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•  Backgrounds and Aims  Dimorphandra wilsonii Rizzini, a critically endangered and protected tree, has a re-
stricted distribution in the ecotone between the Cerrado and the Atlantic Forest in south-eastern Brazil. In this 
area, it co-occurs with D. mollis Benth., a common tree from the Cerrado, and D. exaltata Schott., a rare tree from 
the Atlantic Forest. Previous studies of D. wilsonii indicated heterozygosity excess at the individual level. Field 
observation of some intermediate phenotypes between D. wilsonii and both congeners suggests hybridization of 
D. wilsonii with D. mollis and/or D. exaltata. Here, we tested the hypothesis that D. wilsonii may have originated 
from hybridization between D. exaltata and D. mollis. We also performed cytogenetic analysis to examine if the 
heterozygosity excess could be explained by polyploidy in D. wilsonii.
•  Methods  We evaluated the genetic diversity and population structure of D. wilsonii using 11 nuclear simple se-
quence repeats (SSRs) genotyped in 152 individuals sampled across the taxon’s range. We performed comparative 
genetic analyses using overlapping SSR markers between D. wilsonii and previously published SSR data in D. mollis 
and D. exaltata to subsequently perform a series of allelic comparisons, multivariate and Bayesian analysis.
•  Key Results  Our results suggest that D. wilsonii individuals are most likely to correspond to F1 hybrids between 
D. exaltata and D. mollis. Cytogenetic analysis indicated that D. wilsonii is diploid with the same chromosome 
number as D. mollis (2n = 2x = 28).
•  Conclusions  Our study raises questions about the taxonomic status and the evolutionary future of D. wilsonii. 
We suggest that the conservation and management strategy for D. wilsonii should be revised and that it should 
take into account both parental Dimorphandra species in the ecotone, with special emphasis on the threatened 
D. exaltata. Finally, this study highlights the value of genetic information for the design of conservation strategies.

Key words: Atlantic Forest, Cerrado, conservation genetics, Dimorphandra, Dimorphandra wilsonii, ecotone, 
hybridization.

INTRODUCTION

Interspecific hybridization is widely accepted as an important 
evolutionary process in plants, occurring in about 25 % of plant 
species (Mallet, 2005) with diverse evolutionary outcomes 
(Paun et al., 2009; Soltis and Soltis, 2009). Hybridization can 
enhance biodiversity by generating novel gene combinations 
in hybrids (Rieseberg, 1997; Rieseberg and Carney, 1998) and 
through the formation of new taxa by homoploid or allopoly-
ploid hybrid speciation (Paun et al., 2009; Abbott et al., 2013; 
Li et al., 2016; Maguilla and Escudero, 2016; Abbott, 2017; 
Nieto Feliner et al., 2017). The novel gene combinations in 
hybrids can generate new phenotypes via transgressive seg-
regation which can allow hybrids to outcompete their parents 
in some habitats (Rieseberg et al., 1999, 2003). Hybridization 

can also influence the genetic and phenotypic variability of 
parents through introgression, i.e. the transfer of genomic 
regions between species due to hybridization and recurrent 
backcrosses (Suarez-Gonzalez et al., 2018). Introgression can 
be especially relevant for conservation and management of 
small, inbred and threatened populations as it can affect the 
recipient species’ evolutionary potential by transfer of gen-
etic adaptations, by an increase in genetic diversity and by 
masking deleterious mutations (Hamilton and Miller, 2016). 
Alternatively to these biodiversity-enhancing effects, hybrid-
ization can increase the risk of extinction because of genetic 
or demographic swamping (Rhymer and Simberloff, 1996; 
Todesco et al., 2016). Demographic swamping occurs when 
hybrids have strongly reduced fitness relative to parents, which 
leads to waste of reproductive effort and falling of population 
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growth rates of one parental species below replacement rates 
(Levin et al., 1996; Gibson et al., 2019). Genetic swamping 
occurs when one or both parental lineages are replaced by 
hybrids, i.e. when pure parental genomes are replaced by 
genomes of hybrid ancestry, although in some cases the in-
dividuals will phenotypically resemble the parents due to the 
decoupling of genotype and phenotype (Muhlfeld et al., 2014; 
Todesco et al., 2016).

The areas where hybridizing lineages interbreed, called hy-
brid zones, can serve as ‘natural laboratories’ for evolutionary 
studies (Hewitt, 1988; Field et al., 2011; Taylor et al., 2015; 
Bariotakis et  al., 2016). Hybrid zones are characterized by 
clines in the genetic constitution of individuals from one par-
ental taxon to another; they can evolve in situ or arise at sec-
ondary contact of diverged taxa, and they can be temporary or 
long lasting in time (Barton and Hewitt, 1985; Abbott, 2017). 
In hybrid zones, hybridization may enhance the proportion of 
individual heterozygosity and the genetic diversity of popula-
tions through admixture (Zalapa et al., 2010; Li et al., 2016; 
Marques et al., 2016). The relative fitness of hybrids in rela-
tion to their parents is especially relevant because it determines 
the evolutionary outcomes of hybridization between the in-
volved taxa (Gompert et al., 2017). For example, when hybrids 
are less fit than both parents, a temporally stable tension zone 
consisting mainly of recurrently formed F1 individuals can es-
tablish (Barton and Hewitt, 1985; Abbott, 2017). Conversely, 
if hybrids show higher fitness than either parent, typically in 
intermediate habitats, the outcome may be hybrid speciation, or 
a stable hybrid zone along an environmental cline (Rieseberg 
et al., 2003; Abbott, 2017). Genetic studies in hybrid zones can 
thus target a diversity of pure and hybrid genotypes to infer 
patterns of gene flow and reproductive isolation as well as the 
adaptive factors shaping the evolution of divergence between 
species.

The ecotonal area between the Cerrado and the Atlantic 
Forest biomes in south-eastern Brazil is a highly heteroge-
neous environment characterized by a mosaic of forests and 
savannas (Durigan and Ratter, 2006), and thus constitutes a 
natural laboratory for evolutionary studies. The Cerrado is the 
most biodiverse savanna in the world (Brandon et al., 2005). It 
is mostly constituted of grasslands with sparse trees, but also 
shows forest physiognomies such as the xerophytic ‘Cerradão’ 
and gallery forests (Silva et al., 2006). The Atlantic Forest is 
one of the most diverse and threatened tropical forests (Fiaschi 
and Pirani, 2009) and comprises a range of physiognomies con-
sisting of evergreen, semi-deciduous and mixed forests (arau-
caria forests) (Oliveira-Filho and Fontes, 2000). The Cerrado 
has a predominantly seasonal climate with a marked dry season 
and its soils have low fertility and high aluminium concentra-
tions (Motta et al., 2002). In comparison, the Atlantic Forest 
has generally more fertile soils and higher annual precipita-
tion than the Cerrado, although the semi-deciduous forest also 
shows high seasonality (Eisenlohr and de Oliveira-Filho, 2015). 
In addition, natural wildfires have been proposed as a key factor 
in the establishment of species in the Cerrado, whereas, in the 
forests, light availability seems to be a more important factor 
(Hoffmann and Franco, 2003; Goulart et al., 2011). As a con-
sequence, the species of each biome show distinct morpho-
logical and physiological traits as well as ecological strategies 

in response to the specific environmental conditions of these 
heterogeneous habitats.

The proximity of both habitat types has favoured the mi-
gration of evolutionary lineages between Atlantic Forest and 
Cerrado through time. For example, groups of species adapted 
to the Cerrado have evolved from ancestral forest lineages in the 
last 4 million years (Simon et al., 2009; Simon and Pennington, 
2012). In addition, paleopalynological studies showed that 
Pleistocene climatic fluctuations led to cycles of forest replace-
ment by sub-tropical grasslands and savannas during colder and 
drier conditions, and of forest expansion into savannas under 
wetter and warmer conditions (Behling, 1995, 2002; Behling 
and Negrelle, 2001). These effects of Pleistocene climatic 
fluctuations on distribution range dynamics, including retreat, 
expansion and recolonization, shaped the patterns of genetic 
structure of plant species of both biomes (Novaes et al., 2010; 
Ribeiro et  al., 2011, 2016; Buzatti et  al., 2017, 2018; Souza 
et  al., 2017). In addition, during the Last Glacial Maximum 
(LGM), species of the Cerrado and the Atlantic Forest might 
have co-occurred, allowing ancient hybridization events among 
these species (Resende-Moreira et  al., 2017). Furthermore, a 
few genetic studies have suggested more recent gene flow be-
tween closely related savanna and forest tree species or eco-
types occurring in the savanna/forest ecotone (Lacerda et al., 
2002; Cavallari et  al., 2010; Resende-Moreira et  al., 2017). 
Thus, this ecotone is a valuable region for the study of hybrid-
ization, intra-specific divergence and speciation, and can yield 
insights into the origin and evolution of species of these biomes 
and their evolutionary relationships.

Dimorphandra wilsonii Rizzini, known as faveiro-de-
Wilson, is a long-lived tree that can reach 17 m in height and 
1.2 m in diameter. Up until now, it has been listed in the IUCN 
Red List as a critically endangered species (Fernandes, 2006) 
that occurs mainly in the Cerrado/Atlantic Forest ecotone, in 
an area of approx. 5000 km2 in south-eastern Brazil (figure 1 
of Fernandes and Rego, 2014). Because of its rarity and the 
level of threat it faces, a National Plan of Action (PAN of 
faveiro-de-Wilson) was launched in 2014 to establish meas-
ures for its conservation. This includes the evaluation of the 
genetic status of populations and the selection of trees/popula-
tions to produce progenies for ex situ conservation and for re-
introduction and restoration of populations. After the extensive 
search performed in the frame of the conservation programme 
for D. wilsonii, about 420 individuals are currently known and 
there are most probably very few unknown individuals in na-
ture (Fernando Moreira Fernandes, pers. commun.). Until now, 
only two studies have been performed to investigate the gen-
etic diversity of D. wilsonii (Souza and Lovato, 2010; Vinson 
et al., 2015), based on the sampling of only 20–22 adult trees 
known until then. The study of Vinson et al. (2015) analysed 
D.  wilsonii progenies and found that they carried alleles un-
observed in known adults, leading to a suspicion of hybrid-
ization with the co-occurring D.  mollis Benth. Furthermore, 
D. wilsonii can produced fruits with viable seeds from selfed 
and cross-pollinated flowers Martins et al., (2014).

Dimorphandra wilsonii co-occurs with two Dimorphandra 
species, D.  mollis and D.  exaltata Schott, throughout their 
ecotonal distribution range; these are the only Dimorphandra 
species in the distribution range of D. wilsonii. Dimorphandra 
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mollis is a common species from the Cerrado and D. exaltata is a 
rare and threatened tree species from the Atlantic Forest (Muniz 
et al., 2019). The three taxa are distinguishable mainly based 
on leaflet features and on trunk morphology. Dimorphandra 
mollis has leaves composed of 6–14 leaflets with a dense in-
dumentum, D.  wilsonii has 6–12 leaflets with a moderately 
dense indumentum and D.  exaltata has 4–6 glabrous leaf-
lets. Dimorphandra wilsonii and D.  exaltata have straighter 
trunks and thinner rhytidomes, similar to other forest-adapted 
trees, while D. mollis has a more twisted trunk and a thicker 
rhytidome, characteristic of Cerrado-adapted trees (da Silva, 
1986). Pollination is assured by bees of the Apidae family in 
D. wilsonii (Martins et al., 2014), by small insects in D. mollis 
(Panegassi et  al., 2000; Gonçalves et  al., 2010) and has not 
been described for D. exaltata. However, due to similar floral 
morphology of Dimorphandra species, their pollination syn-
dromes are likely to be similar (da Silva, 1986). The three taxa 
in our study display flowers synchronously in the rainy season 
(November–February) (da Silva, 1986).

During fieldwork, we observed some putative D.  wilsonii 
individuals with intermediate phenotypic characteristics be-
tween D.  wilsonii and D.  mollis or between D.  wilsonii and 
D. exaltata, suggesting that hybridization may be occurring be-
tween D. wilsonii and the other two species. Additionally, an 
unexpected pattern of heterozygosity excess at the individual 
level was previously observed in small samples of D. wilsonii 
genotyped with two different sets of simple sequence repeat 
(SSR) loci (Souza, 2012; Vinson et  al., 2015). This pattern 
could represent a consequence of ongoing hybridization, as 
suggested in recent studies that observed high individual het-
erozygosity and negative inbreeding coefficients (representing 
a heterozygosity excess) in populations dominated by hybrids 
of recent origin, i.e. F1s and few F2s or recombinant hybrids 
(Zalapa et al., 2010; Marques et al., 2016; Zeng et al., 2016).

In this study, our initial aim was to use SSR markers and 
larger sample sizes than in the previous studies (Souza and 
Lovato, 2010; Vinson et al., 2015) to evaluate the genetic di-
versity, the pattern of genotypic heterozygosity and the genetic 
structure of D. wilsonii, and to use this information in the con-
servation programme. However, after confirming high levels 
of individual heterozygosity, we hypothesized that D. wilsonii 
may have originated from hybridization between D.  exaltata 
and D. mollis. Specifically, we suspected D. wilsonii individ-
uals to represent mainly F1s between D. exaltata and D. mollis 
as well as some later-generation hybrids and/or backcrosses. 
Assuming this hypothesis, our study addressed the following 
main questions. (1) What are the hybridization patterns among 
the three Dimorphandra taxa co-occurring in this ecotonal re-
gion? (2) Can a model in which D. exaltata and D. mollis are 
the parental species of D. wilsonii explain the patterns of al-
lelic and genotypic variability in D.  wilsonii? (3) Which hy-
brid classes occur, and in which proportions, in the D. wilsonii 
population? (4) What are the consequences of hybridization 
for the conservation of D. wilsonii and its congeners? To an-
swer these questions, we performed a series of comparative 
genetic analyses involving the three Dimorphandra taxa, using 
overlapping markers between the novel SSR data generated 
in D. wilsonii (this study) and previously published genotypic 
data of D. mollis (Souza et al., 2017) and D. exaltata (Muniz 

et al., 2019). As the chromosome number in D. wilsonii was not 
known, we also performed cytogenetic analysis in this taxon 
to verify whether the heterozygote excess could be explained 
by polyploidy. Our study offers insights about the evolutionary 
origin of D.  wilsonii and increases our understanding of the 
evolutionary processes that contribute to the high biodiversity 
of the Cerrado and the Brazilian Atlantic Forest. It also pro-
vides useful information for the conservation and management 
of Dimorphandra taxa that are facing habitat loss, fragmenta-
tion and climate change.

MATERIALS AND METHODS

Study taxa and sampling

Genetic diversity, genotypic heterozygosity and genetic struc-
ture of D.  wilsonii were estimated based on the genotyping 
of 11 SSR markers (see below) in 152 georeferenced individ-
uals, sampled in ten municipalities of central Minas Gerais 
state, south-eastern Brazil (Fig. 1; Table 1; a small number of 
individuals sampled south of PBA municipality were merged 
with PBA for analysis). The individuals were selected to cover 
most of the D. wilsonii distribution area (Martins et al., 2014). 
Dimorphandra wilsonii individuals were found mainly in pas-
ture areas, where cattle eat their fruits and where only few 
seedlings can establish or, alternatively, in small and isolated 
patches of forested areas such as the Cerradão (forested sa-
vanna) or semi-deciduous forest.

We selected 76 individuals from four populations of D. mollis 
which were previously genotyped at five out of the 11 SSR loci 
analysed in D.  wilsonii (Dmo5, Dmo7, Dmo13, Dmo20 and 
Dmo21; Souza et al., 2017). These four populations were lo-
cated in Cerrado areas of Minas Gerais state in Brazil, with 
distances to D. wilsonii trees ranging from approx. 100 km to 
500 km (Fig. 1); genotypes of sympatric D. mollis populations 
were not available. For D. exaltata, we selected 62 individuals 
from six sites, two in the Cerrado/Atlantic forest ecotone and 
four in the Atlantic Forest, which were previously genotyped 
at the same 11 loci as D. wilsonii (Muniz et al., 2019; Fig. 1). 
Three of the Atlantic Forest sites (VAL, SBM and RJA; Fig. 1) 
were considered as a single population named RJA because 
they had small sample sizes and constituted a distinct gene pool 
(Muniz et  al., 2019). The distance of sampled individuals of 
D. exaltata to D. wilsonii ranged from 5 km to 320 km. For the 
inter-specific analyses, we included an additional 15 putative 
D. wilsonii individuals that were not included in the D. wilsonii 
population analyses due to the uncertainty of their botanical de-
termination; these were genotyped at 11 SSR loci like the other 
D. wilsonii individuals (see below).

DNA isolation and microsatellite genotyping

Dimorphandra wilsonii leaves or cambium tissue were dried 
in silica gel and stored at –20 °C after sampling in the field. 
DNA isolation was performed according to the protocol pub-
lished in Souza et al. (2012a). Dimorphandra wilsonii individ-
uals were genotyped at 11 SSR markers, six of them isolated in 
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Table 1.  Population genetic diversity parameters and inbreeding coefficients by locus genotyped and per municipality in Dimorphandra 
wilsonii

n A AR HO HE FIS

Loci
Dmo5 151 7 2.6 0.940 0.542 –0.740
Dmo7 151 13 5.5 0.868 0.762 –0.139
Dmo13 148 7 4.7 0.939 0.690 –0.364
Dmo20 149 9 2.4 0.175 0.219 0.202
Dmo21 152 4 3.0 0.908 0.593 –0.533
Dw21 150 4 2.2 0.113 0.417 0.729
Dw33 151 5 3.5 0.556 0.537 –0.036
Dw105 150 10 4.9 0.933 0.730 –0.280
Dw28 151 8 5.1 0.430 0.796 0.460
Dw52 149 10 4.6 0.752 0.744 –0.010
Dw103 149 5 3.8 0.926 0.699 –0.327

Municipalities

PBA 12 3.5 3.3 0.750 0.572 –0.202
MRV 20 4.8 3.5 0.754 0.582 –0.307
PEQ 18 4.4 3.6 0.701 0.600 –0.175
FDM 24 3.8 3.2 0.730 0.580 –0.265
ESM 16 4.2 3.4 0.700 0.600 –0.173
FLR 8 3.4 3.3 0.667 0.606 –0.109
JUA 21 4.3 3.3 0.666 0.567 –0.180
STL 18 4.0 3.1 0.609 0.482 –0.154
LST 15 2.7 2.4 0.686 0.446 –0.568
Overall 152 7.5 3.8 0.686 0.612 –0.121

n = sample size, A = number of alleles, AR = allele richness for a sample size of n = 7 individuals, HO = observed heterozygosity, HE = expected heterozygosity, 
FIS = inbreeding coefficient. FIS values significantly different from zero at P < 0.05 after multiple test correction are indicated in bold. The overall values were 
calculated based on all individuals of D. wilsonii pooled.
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Fig. 1.  Study area with the sampled individuals of Dimorphandra wilsonii, D. mollis and D. exaltata.
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D. wilsonii (Dw21, Dw28, Dw33, Dw105, Dw52 and Dw103; 
Aksoy et al., 2013) and five isolated in D. mollis (Dmo5, Dmo7, 
Dmo13, Dmo20 and Dmo21; Souza et al., 2012b). The ampli-
fications were performed according to Souza et al. (2012b) for 
all markers. Amplification fragments were separated through 
capillary electrophoresis on an ABI prism 3500xl automated 
sequencer including the GeneScan™ ROX 500™ size standard. 
Alleles were scored using GeneMapper version 5.0 (Applied 
Biosystems); fragments not assigned to alleles by the software 
were assigned manually. MicroChecker version 2.2.0.2 (Van 
Oosterhout et al., 2004) was used to evaluate scoring errors due 
to null alleles, stuttering or large allele dropout in D. wilsonii. 
The previously published SSR data in D. exaltata and D. mollis 
were obtained with the same protocols in the same laboratory, 
and allele binning was cross-validated between the three taxa 
(Souza et al., 2017; Muniz et al., 2019).

Genetic diversity, heterozygosity and structure of D. wilsonii

We used ARLEQUIN 3.5 (Excoffier and Lischer, 2010) to 
estimate the mean number of alleles per locus (A) and the ex-
pected and observed heterozygosities (HE and HO, respectively) 
in D. wilsonii. We used FSTAT version 2.9.3.2 (Goudet, 2002) 
to estimate the allelic richness (AR) with the rarefaction method 
of El Mousadik and Petit (1996), the inbreeding coefficient 
(FIS), and to test for departures from Hardy–Weinberg equilib-
rium with exact tests, with significance assessed after sequential 
Bonferroni correction for multiple comparisons. Genetic diver-
sity parameters were estimated (1) at the level of municipalities 
(Fig. 1) because legal protection and management of D. wilsonii 
are co-ordinated by municipalities (Martins et  al., 2014), and 
(2) in the total data set. Randomization-based tests were used 
to evaluate linkage disequilibrium for all pairs of loci in the full 
data set using FSTAT version 2.9.3.2 (Goudet, 2002). Genetic 
structure was evaluated using the spatial Principal Component 
Analysis (sPCA) implemented in the adegenet package (Jombart, 
2008). The method uses georeferenced genotypes to investigate 
the patterns of genetic variance between individuals while con-
trolling for effects of spatial autocorrelation between them. This 
method has a wide applicability to explore genetic data sets be-
cause it does not rely on assumptions of Hardy–Weinberg equi-
librium or linkage equilibrium among loci (Jombart et al., 2008). 
Spatial autocorrelation was assessed using Moran’s I spatial 
autocorrelation coefficient estimated using a connection network 
based on the K nearest neighbours, with K set to 15. To assess 
the significance of global and local genetic structures, we used 
Monte Carlo tests in the spca_randtest function implemented in 
the adegenet package (Jombart, 2008).

Evolutionary relationships among D. wilsonii, D. mollis and 
D. exaltata

As we observed a strong departure from Hardy–Weinberg 
genotypic proportions in D.  wilsonii with observed hetero-
zygosity higher than expected heterozygosity and some loci 
showing HO very close to 1, we conducted a series of ana-
lyses to investigate a possible hybrid origin for D.  wilsonii. 

First, we computed the genotypic and allele frequencies of 
the three Dimorphandra taxa using GenALEx version 6.503 
(Peakall and Smouse, 2006, 2012) to evaluate the sharing of 
alleles among them and to detect putative hybrid genotypes. 
We then performed a PCA with the three taxa together using the 
adegenet package (Jombart, 2008) and estimated genetic dif-
ferentiation between them using pairwise FST in ARLEQUIN 
3.5 (Excoffier and Lischer, 2010). We also analysed the indi-
viduals of the three taxa together using the Bayesian clustering 
method implemented in STRUCTURE software version 2.3.4 
(Pritchard et al., 2000; Hubisz et al., 2009). We ran five repeti-
tions for each number of clusters, K, with K comprised between 
1 and 5, using the admixture model with correlated allele fre-
quencies and 1 000 0000 Markov Chain Monte Carlo (MCMC) 
iterations after discarding 100 000 iterations as burn-in. We 
used the ‘print credible regions’ option with default parameters 
to estimate posterior confidence intervals of individual ancestry 
proportions Q in each cluster. The optimal number of clusters 
was determined using Evanno’s ΔK method (Evanno et  al., 
2005) in STRUCTURE HARVESTER software 0.6.7 (Earl and 
vonHoldt, 2012). We averaged the results of individual runs 
for a given number of clusters using CLUMPP version 1.1.2 
(Jakobsson and Rosenberg, 2007).

We also investigated the hybrid origin and the hybrid class 
of D.  wilsonii individuals using the hybrid index estimated 
with the introgress package in R (Buerkle, 2005; Gompert and 
Buerkle, 2010). The hybrid index is computed using a max-
imum likelihood method to estimate the genetic contribution 
of hybridizing ‘parental’ populations or species to individuals 
of unknown ancestry (Buerkle, 2005). Because D.  wilsonii 
was the only taxon to display an excess of observed heterozy-
gosity (see the Results; Souza et al., 2017; Muniz et al., 2019), 
we used D. mollis and D. exaltata as putative parental popu-
lations of D.  wilsonii. For each D.  wilsonii individual, a hy-
brid index was obtained, with a value of zero representing a 
D. mollis genome and a value of one a D. exaltata genome. We 
used the software NewHybrids version 1.1 to calculate the pos-
terior probability of individuals belonging to pre-determined 
genotypic classes (Anderson and Thompson, 2002). We used 
six genotypic classes comprising two purebred parental classes, 
F1 and F2 hybrids and two backcrosses, one to each parental 
class, to evaluate the classification of D. wilsonii, D. mollis and 
D. exaltata individuals without using any prior information on 
assignment to genotypic class. We performed five repeated runs 
in NewHybrids using Jeffreys-like priors for 1 000 000 MCMC 
iterations with a burn-in period of 100 000 iterations. Lastly, to 
evaluate the efficiency in the identification of hybrids in both 
STRUCTURE and NewHybrids, we simulated parental popu-
lations and hybrid individuals using the function hybridize in 
the adegenet package (Jombart, 2008). We simulated five data 
sets using allele frequencies (five SSR loci) of D. mollis and 
D. exaltata individuals as parental populations. The simulated 
data sets comprised 60 individuals of each parental class, 75 
F1 hybrids, 25 F2 hybrids and 25 individuals of each backcross 
type to resemble the sample sizes of our original data set for the 
three taxa. Using these data sets, we conducted STRUCTURE 
and NewHybrids analyses as described above and calculated 
the efficiency, accuracy and the overall performance of the ana-
lyses as defined by Vähä and Primmer (2006).
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Cytogenetic analysis in D. wilsonii

To exclude that the unexpected heterozygosity excess in 
D. wilsonii might be due to polyploidy, we studied chromosome 
numbers in root meristems. Seeds collected in three municipal-
ities (ESM, MRV and PBA; Fig. 1) were germinated on ver-
miculite in plastic boxes and watered as necessary. The radicles 
were pre-treated in a solution of 0.002 m 8-hydroxyquinoline 
for 4 h at 16–18 °C. Radicles were then fixed in Carnoy’s solu-
tion (3:1 ethanol:acetic acid v/v) for at least 24 h at room tem-
perature and stored in 70 % ethanol at −20 °C. Root meristems 
were rinsed, softened in 5 n HCl for 20 min and rinsed three 
times in distilled water. The meristems were then squashed in 
45 % acetic acid to spread the cells. The slides were frozen 
in liquid nitrogen to remove the coverslip, stained with 2 % 
Giemsa and sealed with Entellan mounting solution (Merck 
Millipore, Darmstadt, Germany). Metaphase mitotic cells 
were observed using an Olympus BX51 microscope to count 
chromosomes. The best metaphases plates were photographed 
using an Olympus DP70 digital camera.

RESULTS

Genetic diversity and structure of D. wilsonii

We found no evidence of stutter bands or genotyping errors 
across all loci genotyped in D. wilsonii. Significant frequencies 
of null alleles were found in the loci Dm20, Dw21 and Dw58 
across all individuals (Supplementary data Table S1). We found 
significant pairwise linkage disequilibrium in 13 of 55 com-
parisons across all loci when considering all samples.

The total number of alleles per locus (A) ranged from 4 to 13 
in D. wilsonii, with a mean A = 7.5 (Table 1). Heterozygosity 
values per locus ranged from 0.113 to 0.940 for HO and from 
0.219 to 0.796 for HE (Table  1). Six loci showed significant 
negative FIS values, ranging from –0.740 to –0.139, reflecting 
an excess of heterozygotes in relation to Hardy–Weinberg 
genotypic proportions. Three loci showed significant positive 
FIS values, ranging from 0.202 to 0.729, i.e. a deficit of hetero-
zygotes, and two loci showed FIS values not significantly dif-
ferent from zero. The overall FIS across all individuals and loci 
was significantly negative, showing a value of –0.121 (Table 1).

At the municipality level, A ranged from 2.7 to 4.8, and AR, 
based on a minimum sample size of seven individuals, ranged 
from 2.4 to 3.6 (Table  1). The HE values of municipalities 
ranged from 0.446 to 0.606 (Table 1). Based on AR and HE, the 
most diverse municipalities were PEQ, ESM and FLR, and the 
least diverse was LST.

The sPCA revealed significant global structure among individ-
uals of D. wilsonii (P = 0.001). The test for local structure was 
not significant, indicating that neighbouring individuals were not 
significantly dissimilar (P = 1.000). The first sPCA axis identified 
LST in the very eastern part of the sampling range as the most 
divergent municipality, with individuals displaying the highest 
negative sPCA scores (Supplementary data Fig. S1). The western 
part of the sampling range exhibited a gradient of sPCA scores, 
with the highest positive scores in southern municipalities (JUA 
and FLR), intermediate values in the central municipalities (PEQ, 
FDM and STL) and a few high scores in the northern municipality 
PBA (Supplementary data Fig. S1).

Evolutionary relationships among D. wilsonii and the two 
co-occurring species, D. exaltata and D. mollis

The comparison of alleles of the three Dimorphandra taxa 
revealed that 45 alleles were observed in D. wilsonii at the five 
loci genotyped in the three taxa with 21 alleles shared with 
D. exaltata and 30 alleles shared with D. mollis. Dimorphandra 
mollis and D. exaltata showed similar total numbers of alleles 
for the sampled populations, with 44 alleles in D. mollis and 38 
alleles in D. exaltata, but only 17 alleles were shared between 
the two species (Supplementary data Table S2).

Dimorphandra mollis and D. exaltata showed lower HO than 
HE, and had significant positive overall FIS values, i.e. a deficit 
of heterozygotes, in contrast to D. wilsonii that displayed a het-
erozygote excess (Table 2). Patterns of allele and genotype fre-
quencies in the three taxa (Supplementary data Table S2; Fig. 2) 
allowed us to formulate hypotheses about their evolutionary re-
lationships, which can be illustrated mainly with the loci that 
showed higher heterozygote excess in D. wilsonii: at Dmo05 
(FIS = –0.740), the most common alleles in D. exaltata (242) 
and D.  mollis (250) are frequently found as a heterozygous 
genotype in D. wilsonii (242–250) (Fig. 2); similarly, at Dmo21 
(FIS = –0.533), alleles 214 frequent in D. exaltata, and 232 or 
236 frequent in D. mollis combine into common heterozygous 
genotypes (214–232; 214–236) in D. wilsonii (Fig. 2). These 
patterns suggest that D. wilsonii individuals could represent re-
cent hybrids (mainly F1) between D. mollis and D. exaltata.

In a PCA of the three Dimorphandra taxa, the first axis ex-
plained 8.4 % of the total variation and separated each taxon as 
a distinct group of individuals. Dimorphandra wilsonii individ-
uals occupied intermediate positions in relation to D. mollis and 
D. exaltata (Fig. 3). The pairwise FST between D. mollis and 
D. exaltata was 0.46, indicating a high divergence between the 
two species, while the levels of divergence between D. wilsonii 
and D. mollis or D. exaltata were lower, with FST equal to 0.20 
and 0.24, respectively.

The optimal number of genetic clusters present in the three 
taxa data set as inferred using the Bayesian clustering method 
STRUCTURE and the ΔK criterion of Evanno et al. (2005) was 
K = 2, but the ΔK value for K = 3 was similar to that of K = 2 
(Supplementary data Fig. S2). K = 2 separated D. mollis from 
a group formed by D. wilsonii and D. exaltata (Fig. 4A). K = 3 
placed each Dimorphandra taxon in a distinct genetic group 
(Fig. 4B). For K = 2, only 6 % of D. wilsonii individuals were 
admixed (Q  <  0.85) and none was classified as belonging to 
another Dimorphandra taxon (Fig.  4A). For K  =  3, 12 % of 
D. wilsonii individuals were admixed (Fig. 4B).

Hybrid index values of the 167 samples of D. wilsonii ranged 
from 0.235 to 0.896, with 67 % of individuals showing a hybrid 
index between 0.400 and 0.600, and 95 % confidence intervals 
(CIs) always comprised 0.5 (Fig. 5A). Conversely, only two indi-
viduals of each D. mollis and D. exaltata had hybrid index values 
with CIs comprising 0.5 (Fig. 5A). NewHybrids classified 73 % 
of D. wilsonii individuals as F1 using 0.9 as a threshold for the 
posterior probability (Fig. 5B). The sum of posterior probabilities 
of falling into any of the four hybrid classes was >0.9 for 98 % 
of D. wilsonii individuals (Fig. 5B). On the other hand, 97 % of 
D. mollis and 77 % of D. exaltata individuals were classified as 
purebred parental with a posterior probability >0.9. Only three 
D. exaltata individuals showed a cumulated posterior probability 

http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcaa066#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcaa066#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcaa066#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcaa066#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcaa066#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcaa066#supplementary-data
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>0.9 of falling into any hybrid class, whereas no D. mollis indi-
vidual was classified as hybrid according to these criteria.

 The analysis of simulated data sets showed that STRUCTURE 
correctly assigned purebred parental individuals with Q values 
lower than 0.150 (higher than 0.850) with an efficiency higher 
than 90 % (Supplementary data Table S3; Fig. S3). Furthermore, 
STRUCTURE showed a mean efficiency of 97 % in the classi-
fication of hybrid individuals in general but poorly assigned 
hybrids to specific hybrid classes (Supplementary data Table 
S3; Fig. S3). These results indicate a good overall performance 
of STRUCTURE for the distinction between parental and hybrid 
individuals. NewHybrids correctly classified an average of 93 % 
and 85 % of parental individuals as belonging to P1 or P2, corres-
ponding, respectively, to D. mollis and D. exaltata. The assignment 
of hybrids to genotypic classes was in general poorer, e.g. the clas-
sification of F1 showing an accuracy of 48 % (Supplementary data 
Table S3). However, only 5 % of the simulated hybrids, mostly 
backcrosses with P1, were assigned as parental individuals, which 
indicates a high capacity to differentiate between pure parental in-
dividuals and hybrids (Supplementary data Table S3; Fig. S4).

Chromosome counts of D. wilsonii

All 16 metaphase cells analysed showed 2n = 28 chromo-
somes (Supplementary data Fig. S5). It was possible to analyse 
samples from three populations; 14 counts were made in indi-
viduals of ESM and only one in PBA and one in MRV. This 
chromosome number was identical to the previous description 
by Bandel (1974) in D. mollis which showed that the most 
common haploid chromosome number in Caesalpinioideae was 
n = 14. Based on the basic chromosome numbers described for 

tribe Caesalpinieae (x = 13, x = 14) (Goldblatt, 1981), we sug-
gest that D. wilsonii individuals are diploid (2n = 2x = 28).

DISCUSSION

The analyses gathered here indicated that D.  exaltata and 
D.  mollis are genetically well-differentiated species and sug-
gest that D. wilsonii individuals most probably correspond to F1 
hybrids between the parental species D. exaltata and D. mollis. 
The three taxa co-occur in a small ecotonal area between 
the Cerrado and the Atlantic Forest biomes, in south-eastern 
Brazil. Dimorphandra mollis is a common and economically 
important species from the Cerrado (Ratter et al., 2003), and 
D. exaltata is a rare and threatened species from the Atlantic 
Forest (Muniz et al., 2019). The putative hybrid zone indicates 
that the Cerrado/Atlantic Forest ecotone can be a valuable re-
gion for studying evolutionary relationships in tropical trees. 
We discuss our findings in the light of the literature, including 
the implications of the hybridization process for the conserva-
tion of the three Dimorphandra taxa.

Evolutionary relationships among D. wilsonii, D. mollis and 
D. exaltata

A striking genetic feature in D. wilsonii is a large excess of 
heterozygotes in relation to Hardy–Weinberg genotypic ex-
pectations, reflected in high negative fixation indexes (FIS). 
Several processes can generate an increase in the frequency of 
heterozygotes and produce negative FIS, including asexual re-
production, self-incompatibility, polyploidy, natural selection 

Table 2.  Population genetic diversity parameters and inbreeding coefficients estimated for municipalities or populations and for species 
(overall) for Dimorphandra wilsonii, D. exaltata and D. mollis based on the five loci genotyped in the three species

n A AR HO HE FIS

D. wilsonii       

PBA 12 3.2 2.9 0.800 0.525 –0.560
FDM 25 4.0 3.1 0.808 0.563 –0.448
JUA 21 4.0 3.1 0.771 0.532 –0.467
LST 15 2.4 2.3 0.815 0.481 –0.740
PEQ 22 4.8 3.6 0.785 0.606 –0.305
STL 20 4.2 3.0 0.580 0.456 –0.280
MRV 22 4.6 3.4 0.745 0.549 –0.368
ESM 22 5.0 3.7 0.817 0.623 –0.321
FLR 8 3.4 3.4 0.746 0.586 –0.299
Overall 167 9.0 3.8 0.763 0.577 –0.324

D. exaltata       

SER 20 3.8 2.4 0.273 0.302 0.098
CON 22 4.0 2.5 0.326 0.313 –0.040
ESM 13 2.8 2.2 0.177 0.199 0.113
RJA 7 2.8 2.8 0.257 0.451 0.449
Overall 62 7.8 2.8 0.268 0.338 0.208

D. mollis       

FRU 21 4.8 4.0 0.664 0.634 0.046
TRM 15 4.2 3.6 0.627 0.552 0.123
ARN 20 5.4 4.2 0.665 0.698 –0.050
BAM 20 4.2 3.2 0.495 0.455 0.081
Overall 76 8.2 4.4 0.588 0.680 0.136

n = sample size, A = number of alleles, AR = allele richness for a sample size of n = 7 individuals, HO = observed heterozygosity, HE = expected heterozygosity, 
FIS = inbreeding coefficient. FIS values significantly different from zero at P < 0.05 after multiple test correction are indicated in bold. The overall values were 
calculated based on all populations pooled for each species.
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and hybridization (Stoeckel et al., 2006). Our extensive sam-
pling across the distribution range of D. wilsonii revealed only 
two individuals with the same multilocus genotype at 11 SSRs, 
suggesting that asexual reproduction is absent or very rare. 
Additionally, reproductive studies showed that D.  wilsonii is 
self-compatible (Martins et al., 2014). Furthermore, the SSRs 
exhibited a maximum of two alleles per single-locus geno-
type, in agreement with cytogenetic analysis which indicated 

that D. wilsonii is diploid and exhibits the same chromosome 
number as D. mollis (Bandel, 1974).

Despite the small number of SSRs, our genetic data were 
very informative due to contrasting allele frequencies between 
D. exaltata and D. mollis, and showed several lines of evidence 
suggesting that the excess of heterozygotes in D.  wilsonii is 
probably due to hybridization. First, D. wilsonii shows allele 
frequencies intermediate between D.  mollis and D.  exaltata. 
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Fig. 2.  Bar plot showing the distribution of genotypic frequencies for the five overlapping loci genotyped in D. exaltata (DE; black), D. mollis (DM; white) and 
D. wilsonii (DW; grey). Loci: (A) Dmo5, (B) Dmo7, (C) Dmo13, (D) Dmo20 and (E) Dmo21.
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Secondly, abundant heterozygous genotypes in D. wilsonii are 
concordant with representing F1 hybrids between D.  mollis 
and D. exaltata, or with some individuals being possibly later-
generation hybrids. Thirdly, PCA situated D. wilsonii individ-
uals between D.  mollis and D.  exaltata, concordant with its 
intermediate allele frequencies. Finally, the hybrid index and 
NewHybrids analysis indicated that D. wilsonii individuals most 
commonly carry genotypes congruent with being F1 hybrids 
and less commonly genotypes congruent with later-generation 
hybrids. The latter included possible F2s and backcrosses, but 
these hybrid classes were difficult to distinguish because of the 
small number of markers used. A hybrid population may show 
negative inbreeding coefficients and intermediate allele fre-
quencies in relation to the parental species when it shows a high 
proportion of F1 in relation to later-generation hybrids, a pattern 
that was also observed in Eucalyptus (Field et al., 2011), Salix 
(Gramlich et  al., 2016) and Populus (Zeng et  al., 2016). So, 
our data suggest that D. wilsonii individuals are recent hybrids 
formed between the parental species D. mollis and D. exaltata.

Although most analyses supported the origin of D. wilsonii 
through hybridization, the Bayesian clustering method 
STRUCTURE grouped D. wilsonii individuals in the same gen-
etic cluster as D. exaltata. While our simulations suggested a 
good performance of STRUCTURE to detect pure gene pools 

and hybrids (Supplementary data Table S3), it is known that 
STRUCTURE can produce erroneous clustering results be-
cause of stochasticity in genealogical lineage sorting when 
using a small number of markers (Orozco-terWengel et  al., 
2011). STRUCTURE’s performance to reveal the optimal K 
or estimate admixture proportions is also affected by uneven 
samples sizes and levels of genetic divergence among popula-
tions (Vähä and Primmer, 2006; Kalinowski, 2011; Neophytou, 
2014; Wang, 2017). This could be the case for D. mollis and 
D. exaltata, which are very divergent at the species level and 
can show moderate to high genetic divergence at the population 
level (Souza et al., 2017; Muniz et al., 2019). Also, D. wilsonii 
shows a strong departure from STRUCTURE expectations of 
linkage equilibrium and Hardy–Weinberg equilibrium within 
inferred clusters. We suggest that the low number of loci, 
the lack of a strict sympatric population of D.  mollis with 
D.  wilsonii and the strong departure from Hardy–Weinberg 
genotypic proportions in D. wilsonii may have negatively influ-
enced the performance of STRUCTURE in our analysis.

A few studies have revealed hybridization between closely 
related lineages in the ecotone between the Atlantic Forest 
and the Cerrado (Lacerda et al., 2002; Cavallari et al., 2010), 
but D. wilsonii is the first known case where probable hybrids 
have been described as a separate species. Areas such as the 
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Cerrado/Atlantic Forest ecotone, where closely related species 
can be found in adjacent divergent environments, can harbour 
several types of hybrid zones which are mainly determined by 
the fitness of hybrids (Abbott et al., 2013; Abbott, 2017). On 
one hand, strong selection against hybrids may lead to tension 
zones where formation of hybrids is maintained by the recur-
rent crossing of parental populations (Gompert et  al., 2017). 
On the other hand, the hybrids may show higher fitness than 
their parents, in intermediate or new environments in mosaic 
hybrid zones (Abbott, 2017). Dimorphandra wilsonii individ-
uals produce abundant seeds in nature which germinate and 
grow well under greenhouse conditions (Fernandes and Rego 
2014). Moreover, the observation of D. wilsonii individuals as-
signed to F2 or backcross classes suggests the presence of later-
generation hybrids in our data and thus indicates that hybrids 
can successfully interbreed, although we have to be cautious 
about the correct genotypic class assignment of these individ-
uals. However, juveniles are rarely found in the wild, generally 
highly disturbed environments, and the fitness of D.  wilsonii 
offspring has never been investigated in nature. Recently, the 
conservation programme of D. wilsonii started to produce sap-
lings in nurseries for reintroduction in the wild (Martins et al., 
2014). The evaluation of fitness components of saplings, such 
as growth and survival, in the nursery and after reintroduction 
in nature may add further understanding on the nature of the 
Dimorphandra hybrid zone.

Our study raises several important questions about the origin, 
the taxonomic status and the evolutionary future of D. wilsonii. 
Is the hybrid formation ancient and recurrent? Is the hybrid 
formation recent and driven by anthropogenic interference? 
As we have pointed out, the area where D. wilsonii occurs is 
highly disturbed by anthropogenic activities. An in-depth ana-
lysis using genomic data in D. wilsonii and its two proposed 

parental species would allow better characterization of the gen-
omic structure of the proposed hybrid origin, thus providing 
partial answers to these questions. The evaluation of the type 
and the evolutionary outcomes of the hybridization, such as 
levels of backcrossing with parental species and introgression, 
and the fitness of hybrids in nature represent valuable informa-
tion for the conservation aims for these species, as discussed 
below. Furthermore, such in-depth information on evolutionary 
processes operating in the ecotonal area between the Cerrado 
and the Atlantic Forest can contribute to understanding the evo-
lutionary dynamics between these biomes and to illuminating 
the consequences of ongoing climatic changes in this area.

Implications for conservation of D. wilsonii, D. exaltata and 
D. mollis in the Cerrado/Atlantic Forest ecotone

The definition of the actual taxonomic status of D. wilsonii 
and the structure of the putative hybrid zone are needed since 
hybrids are not protected based on most legislations about 
threatened species (vonHoldt et  al., 2018). In the case of 
D. wilsonii this is especially important because it already has a 
national plan for its conservation with scientific research, legal 
instruments, human action and financial resources oriented for 
its protection (Martins et al., 2014). Moreover, the determin-
ation of the taxa involved in hybridization, the type, the age 
and the likely evolutionary outcomes in hybrid zones can have 
consequences for the design of conservation strategies and the 
management of the species involved (Allendorf et  al., 2001; 
Jackiw et al., 2015; Gompert and Buerkle, 2016; Hamilton and 
Miller, 2016). Although our study raised doubts about the taxo-
nomic status of D. wilsonii, it revealed that D. wilsonii harbours 
moderate genetic diversity, with significant variation in allele 
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distribution across the sampling area. Dimorphandra wilsonii 
showed levels of allelic richness and HE similar to D.  mollis 
(Table 2; Souza et al., 2017) and higher levels than D. exaltata 
(Table 2; Muniz et al., 2019). Dimorphandra exaltata is a very 
threatened Atlantic Forest species with most of its records col-
lected in sympatric areas with D. wilsonii with a predicted loss 
of suitable areas in the future due to climate change (Muniz 
et al., 2019). Although D. mollis is widespread and not con-
sidered threatened currently, the species is economically im-
portant and its populations are heavily exploited due to its 
content of the flavonoid rutin, used as an antioxidant in the 
pharmaceutical industry (Panegassi et  al., 2000; Gonçalves 
et al., 2010), and which is also found in D. wilsonii (Martins 
et al., 2014). Furthermore, despite the high historical effective 
populations sizes of D. mollis, a reduction in its suitable areas 
and in effective populations sizes was detected (Souza et al., 
2017). In general, hybrids are considered threat factors for en-
dangered species as hybrids may be less fit than their parents 
and introgressive backcrosses can lead to the invasion of the 
genome of species and ultimately to extinction by hybridiza-
tion (Levin et al., 1996; Rhymer and Simberloff, 1996; Todesco 
et al., 2016). However, hybridization can have a creative evolu-
tionary potential increasing standing genetic variation (Marques 
et al., 2019), the probability of adaptive radiations (Kagawa and 
Takimoto, 2018) and by hybrid speciation (Abbott et al., 2013). 
Additionally, some authors have argued that hybrids may have 
high conservation value and also can contribute in the manage-
ment of the related species involved (Allendorf et  al., 2001; 
Thompson et al., 2010; Hamilton and Miller, 2016). Therefore, 
conservation efforts should be directed to both parental species 
in the Atlantic Forest/Cerrado ecotone besides D. wilsonii, with 
special attention paid to the evaluation of evolutionary out-
comes of the putative hybridization. Specifically, D.  wilsonii 
may be a source of allelic diversity and adaptive alleles for 
D. exaltata if viable backcross offspring could be obtained with 
this species, thus increasing D. exaltata’s genetic diversity and 
its evolutionary potential. The current management strategy for 
D. wilsonii conservation has focused on a demographic increase 
of populations through reintroduction of saplings. The results of 
our study suggest that this approach should be re-evaluated be-
cause of unknown outcomes of the disproportional increase of 
hybrid individuals in relation to parental species, especially the 
threatened D. exaltata. Above all, our data on Dimorphandra 
species highlight the importance of genetic information for ad-
equate design of conservation strategies.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Table S1: test for 
null alleles and estimates of null allele frequencies for each 
locus across all individuals of D. wilsonii. Table S2: allele fre-
quencies of D. wilsonii (DW), D. exaltata (DE) and D. mollis 
(DM). Table S3: evaluation of accuracy, efficiency and overall 
performance for STRUCTURE and NewHybrids using five 
simulated data sets. Figure S1: map showing the scores for the 
first axis of a spatial principal component analysis for individ-
uals of Dimorphandra wilsonii. Figure S2: Evanno’s ΔK values 
for the number of clusters K assumed in the analysis using the 

Bayesian clustering method STRUCTURE for the three species 
together. Figure S3: box plots showing the observed distribu-
tion of admixture coefficients. Figure S4: box plots showing 
the distribution of the posterior probability values estimated for 
each genotypic class in NewHybrids. Figure S5: bitotic meta-
phase cells from root meristem of D. wilsonii.
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