative evolutionary
models of interest and estimate the parameters of the best
model. This approach has been successfully used in other
studies to investigate the occurrence and time of gene flow
(Camargo et al. 2012; Marino et al. 2013; Turchetto et al.
2014). Here, we tested four alternative models assuming dif-
ferent schemes of gene flow or no gene flow between the two
species after divergence from an ancestral population (Fig. 2).
Specifically, the NoMig model assumes isolation after diver-
gence, the ConstMig model assumes constant gene flow since
divergence, and the RecMig and AncMig models assume re-
cent gene flow beginning in Holocene (10,000 years ago to
present) and ancient gene flow during the Last Glacial
Maximum (LGM; 23,000 to 19,000 years ago), respectively.
In all models, the two populations were allowed to change
their effective population sizes (N) since time of divergence
(t) (Online Resource 1 Fig. S1).

We performed the analysis in a dataset of 10 randomly
chosen individuals from each of the 19 populations of both
species (dataset ALLPOP). Also, considering that
STRUCTURE suggested the existence of two groups within
H. courbaril (see BResults^ section), each model was tested

Fig. 1 Geographical location of sampled populations of Hymenaea
courbaril (white squares) and H. stigonocarpa (black dots) and
distribution of the individuals classified as belonging to one of each
species or putative hybrids. Hybrids were identified based on

assignment probabilities (0.2 ≤ Q ≤ 0.8) for each individual according
to STRUCTURE results forK = 3 in the combined dataset of both species.
Circle sizes are proportional to the number of sampled individuals. For
population codes, see Table 1

Tree Genetics & Genomes (2017) 13: 36 Page 5 of 15 36



using two different datasets for this species, one comprising
only populations belonging to the first group (FBMI, FBMII,
and PAM—dataset FBM_PAM × Stigo) and the other exclud-
ing these populations (dataset otherM × Stigo). In addition, to
investigate the pattern of gene flow between neighbor popu-
lations of different species, we performed the ABC for the
following four available pairs of co-located populations:
FBM × FBC, FUM × FUC, RPM × RPC, and SCM × SCC.
Since FBMI and FBMII are closely located, we pooled the
two populations to constitute the FBM population.

For each combination of dataset and model, we did 1.5
million simulations of 7 nSSRs with the same sample size
of each dataset using the program fsc25 (Excoffier and Foll
2011; Excoffier et al. 2013) within the ABCToolBox
(Wegmann et al. 2010). The values of current and ancestral
N were drawn from uniform prior distributions ranging
from 100 to 25,000. A uniform prior distribution was also
used for the t parameter, ranging from 6667 to 366,667
generations. To define this interval, we estimated the time
to the most recent common ancestor (TMRCA) in BEAST
using cpDNA data from Ramos et al. (2007, 2009). Two
coalescent models (constant population size and Bayesian
skyline) and two cpDNA evolutionary rates described for
angiosperms at neutral sites (0.0011 and 0.0029 sub/site/
Myr; Wolfe et al. 1987) were used under a strict clock
model. For each evolutionary model and rate, we conduct-
ed three independent runs based on 307 generations, sam-
pling every 103 generations. Convergence of results and
effective sample sizes (ESSs) larger than 200 were ob-
served in TRACER v1.5 (Rambaut and Drummond
2009). We used a combination of the minimum and maxi-
mum values obtained for TMRCA from all different models
as priors for t in the ABC analyses. Based on ex situ
growth experiments, we assumed 15 years/generation
(Sano and Fonseca 2003; Costa et al. 2011). For the

migration rates (m), we used log-uniform prior distribu-
tions ranging from 0.00001 to 0.01. The average mutation
rate (μ) across loci was drawn from a log-uniform prior
distribution ranging from 0.000001 to 0.001 (Thuillet
et al. 2002; Vigouroux et al. 2002; Leonard et al. 2003),
and single-locus mutation rates were drawn from a gamma
distribution with mean μ and a shape parameter of 2
(Excoffier et al. 2005; Neuenschwander et al. 2008;
Marino et al. 2013). The number of repeats by which a
new mutant allele differ from its ancestor were generated
following a generalized stepwise mutation (GSM) model
(Estoup et al. 2002), with uniform distribution of the mean
geome t r i c pa r ame t e r p r ang ing f rom 0 to 0 .8
(Neuenschwander et al. 2008; Marino et al. 2013). Prior
distributions are given in Online Resource 2 Table S1.

Summary statistics (SuSt) used to compare observed and
simulated data in the ABC analysis were FST between species
and the mean and standard deviation over loci for each popu-
lation of the parameters: number of alleles (K), expected het-
erozygosity (H), and allelic range (R). All these SuSt were
calculated with arlsumstat (Excoffier and Lischer 2010) inside
ABCToolBox.

We used the regression approach (Beaumont 2008), testing
different numbers of retained simulations (20,000, 40,000,
and 80,000), to obtain the posterior probabilities of each mod-
el. The quality of model selection was evaluated by estimating
the rate of true and false positives for each model. To do this,
we first simulated 1000 datasets from the same prior distribu-
tion of parameters used for each combination of dataset and
model considered. Each of these simulated datasets was then
used as a pseudo-observed dataset (PODS), and the posterior
probability of each model was estimated with the same ABC
approach applied to the real dataset. The fraction of true pos-
itives for each model was assessed by the proportion of the
1000 PODSs simulated under a specific model that presented

Fig. 2 Four alternative evolutionary models tested in approximate
Bayesian computation analysis. Models assume a isolation after
divergence—NoMig, b constant gene flow since divergence—
ConstMig, c recent gene flow beginning in Holocene (10,000 years ago
to present)—RecMig, and d ancient gene flow during the Last Glacial

Maximum (LGM; 23,000 to 19,000 years ago)—AncMig. Tables display
the posterior probabilities (Prob) for eachmodel and dataset obtainedwith
20,000 retained simulations. See the text for dataset description. Hc and
Hs stand for Hymenaea courbaril and H. stigonocarpa, respectively
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the highest posterior probability for this specific model, and
the fraction of false positives was the proportion of the remain-
ing 3000 PODSs simulated under the other three different
models that wrongly recovered this specific model.

For parameter estimation, we calculated the Euclidian dis-
tance between the observed and simulated SuSt of the best
model and retained 0.5% of the total simulations correspond-
ing to the shortest distances. Posterior probability for each
parameter was estimated using a weighted local regression
(Beaumont et al. 2002), after a log-tan transformation was
applied to prevent the posterior distribution from exceeding
the limits of the prior distribution (Hamilton et al. 2005).
These steps were done using a modified version of the
makepd4 R script (Scliar et al. 2014). We assessed the poten-
tial for a parameter to be correctly estimated by estimating the
coefficient of determination (R2—the proportion of parameter
variance explained by the summary statistics) computed
through all simulations.

Leaflet morphometric analysis

In their review of systematics of the Hymenaea genus, Lee
and Langenheim (1975) made a detailed description of the
morphology of each species. According to those authors,
H. courbaril trees found in the area sampled in this study
belong to the var. stilbocarpa. In addition, H. courbaril var.
stilbocarpa and H. stigonocarpa present distinct tree architec-
ture.H. courbaril trees are higher (12–20 m) and have smooth
silvery gray bark (rarely rough with deep fissures and
grooves), whereas H. stigonocarpa is shorter (5–12 m); the
bark is very rough, deeply fissured, and grooved or rarely
smooth or silvery gray. In addition, the two species differ in
leaflet morphology. H. courbaril presents medium-sized and
sub-falcate leaflets, and H. stigonocarpa presents large and
obavate-oblong leaflets (occasionally falcate). Considering
these overall distinctive characteristics, leaflet morphological
data were collected from individuals present in some co-
located populations (FU, SC, and FB) in order to test if there
is any morphological evidence of hybridization. Seven leaflet
characters were measured on mature leaflets and two derived
variables were also obtained, for a total of nine variables an-
alyzed. We acknowledge that derived variables are correlated
with the original variables, but we considered them informa-
tive to our analyses. A detailed description of each variable is
shown in Online Resource 1 Fig. S2. Five to 15 leaflets of
each individual were measured, ranging from 9 to 17 individ-
uals per population, in a total of 94 individuals analyzed.

Analyses of variance (ANOVAs) were performed in
BioEstat v.5.0 (http://www.mamiraua.org.br/pt-br/
downloads/programas/bioestat-versao-53/) in order to test
for statistical morphological differences between pairs of
neighboring populations. Other ANOVAs using all sampled
individuals were performed to evaluate differences between

the two species. In addition, a principal component analysis
(PCA) was carried out using the adegenet and ade4 packages
in R to check for multivariate separation between species
based on themorphological characters measured. Prior to each
analysis, number and proportion variables were transformed
(square root and arc-sine of the square root, respectively).

Results

Genetic diversity and intraspecific structure

No significant linkage disequilibrium was found between any
pair of loci (P > 0.002—adjusted P value for 5% nominal
level). Genetic diversity and fixation indices (FIS) per popula-
tion for each species are displayed in Table 1. H. courbaril
populat ions harbor higher genetic diversi ty than
H. stigonocarpa, even when neighboring populations are
compared. The most diverse populations ofH. courbarilwere
CPM, FUM, RPM, and PAM. For H. stigonocarpa, higher
diversity was found in the populations ADC, PEC, FUC,
and MUC. All sampled populations showed HO values lower
than HE in both species. H. stigonocarpa populations showed
higher FIS values than H. courbaril, with values ranging from
0.090 to 0.445 and from 0.082 to 0.356, respectively. The FIS
values were significant in 9 out of 11 populations of
H. stigonocarpa and in 4 out of 8 populations of
H. courbaril. There was no evidence of null alleles at any
locus. Considered together, these results suggest the occur-
rence of inbreeding in both species.

AMOVA indicated higher genetic structuring in
H. courbaril (FST = 0.299) than in H. stigonocarpa, with
FST value of 0.197 (Online Resource 2 Table S2).
Significant pairwise FST ranged from 0.077 to 0.307 between
populations of H. courbaril and from 0.045 to 0.240 between
populations ofH. stigonocarpa (Online Resource 2 Table S3).

After corrections according to Evanno et al. (2005),
Bayesian analysis using the software STRUCTURE indicated
that the most likely number of genetic clusters in H. courbaril
was two, one cluster formed by populations PAM, FBMI, and
FBMII and the other by the remaining populations (Fig. 3a
and Online Resource 1 Fig. S3). The neighbor-joining con-
sensus tree based on pairwise Cavalli-Sforza and Edwards
chord distances also reveals two clusters in the H. courbaril
clade with robust bootstrap support (Online Resource 1
Fig. S4). H. stigonocarpa populations were separated into
three clusters but with highly admixed individuals and popu-
lations (Fig. 3b). Correlations between genetic and geographic
distances (Mantel tests) were not significant for
H. stigonocarpa (r = 0.24, P = 0.07) nor H. courbaril
(r = 0.21, P = 0.12), suggesting that geographic distance
was not an important factor influencing genetic structure in
these species.
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Interspecific relationships

AMOVA considering the two species together showed that
26.9% of the total genetic variation are due to differences
among the two species (FCT = 0.269; Online Resource 2
Table S2). Interspecific pairwise FST yielded higher values
(ranging from 0.136 to 0.372) than intraspecific comparisons
for both species (Online Resource 2 Table S3). However, the

genetic divergence among the two clusters of H. courbaril is
high (mean pairwise FST = 0.204) and similar to genetic di-
vergence among H. courbaril cluster 2 and H. stigonocarpa
(mean pairwise FST = 0.205). Bayesian analysis identified
three genetic clusters when all individuals were included
(Fig. 3c), two of which coincide exactly with those observed
when only populations of H. courbaril were analyzed
(Fig. 3a), and the remaining cluster included all

Fig. 3 Bayesian clustering analysis in STRUCTURE. Themost probable
number of clusters was inferred in Hymenaea courbaril (a),
H. stigonocarpa (b), and in the combined dataset of both species (c, d).
Each vertical line represents an individual, which is partitioned into the
number of inferred clusters according to the probability of assignment Q.

The number of inferred clusters for the combined dataset is presented for
K = 3 (c) and K = 2 (d). Co-located populations of H. courbaril and
H. stigonocarpa were plotted side by side in c and d to facilitate the
comparison between them. For population codes, see Table 1
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H. stigonocarpa populations. Thus, STRUCTURE analysis
seems to retrieve H. courbaril structure even when
H. stigonocarpa data is included. In the results from an arbi-
trary value of K = 2, populations of H. courbaril and
H. stigonocarpa are separated into distinct clusters (Fig. 3d).
Neighbor-joining consensus tree, pairwise FST, and PCA also
suggested strong genetic structure among populations of
H. courbaril. Therefore, we acknowledge the existence of
three groups while investigating the interspecific relationship
between H. courbaril and H. stigonocarpa (Fig. 1).

Based on STRUCTURE results, individuals with Q 0.80
were considered H. stigonocarpa, individuals with Q 0.20
were considered H. courbaril (clusters 1 and 2), and individ-
uals with 0.2 ≤ Q ≤ 0.8 were considered putative hybrids.
According to this criterion, 19 hybrids were observed in
H. stigonocarpa, ranging from 0 (BIC and VPC) to 4
(MUC) per population, whereas the number of hybrids ob-
served in H. courbaril was smaller, a total of 11 hybrids,
ranging from 0 (FBMII, FUM, RLM, and SCM) to 5 (CPM)
per population (Table 1 and Figs. 1 and 3c). The hybrids’
admixture proportions resulting from Bayesian analysis are
presented in Online Resource 2 Table S4. Although the total
number of hybrids observed is larger in H. stigonocarpa than
in H. courbaril, the percentage of hybrids in each species is
similar (Table 1). Analysis of Bpure^ individuals simulated
with HYBRIDLAB revealed that hybrid identification using
STRUCTURE is not a spurious result because the probability
of obtaining 0.2 ≤ Q ≤ 0.8 was only 0.014. Therefore, most of
the 30 individuals considered hybrids are likely to have mixed
ancestry, as only 5 individuals from our dataset would have
been misclassified as hybrids if there was no gene flow.

The first principal component (PC1) of PCA analysis using
nSSR was able to separate most populations of H. courbaril
from populations of H. stigonocarpa (Fig. 4a, b), despite the
majority of alleles observed (75%) being shared between spe-
cies. Out of 90 alleles observed in both species, only 22 are
found in only 1 species (usually in low frequencies), with 77%
of private alleles being present only in H. courbaril (Online
Resource 2 Table S5). If STRUCTURE results are considered
(K = 3), less than 14% of private alleles are present only in
cluster 2 of H. courbaril, formed by populations FBMI,
FBMII, and PAM. In fact, cluster 2 of H. courbaril is genet-
ically closer to H. stigonocarpa than cluster 1 (Fig. 4a). This
result is clearer in the PCA that included only neighboring
populations: FUM, RPM, and SCM are clearly separated from
their congeneric pairs (FUC, RPC, and SCC), while popula-
tions FBMI and FBMII are in an intermediate position, over-
lapping with some individuals from population FBC (Fig. 4b).

ABC analysis also supported hybridization between spe-
cies. Six out of the seven datasets used in the ABC analysis
favored the scenarios including either recent gene flow (from
10,000 years ago until present; RecMig model) or past gene
flow (from 23,000 to 19,000 years ago; AncMig model)

between the species (Fig. 2 and Online Resource 2
Table S6). Specifically, for dataset ALLPOP, regardless of
the number of retained simulations, model RecMig had the
highest posterior probability (0.74) and the model NoMig was
clearly rejected. The analyses performed with each cluster of
H. courbaril (FBM_PAM × Stigo and OtherM × Stigo)
yielded results similar to dataset ALLPOP and are presented
only in Online Resource 2 Table S6. For the datasets FBM ×
FBC, FUM × FUC, and RPM × RPC, models RecMig and
AncMig displayed high but similar posterior probabilities,
meaning that it is not possible to reliably choose the best
model between them. Only the pair SCM × SCC displayed
similar posterior probabilities for models AncMig and
NoMig. The analysis of true and false positives based on
PODS simulated under each model showed that the NoMig
and ConstMig models present higher proportion of true posi-
tives than AncMig model and especially the RecMig model
(Online Resource 2 Table S7), indicating that the two last
models (particularly RecMig) are difficult to identify. On the
other hand, the RecMig model is the model with the lowest
false positive rate, being wrongly chosen as the true model
only in approximately 9% of the cases.

The parameter estimates of the best model(s) for each
dataset are in Online Resource 1 Fig. S5 and Online
Resource 2 Table S8. In general, the chosen SuSt contained
enough information to estimate model parameters, as the R2

obtained for most parameters were higher than 0.20 (Online
Resource 2 Table S8). Migration rates were significant be-
tween the two species, with the number of migrants (m ×
current N) per generation ranging between 1.0 and 30.6 in
different datasets. Although rates were generally higher for
migration into H. courbaril, there was high overlapping be-
tween confidence intervals. Furthermore, the current effective
size of H. courbaril (Nc) was consistently higher than the
current effective size of H. stigonocarpa (Ns) for all datasets
and models. Parameters with R2 smaller than 0.05–0.10 were
considered to be unreliably estimated since SuSt explain little
of their variability (Neuenschwander et al. 2008). Ancestral
effective size ofH. courbaril (Nac) andH. stigonocarpa (Nas)
after divergence were considered unreliable estimates because
all datasets and models yielded R2 < 0.01 and therefore are not
presented.

Considering the occurrence of gene flow, we expected a
considerable number of morphologically intermediate indi-
viduals. However, leaflet morphometric ANOVA revealed
that both species are significantly different for eight out of
nine measured variables, considering all individuals sampled.
All neighboring populations analyzed were significantly dif-
ferent (P < 0.05) for at least seven leaf traits (Table 2).
Additionally, PCA performed with these morphological traits
for neighboring populations clearly distinguished individuals
ofH. courbaril from individuals ofH. stigonocarpa, with PC1
and PC2 explaining over 80% of the observed variation. Only
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two individuals, one from FBC and one from FUM, appeared
within the population radius of the other species (Fig. 4c).
Therefore, these results for leaf morphology support the tax-
onomic delimitation of the taxa studied.

Discussion

Evidences and timing of hybridization

Analysis with nSSR markers generally allowed the separation
of the species H. courbaril and H. stigonocarpa. However,
most alleles observed are shared between species, and genet-
ically intermediate individuals were found in most popula-
tions analyzed with Bayesian analysis and PCA, suggesting
the occurrence of hybridization and/or incomplete lineage
sorting between those species. In order to separate the two
processes, we performed ABC analysis with different evolu-
tionary models including and excluding gene flow between
H. courbaril and H. stigonocarpa. If incomplete lineage
sorting explained most of the genetic similarity observed be-
tween species, we would expect higher support for the model
without interspecies gene flow (NoMig). However, our ABC
analysis showed that a model excluding gene flow was only
supported for SCM × SCC (Fig. 2 and Online Resource 2
Table S6). Together, these results suggest that gene flow be-
tween H. courbaril and H. stigonocarpa is widespread,
playing an important role in the evolution of these vicariant
trees even if there is still incomplete lineage sorting between
them.

In a previous study with both species, Ramos et al. (2009)
revealed similar geographical distribution of shared cpDNA
haplotypes and low genetic differentiation between these spe-
cies. The number of hybrids that could be inferred from
cpDNA haplotype sharing between H. courbaril and
H. stigonocarpa (Ramos et al. 2009) was larger than the num-
ber of hybrids inferred herein with nSSR, although some pop-
ulations such as CPM, RPM,ADC, and FUC displayed a large
proportion of putative hybrids in both cpDNA and nSSR anal-
yses. While cpDNA markers are associated with limited seed
dispersion by agoutis (Asquith et al. 1999), nSSRs are bipa-
rentally inherited markers also associated with potentially
long-distance pollen dispersion by bats (Gibbs et al. 1999;
Dunphy et al. 2004). This result is in agreement with studies
involving simulation data which predicted that markers

associated with limited dispersion will more promptly reveal
genetic signals of hybridization (Petit and Excoffier 2009).
The cpDNA haplotype sharing previously observed and the
nSSR admixture here found between the two Hymenaea spe-
cies could be related either to past hybridization in glacial
refugia common to both species during LGM or recent hy-
bridization after climate amelioration during Holocene, as has
been suggested in other studies (Heuertz et al. 2006; Marino
et al. 2013). Therefore, we also used the ABC approach to test
the occurrence of gene flow in each of these periods. Our
analysis, however, did not distinguish between ancient gene
flow, during the LGM, and recent gene flow, during the
Holocene.

Some evidence suggests recent hybridization (i.e., from the
Holocene to the present), and others suggest that gene flow
might have occurred during the LGM. In the ABC analysis,
the RecMig model displayed the highest posterior probabili-
ties for the dataset that included all sampled populations, and
for both datasets that included one H. courbaril cluster at a
time, suggesting recent gene flow. In fact, forest patches and
riverine forests are common in the Cerrado biome, and there is
a large ecotonal area between Cerrado and Atlantic forest
al lowing hybridization between the two species.
Hybridization between these species is biologically possible
because they share similar life-history traits (mainly bat-
pollinated) (Gibbs et al. 1999; Dunphy et al. 2004) and display
synchronization in flowering events possibly triggered by
photoperiod (Souza and Funch 2016). On the other hand,
ancient gene flow was equally probable to recent gene flow
in three of the four datasets that included only pairs of neigh-
boring populations (FBM × FBC, FUM × FUC, and RPM ×
RPC). Additionally, the CPM population, located in the
semidecidous Atlantic forest, approximately 100 km apart
from the ecotone with the Cerrado (Fig. 1), is one of the most
admixed populations, with 25% of individuals considered hy-
brids. Thus, recent gene flow alone could not explain this
pattern. According to the paleopalynological data (Behling
and Lichte 1997; Behling and Negrelle 2001), during the
LGM, the Cerrado expanded eastwards, where the
semidecidous Atlantic forest is present currently. During this
period, these species might have co-occurred in the area where
the CPM population is currently found, allowing ancient hy-
bridization events. Although gene flow between these species
in other periods cannot be discarded, our results indicate that
gene flow occurred during the LGM and/or the Holocene.

Evolutionary consequences of hybridization

Our genetic data supports the evidence that H. courbaril and
H. stigonocarpa are closely related species, as have been
shown by cpDNA studies (Fougère-Danezan et al. 2007;
Ramos et al. 2009). The genetic differentiation observed be-
tween these species is as high as that observed between some

�Fig. 4 Genetic structure (a, b) and leaflet morphological structure (c)
were estimated by principal component analysis (PCA). Genetic structure
was evaluated through PCA of microsatellite data of all populations (a)
and of co-located populations (b). Percentages of the variation of the first
two axes (PC1 and PC2) are displayed in each graph. Individuals of
Hymenaea courbaril are represented by filled symbols, and individuals
of H. stigonocarpa are represented by open symbols
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populations of H. courbaril. This cryptic genetic variation in
H. courbaril reinforces the necessity of more taxonomic and
phylogenetic investigation in the genus Hymenaea. Due to
evidence of hybridization between H. courbaril and
H. stigonocarpa, individuals with intermediate morphological
characteristics were expected, but analysis of leaflet morphol-
ogy clearly separated both species, with the exception of only
two individuals (Fig. 4c). Leaf characters are known to be
related to plant adaptation to different environmental condi-
tions (Ackerly et al. 2000; Hovenden and Vander Schoor
2005). Thus, morphological differences observed herein could
result from distinct selective pressures related to the large eco-
logical differences between savanna and forest habitats (Eiten
1972; Furley 1992), in spite of gene flow. Our results revealed
that the evolutionary scenario of continuous gene flow be-
tween H. courbaril and H. stigonocarpa since their diver-
gence is less probable (Fig. 2 and Online Resource 2
Table S6), suggesting that divergence between these species
seems to have started allopatrically. Later, after their diver-
gence, the savanna-forest interface allowed hybridization be-
tween species, revealing incomplete reproductive barriers.
Molecular evidence of interspecific gene flow could be main-
tained for long periods if gene exchange among conspecific
populations was limited, as purging of heterospecific alleles
would be a slow process (Currat et al. 2008; Petit and
Excoffier 2009). In fact, our data showed significant inbreed-
ing for both species, revealing limited intraspecific gene flow
(Table 1).

Despite the observed hybrid individuals, many cpDNA
haplotypes (Ramos et al. 2009) and nSSR alleles (Online
Resource 2 Table S5) were found exclusively in only one
species, and nuclear data generally allowed species separation,
indicating that species integrity is revealed not only by mor-
phological traits but also by genetic traits. Intrinsic factors like
interspecific pollen-pistil incompatibility could be inhibiting
extens ive gene f low between H. courbar i l and
H. st igonocarpa (Hiscock and Dickinson 1993).
Interspecific incompatibility seems likely if we consider that
bothH. courbaril andH. stigonocarpawere suggested as self-
incompatible (Bawa 1974; Gibbs et al. 1999) and that crosses
between self-incompatible species are often related to unilat-
eral or reciprocal incompatibility (Hiscock and Dickinson
1993). In addition, extrinsic factors like strong selective pres-
sures associated with each environment could be responsible
for maintaining H. courbaril and H. stigonocarpa as separate
entities even in the face of interspecific gene flow (Lexer et al.
2006; Palma-Silva et al. 2011). The extent of introgression
among these species and the mechanisms involved in promot-
ing and/or preventing it deserve to be further investigated as
well as the possible effects of hybridization on adaptation to
different environments and speciation.

Reports of interspecific hybridization are rare for woody
species from the Cerrado biome, but floral morphology, pol-
lination syndromes, and breeding systems are similar between
vicariant tree species of forest and savanna areas inside the
Cerrado biome in a variety of genera, as in Vochysia (Oliveira

Table 2 Mean values of morphological characters for each species and population analyzed. Leaflet morphological characters of neighboring
populations of Hymenaea courbaril (forest) and H. stigonocarpa (savanna) were measured, and the mean values were tested for statistical difference
between pairs of populations and between species (one-way analysis of variance followed by Tukey’s test)

Populationa NI LPV MWL WLS WRS NSV DLB L2SV LA LF

SCC 13 9.204** 5.5714** 2.2502** 3.3211** 20.0929 0.2924** 3.0962** 26.1133** 0.6039**

SCM 13 7.008 3.1225 1.2548 1.8678 21.3362 0.9747 2.1741 11.2863 0.4472

FUC 14 7.9915 4.6321** 1.9407** 2.6915* 14.4056** 1.081** 4.1477** 18.7303 0.5947**

FUM 9 8.3372 3.6907 1.4254 2.2653 20.9198 0.3475 2.7675 15.7933 0.4449

FBC 13 9.355** 5.3043** 2.2078** 3.0965** 21.3136** 0.6978** 3.2864 25.0531** 0.5711**

FBMI 17 6.965 3.3348 1.3569 1.9779 17.7483 0.379 2.9353 11.7030 0.4826

FBC 13 9.355** 5.3043** 2.2078** 3.0965** 21.3136** 0.6978** 3.2864** 25.0531** 0.5711**

FBMII 15 5.4946 2.7423 1.2041 1.5382 17.1468 0.3359 2.3405 7.7410 0.4982

Mean H. stigonocarpa 40 8.8727** 5.1834** 2.1379** 3.0455** 18.4991 0.6801* 3.4933** 23.1847** 0.5900**

Mean H. courbaril 54 6.7956 3.1784 1.3013 1.8772 18.9735 0.5052 2.5588 11.1839 0.4721

NI number of individuals measured in each population, LPV length of primary venation,MWLmaximal width of leaflet lamina,WLSwidth of left side of
leaflet lamina,WRS width of right side of leaflet lamina, NSV total number of secondary veins, DLB distance between lamina insertion on leaflet base,
L2SV length of second secondary vein on right side of leaflet lamina, LA leaflet area, LF leaflet form (for measurement details, see Online Resource 1
Fig. S2)
a For population codes, see Table 1. The third letter of each population code represents the species. M = H. courbaril (forest species) and
C = H. stigonocarpa (savanna species)

*P < 0.05; **P < 0.01
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and Gibbs 1994) and Hymenaea (Oliveira and Gibbs 2002).
The recent evolution of the Cerrado, probably from forest
lineages (Simon et al. 2009; Simon and Pennington 2012);
the large number of genera of woody plants that present con-
geners in rain forest habitats (Hoffmann and Franco 2003;
Pennington et al. 2006); the low levels of genetic divergence
observed in the few studies that investigated species from
genera that belong to the Cerrado and rain forest habitats
(Collevatti et al. 2009; Ramos et al. 2009); and evidence of
hybridization between one pair of vicariant species presented
here support the close relationship between forest and Cerrado
species.

Conclusions

Our study shows the occurrence of hybrids between two vi-
cariant ETSA tree species, H. courbaril, from the Atlantic
forest and Cerrado forested habitats, and H. stigonocarpa,
from savanna habitats. However, hybrids did not exhibit in-
termediate leaflet morphology, more probably due to strong
selective pressures associated with different environments.
Morphological hybrids have been rarely reported in the liter-
ature for woody species from the two biomes, despite the large
number of floristic studies available. Therefore, interspecific
hybridization between tree species in the Cerrado biome may
be a process underdiagnosed. In addition, our results highlight
the importance of further morphological and genetic studies
with other vicariant pairs of species in order to improve our
understanding about the role of gene flow and adaptation in
the evolution of the Cerrado biome.
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