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ABSTRACT

Microsatellite markers (SSR) are still largely used to assess the reproductive system and genetic diversity in plant
populations. Although the timber tree Amburana cearensis (Fabaceae) is endangered, according to the IUCN classification,
there are no effective management and conservation plans being implemented for the species. It occurs exclusively in
South America, predominantly in Seasonally Dry Tropical Forests, such as Caatinga and Chaco, but also in savanna
areas of the Cerrado. The negative effect of large human populations on the biodiversity of these regions is likely to be
more pronounced for endangered species such as A. cearensis. We developed SSR markers, tested their transferability to
Amburana-related genera, and described the genetic diversity of A. cearensis in Brazilian dry forests. The number of alleles
per locus ranged from two to 11. Eight loci showed significant deviation from HWE. The genetic differentiation was low
to moderate (Fsr = 0.0972, p < 0.001), suggesting some gene flow among populations. Two loci were widely transferable
to related genera. The developed SSR markers can be useful to study the reproductive biology and genetic diversity, and
may therefore support more effective conservation strategies for A. cearensis by the inclusion of genetic information.
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Introduction

The species Amburana cearensis (Allem&o) A.C.Sm.
(Leguminosae; sensu Lewis et al., 2005) is a timber tree that
has a disjunct distribution, occurring exclusively in South
America, predominantly in Seasonally Dry Tropical Forests
(SDTF hereafter) of Brazil, Argentina, Bolivia, Paraguay,
and Peru (Leite, 2005; Seleme et al., 2015). This species’
diversification center is the northeast of Brazil (Leite,
2005), a region where the Caatinga dry forest is the most
representative phytogeographic domain (Silva et al., 2017).
This tree is largely explored for its attractive wood, which
has a large range of uses, mainly for fine furniture; it has
also various medicinal uses and is the source of essential oil
for perfumes (e.g, Rizzini, 1978; Albuquerque et al., 2007;
Bitu et al., 2015). In addition to the economic relevance,
A. cearensis represents an important food resource and
shelter for insects in SDTFs (e.g., Kiill & Lima, 2011; Barral
et al., 2022). Indeed, several insect species were reported
as floral visitors of A. cearensis in the Caatinga dry forest
(e.g., Barral et al., 2022).

Currently, the species is endangered (Americas Regional
Workshop, 1998; IUCN, 2019) mainly due to illegal and
unsustainable wood extraction, so that practically all stands
of large trees have been destroyed (IUCN, 2019). A specific
and efficient conservation strategy for A. cearensis has not
been developed yet, despite the urgent need for concrete
measures to preserve the species. Aspects related to their life
history, landscape dynamics, and genetic diversity should
be jointly considered (e.g., Wilcock & Neiland, 2002; Young
et al., 2002; Ramirez, 2006; Gonzalez-Varo et al., 2009).
Concerning the reproductive strategies, A. cearensis is mainly
pollinated by moths and bees (Kiill & Lima, 2011; Barral et
al., 2022), flowering is supra-annual, occurring every two
years or at longer intervals (Machado et al., 1997), and it
has anemochoric diaspores. Seeds have phanerocotylar
germination (Cunha & Ferreira, 2003; Silva & Rodal, 2009;
Guedes et al., 2010; Loureiro et al., 2013).

At the taxonomic level, Amburana erythrosperma
E.P.Seleme, C.H.Stirt. & V.E.Mansano, which is endemic
to southern Chapada Diamantina, Bahia, Brazil, has been
described and suggested as the third species of the genus
Amburana, together with A. acreana (Ducke) A.C.Sm., which
is present in North and Southeast Brazil, and A. cearensis
(Seleme et al., 2015). The most recent phylogenetic inference
of the group indicates the African genera Cordyla Lour. and
Mildbraediodendron Harms as the sister group of Amburana
Schwacke & Taub., which together with the genera Myroxylon
L.f., Myrocarpus Allem., Myrospermum Jacq., Dussia Krug
& Urb. and Petaladenium Ducke, which occurr in Brazil,
integrate the clade Amburaneae (Cardoso et al., 2015).
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Molecular tools, such as microsatellite markers (SSR),
are still largely used to access the reproductive system and
genetic diversity in plant species (e.g., Guichoux et al., 2011;
Soares etal., 2012; Otao et al., 2016; Spoladore et al., 2016;
Hauser et al., 2021; Serrote et al., 2023). Microsatellites or
Simple Sequence Repeats (SSRs) comprise tandem repeats
of one to six nucleotides, which are widely spread in the
genomes and are codominant (e.g., Tautz, 1989; Téth et al.,
2000; Zane et al., 2002; Agarwal et al., 2008). Because of their
high polymorphism, neutrality, and abundance, SSRs have
been used to evaluate kinship, reproductive system, incidence
of genetic drift, inbreeding, and genetic structuring, to
quantify effects of habitat fragmentation on the genetic
diversity of populations, and thus guide more effective
strategies for the conservation of plant and animal species
(Collevattiet al., 1999; Heywood & Iriondo, 2003; Ganzhorn
etal., 2015; Hauser et al., 2021). In synthesis, SSRs markers
are still widely used for population genetics studies.

Despite their relevance and wide applicability, the use of
SSR markers in plants occurring in the phytogeographical
domains of A. cearensis is still relatively scarce. The use of
SSRwas reported for only nine plant species of the Cerrado,
and three occurring in the Caatinga biomes (Serrote et
al.,, 2023). These SSRs revealed, for example, that the
leguminous trees Prosopis juliflora (Sw.) DC. and Prosopis
pallida (Humb. & Bonpl. Ex Willd.) Kunth exhibited low
levels of genetic diversity and inbreeding in the Caatinga
(Freitas et al., 2019). Alternatively, certain species of
Cactaceae, such as Pilosocereus gounellei (F.A.C.Weber ex
K.Schum.) Byles & G.D.Rowley, exhibit a resilient genetic
structure within the Caatinga biome. The application of SSR
markers confirms that such genetic robustness supports
large-scale reforestation and germplasm conservation,
providing a scientific basis for utilizing seeds from wild
populations without compromising their genetic identity
(Monteiro et al., 2015). These contrasting findings highlight
the importance of the use of SSRs for a better understanding
of ecological and reproductive aspects of plants, which can
be highly relevant for conservation genetics of threatened
biomes (Serrote et al., 2023), such as Caatinga and Cerrado.
In this context, the cross-amplification may represent an
excellent cost-effective tool to rapidly disseminate the use of
SSR markers across plant species. For leguminous species,
high levels of cross-amplification have also been observed
(e.g., Gongalves et al., 2020; Oliveira et al., 2024). In order to
describe the genetic diversity and the breeding system of A.
cearensis, we developed and characterized 18 SSR markers.
By testing the transferability of these SSRs, we predicted
high levels of cross-amplification to 11 species related to
A. cearensis. We also aimed to add genetic information to
support more effective conservation and management plans
for A. cearensis population occurring in Cerrado and Caatinga.
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SSR development and transferability in Amburana cearensis

Materials and Methods

Plant material, sampling, and DNA extraction

The library of microsatellite (SSR) repeats was based
on the DNA extracted from one individual of Amburana
cearensis (Allemao) A.C.Sm. located in the municipality of
Serra Talhada, Pernambuco, Brazil.

This individual is linked to a reference voucher specimen
previously deposited in the Herbarium IPA (Dardano de
Andrade-Lima), under the accession number IPA 58196.

The characterization, based on amplification tests and
polymorphism of the SSR markers, was performed with
the DNA obtained from 30 individuals of A. cearensis,
sampled in areas of natural occurrence of the species
in the municipalities of Serra Talhada (Pernambuco, 10
individuals, PE population) (7°54’9.42”S, 38°18’5.94”W),
Morro do Chapéu (Bahia, 10 individuals, BA population)
(11°25’49”S, 41°22’40.32”W) and Buritizeiro (Minas
Gerais, 10 individuals, MG population) (17°40°40.7”S,
45°02’9.4"W), Brazil (Fig. 1). The identification of these
sampled individuals was validated by comparison with
reference material voucher specimens previously deposited
reference herbaria. Specifically, the vouchers IPA 58196,
HUEFS 120750 and BHCB 184670 were used as reference
material for the PE, BA and MG populations of A. cearensis,
respectively. For both, library preparation and polymorphism
tests, young leaves or cambium tissue of each A. cearensis
sample were collected and dried in silica gel for posterior
DNA extraction.

The transferability of the primers developed for A.
cearensis was tested in the DNA of species phylogenetically
related to the genus Amburana (see Cardoso et al., 2015;
Choi et al., 2022; Carvalho et al., 2023). Specifically, dried
leaves of Ateleia glazioveana Ball. (Swartzieae clade; voucher:
IPA 14468), Alexa wachenheimii Benoist (Angylocalyceae
clade; voucher: IPA 41964), Dipteryx lacunifera Ducke
(Dipterygeae clade; voucher: IPA 84158), Dipteryx odorata
(Aubl.) Forsyth f. (Dipterygeae clade; voucher: IPA 1977),
Myrocarpus frondosus Allem. (Amburaneae clade; voucher:
IPA 57613), Myroxylon peruiferum L.f. (Amburaneae clade;
voucher: IPA 73359), Swartzia apetala Raddi (Swartzieae
clade; voucher: IPA 67075), Swartzia cuspidata Spruce ex
Benth. (Swartzieae clade; voucher: IPA 52618) and Swartzia
simplex (Sw.) Spreng. (Swartzieae clade; voucher: IPA 54482)
were obtained from exsiccates deposited in the Herbarium
Dardano de Andrade-Lima from the Instituto Agronémico
de Pernambuco (IPA) located in Recife, Pernambuco,
Brazil. Leaves of the tree species Myroxylon balsamum (L.)
Harms (Amburaneae clade) and Trischidium molle (Benth.)
H.E.Ireland (Swartzieae clade) were collected, respectively, in
anatural area in the region of Campo dos Goytacazes, Rio de
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Janeiro (21°21’10.17S,41°14’57.1”W) and in the Catimbau
National Park, Pernambuco (8°32’13.8”S, 37°18’35.0"W),
Brazil, for transferability analysis. The specimen of T. molle
was validated by comparison with the voucher UFP 43340,
deposited in the Herbarium Geraldo Mariz - UFP.

The DNA of the A. cearensis individual used to construct
the microsatellite library was extracted using the YGP100
Plant Genomic DNA Extraction Kit (Real Biotech
Corporation). All remaining DNA samples were obtained
by 2% CTAB extraction following the protocol of Doyle &
Doyle (1987) adapted by Ferreira & Grattapaglia (1995).

Library construction and development of SSR markers

The enriched genomic library was constructed
according to the methodology proposed by Billotte et al.
(1999). Genomic DNA was digested with the restriction
enzyme Afal (previously known as Rsal, Promega) and
the fragments were ligated to the adaptors Rsa2l
(5’-CTCTTGCTTACGCGTGGACTA-3’) and Rsa25 (5’-
TAGTCCACGCGTAAGCAAGCAAGAGCACA-3). Fragments
of DNA containing microsatellites were selected by
hybridization with (CT)s and (GT)gassociated with the
biotin protein [biotIIIII (CT)g and biotIIIII (GT)s] with
the Kit Streptavidin MagneSphere Paramagnetic Particles
(Promega). The recovered fragments were amplified via
PCR and cloned into vector pGEM-T (Promega). Plasmids
were introduced into Escherichia coli XL1-Blue and 96
positive clones were grown overnight in selective medium
with isopropyl B-d-1-thiogalactopyranoside (IPTG),
[B-galactosidase and ampicillin. The DNA of these clones
was extracted by alkaline lysis, purified and sequenced
using the primers T7 (5-TAATACGACTCACTATAGGG-3’)
and SP6 (5’GATTTAGGTGACACTATAG - 3’) with the Big
Dye v.3.1 terminator kit (Applied Biosystems®) according to
the manufacturer. Sequencing was performed on automatic
DNA ABI PRISM 377 platform (Applied Biosystems®).

Sequences were aligned and edited using Geneious
software platform. Microsatellite motif identification was
performed using the automated tools within Gramene
(Youens-Clark et al., 2011). In this process, motifs with
long repeat units were prioritized (e.g., more than six units
for dinucleotides) and included compound and imperfect
patterns to maximize the potential for polymorphism.
We designed primers for the identified loci using FastPCR
v.3.6.97 (Institute of Biotechnology, University of Helsinki,
Finland) and Primer3 v.0.4.0 (http://primer3.sourceforge.
net/). The absence of dimers and hairpins was checked with
NetPrimer (http://www.premierbiosoft.com/netprimer/).
The robustness of the selected loci was ensured by selecting
annealing temperature ranging from 46°C to 64°C. The
desired product size range was 150bp to 300bp.
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Figure. 1. Distribution of the studied populations of Amburana cearensis. (A) Location of Brazil in South America. (B) Sampled
populations. Genetic substruturing of Amburana cearensis (Leguminosae) populations in the Brazilian Cerrado and Caatinga domains.
STRUCTURE plots for assumed population clusters, (C) K = 2 and (D) K = 3. Each bar represents a single individual and displays the

proportion of the genotype assigned to a specific genetic cluster.

Amplification and genotyping

PCR was carried out in 10 pL volumes using an ABI3500
Genetic Analyzer thermocycler (Applied Biosystems).
Each assay contained approximately 10 ng of genomic
DNA, 2 mM of MgCl,, 0.25 mM of each dNTP, 1x Tag
DNA polymerase buffer (10 mM TrisHCI, pH 8.3; 50
mM KCl, Invitrogen), 0.5 U ul® Taq DNA polymerase
(Invitrogen), 0.5 mM of each primer and 1x TBT-PAR
(150 mM Trehalose, 0.2 mg mL™ Bovine Serum Albumin
and 0.2 % polysorbate-20 in 8.5 mM Tris hydrochloride,
pH 8.0). PCR conditions included an initial denaturation
at 94 °C for 3 min, followed by 30 cycles of 30 s at 95°C, 30
s at the annealing temperature according to the analyzed
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SSR (see Table 1 for details about annealing temperatures),
45 s at 72°C, and a final extension at 72 °C for 10 min.
The optimal annealing temperature for each locus was
previously tested in a gradient system.

For genotyping, PCR products were analyzed on 6 %
polyacrylamide gels in 1x TBE buffer and stained with silver
nitrate 0.2 %, following Creste et al. (2001). Fragment sizes
were estimated by comparison with the 10 bp DNA ladder
(Invitrogen). For cross-amplifications, we used the same
protocols described above. To avoid genotyping errors, all
the samples were carefully checked for the presence of only
one or two bands per locus in the polyacrylamide gel. Loci
for which one clear band was observed around the expected
size were considered transferable.
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Table 1. Description of the 18 SSR markers developed for Amburana cearensis (Leguminosae). T,: annealing temperature; Size (bp):
Variation in allele size; A: number of alleles; Ag: allelic richness rarefied to seven individuals; H, = observed heterozygosity; Hr =
expected heterozygosity; Fis = inbreeding coefficient and PIC = Polymorphic information content.

Locus Primer sequence (5’-3’) Repeat motif Size (bp) Ta(°C) A/Ar Ho He Fis PIC

Amb_A9 F(5): CCACTTGTCCATCCAGCGTGAA (AO)8 256-262 60 4/3.41 0.567 0.454 -0.249* 0.519
R(1): AGACCACGTATAAGGAGGGTC

Amb_A11 F(2): AGGGTGATTTTCCCCGTATGG (AO)13 182-227 60 6/4.01 1.000 0.623 -0.610 0.641
R(5): CGTAGCATGTCATAGCCGAGGG

Amb_B7 F(1): TGGTCTAGGTTGCATGGACACG (TG)10(TA)8  230-246 58 6/3.82 0.133 0376 0.245 0.386
R(3): TGTCAAGCTTAGTTGTGGCAGG

Amb_C1 F(1): ACACCGAGAAAGACGGCCACAG (TO)11 222-228 64 4/3.91 0.467 0.483 0.034 0.651
R(1): AAGTCCACGTCCCAGGCAACG

Amb_C3-1 F(1): ACCACCAAGATTCAGCTCCCC (AG)7 190-198 56 3/2.46  0.700 0.470 -0.488* 0.407
R(1): TGCAGCACTATTCACTCACCGA

Amb_C3-2 F(1): GAGATATTCTCTTCGGTGAGTG (TG)7 172-184 56 2/2.0 0.967 0.500 -0.933* 0.375
R(7): ACTAATGCCAAATCTAAGGCGG

Amb_C12 F(1): ACACTCTCCATCTCTGCCACAC (AT)4(GT)8 204-223 58 3/2.99 0.967 0.641 -0.509* 0.575
R(1): TGGCATTCACTTGCCACCAAG

Amb_D5 F(5): AGAATGATCTATTGCAACTCGG (AO)7 217-222 56 4/3.85 0.500 0.570 0.123 0.664
R(4): TGGACAAATATGAGTGCACCTC

Amb_D6 F(1): AGACGGCATCAAACCGGACTGC (CTTT)3 170-223 64 3/2.95 1.000 0.574 -0.740* 0.563
R(1): ACACGTGACAAGCGGTAGTGC

Amb_D8 F(1): AGCAAGCGCTTAGCTTGGGTC (AO)10 138-165 62 10/6.8 0.833 0.728 -0.145 0.775
R(11): ACGAAAAATGCAGCCGGGAAC

Amb_F6/7 F: ACCAAATTGGATACCTACTGCC (CT)13 290-324 60 6/3.26  0.367 0.315 -0.165 0.310
R: AGAAAAATGTGAACCGGCCAAGC

Amb_F8/9-1 F: TCTACACAGGATGCCCCAAATG (CAAAAA)3 208-211 54 2/2.0 1.000 0.500 - 0.375
R: TGACCATCCTAACCCCAAGGGT

Amb_F8/9-2 F: AGTTGAGACCTGAGGGACC (TCC)4 203-230 60 3/2.64 0.967 0.547 -0.762* 0.519
R: GTGGACATATAGCAGCGCAGAG

Amb_F8/9-3 F: CACCACAAATATGCAGCATCCC (GA)10 182-209 60 11/7.3 0.793 0.875 0.096 0.448
R: AGGAATTTGTAACCAACCCCG

Amb_G2/3 F: TTTTGGTCGGGAGGGCAC (TG)9 187-216 56 8/5.44 0.675 0.648 -0.051 0.690
R: ATTGGGTTTAGCGTTGGGCCG

Amb_G3/4 F: AGGCAACTCTAGCCCATGCAC (GT)14(GA)11  257-271 64 7/5.67 0.930 0.760  -0.220 0.774
R: TGTGGTGACTGATGGACATGCT

Amb_H5/6  F: TCGTCGGATTCACAGCCTCCTG (AC)10 242-250 62 4/3.80 0.833 0.644 -0.293* 0.615
R: CGAGCTATGCTCTTGCATGGGA

Amb_H8/9-1 F: TGGTTCAAAGATGTGCATCCCG (AAAAAT)3 230-233 56 4/3.19 1.000 0.604 -0.656* 0.538
R: TATTTGCACAGATGGCCTCCG

Mean 5/3.86 0.761 0.573 -0.3705* 0.5675

*Significant p value (p < 0.05) after 20,000 randomizations.

Data analysis

The presence of null alleles and occurrence of allele
drop-out were analyzed using the Micro-Checker v.2.2
based on the “allelic signature” given by deficiencies or
excesses of particular genotypes (Van Oosterhout et al.,
2004). We tested for Hardy-Weinberg Equilibrium (HWE)
for each locus and population using Genepop 4.1 (Raymond
& Rousset, 1995). Linkage disequilibrium (LD) between all
pairs of loci was tested using the FSTAT v. 2.9.3.2 (Goudet,
2001). Significance levels were determined through 10,000

©No)

permutations, considering a significance threshold of
P < 0.001 after Bonferroni correction. Missing data were
handled using the ‘missingno’ function in the R package poppr
(Kamvar et al., 2014). Individuals and loci with more than
25 % missing genotypes were excluded from subsequent
analyses to avoid biases in genetic diversity and structure
estimates (e.g., Selkoe & Toonen, 2006). To evaluate whether
the number of molecular markers was sufficient to achieve
the high genotypic resolution, a genotype accumulation
curve was generated using the ‘genotype_curve’ function
in the R package poppr (Kamvar et al., 2014). This curve
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was produced by 1,000 random permutations of the loci
set, recording the cumulative number of unique multilocus
genotypes (MLG) at each step.

Allelic richness (Ar), mean number of alleles per locus
(A), and observed and expected heterozygosity (Ho and
H;) under HWE conditions were calculated for each locus
and population using the FSTAT v.2.9.3.2 (Goudet, 2001).
Polymorphic information content (PIC) was calculated
using Cervus v.3.0.7 (Kalinowski et al., 2007). To evaluate
population genetic structuring, we applied models for 1-10
clusters (i.e., Ks) with a burn-in of 100,000 and MCMC
repetitions of 1,000,000 for 15 iterations per K in the
software STRUCTURE 2.3.4 (Pritchard et al., 2000). For
the admixture models, we assume correlation of allele
frequencies among populations. The most likely number
of clusters (K) was estimated by the likelihood curve
implemented by the Evanno method (AK = m|L"(K) |/
s[L(K)]; Evanno et al., 2005). The package pophelper (Francis,
2017), implemented in the RStudio (R Core Team, 2025)
was used to estimate the number of clusters.

The eight most informative loci were selected for species
genetic diversity analyses, following rigorous screening
for linkage disequilibrium, missing data, PIC values, and
genotype accumulation curve. Specifically, the loci selected
for these analyses were: Amb_A11, Amb_C1, Amb_D8,
Amb_F6/7, Amb_G3/4, Amb_B7, Amb_G?2/3, and F8/9-3.

The distribution of genetic variability among and within

populations was analyzed with Wright’s F statistics using
ESTAT. In addition, a molecular variance analysis (AMOVA)
was performed using the Arlequin v.3.0 software (Excoffier
etal., 2005).

Results

We identified 19 distinct microsatellite sequences,
including di-, tri- and hexanucleotides, among the 96
sequenced clones (Table 1). Of the 19 developed primer pairs,
18 loci amplified. No evidence for linkage disequilibrium
was detected, indicating random association for any pair of
loci. With an overall missing data rate of 1.73 %, the final
dataset comprised all 30 sampled individuals of A. cearensis,
genotyped across 18 loci. The genotyping accumulation
curve had a greatly decreased variance and reached a plateau
with eight loci (Fig. 2). A total of 90 alleles were detected,
ranging from two to 11 and averaging five alleles per locus.
All the amplified SSR loci were polymorphic for the sampled
populations, indicating that they are useful for A. cearensis
genetic diversity analysis. The H, per locus ranged from
0.133 (Amb_B7) to 1.000 (Amb_A11, D6, F8/9-1, H8/9-1),
with an average of 0.761. The H;, per locus ranged from 0.315
(Amb_F6/7) to 0.875 (Amb_F8/9-3), with an overall H; of
0.573. According to the Polymorphic Information Content
(PIC), 12 markers were considered very informative (PIC >
0.5) and six were medium informative (0.25 < PIC < 0.5).

Figure. 2 Genotype accumulation curve for Amburana cearensis (Leguminosae). In total, 30 individuals from three populations were
examined. The x-axis shows the number of loci sampled without replacement and the y-axis shows the number of unique multilocus
genotypes observed in the dataset. A dotted line represents 100 % of the total observed multilocus genotypes.
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Among the 18 developed markers, ten loci deviated
from Hardy-Weinberg equilibrium by presenting an
excess of heterozygotes, as indicated by the negative
values of F5 (p < 0.05; Table 1). Null alleles were identified
for the locus Amb_B7 in the populations of Bahia and
Minas Gerais, and for Amb_D5 in the population of
Pernambuco. Regarding the transferability tests, eight
SSR markers developed in this study amplified in one, two,
or four species related to A. cearensis, except for the loci
Amb_D5 and Amb_D8 that amplified in eight to 10 species
(Table 2).

The three investigated populations showed moderate
to high levels of gene diversity (Hy), ranging from 0.534 to
0.611 in the PE and BA populations, respectively (Fig. 3),
and departure from HWE (p < 0.05), with negative values
of Fis (Table 3). The Evanno method supported K = 2 (or
two genetic clusters; Fig. 4). The STRUCTURE plots revealed
low admixture in both K=2 and K = 3 (Fig. 1Cand 1D). The
genetic differentiation based on pairwise Fsrranged from
0.071 (MG x BA populations) to 0.144 (BA x PE populations;
Fig. 5). The structuring level across populations, estimated
by AMOVA, was Fsr = 0.0972 (p < 0.001).

Table 2. Transferability of SSR loci to 11 species phylogenetically related to Amburana cearensis (Leguminosae). Amplified loci are

« »

«n

indicated by “+”. Loci that did not amplified are represented by “-”. %TL = percentage of transferable loci.

Loci
Species - - - o o~ g o hhy 2 [ < © & %TL
P 2 £ 55 335 888 g5 358 8 2 8

Ateleia glazioveana - - - - - - - + - - - - - - . - - - 55

Alexa wachenheimii - - - - - - - - - + - - - - - + - - 11.1
Dipteryx lacunifera - - - - - - - + - + - - . . - 11.1
Dipteryx odorata - - - - - - - + - + - - - - - - - - 11.1
Myrocarpus frondosus - - - - - - - + - + - - - - - - - - 111
Myroxylon balsamum - - - - + - - + - + - + - + + - - - 33.3
Myroxylon peruiferum - - - - - - - + - - - - - - - - - - 55

Swartzia apetala - + - - - - - + - + - - - + - - - - 22.2
Swartzia cuspidata - - - - - - - + - - + - - - - - - - 11.1
Swartzia simplex - - - - - - - + - + - - - + - - - - 16.7
Trischidium molle + - - - + - - + - + - - - + - + - - 33.3

Figure. 3 Genetic diversity of three Amburana cearensis (Leguminosae) populations in dry forests in Brazil. Observed (Ho) and
expected (Hz) heterozygosity levels across Minas Gerais (MG) in the Cerrado domain and Bahia (BA) and Pernambuco (PE) in the
Caatinga dry forest.

Table 3. Number of alleles and inbreeding coefficient of three Amburana cearensis (Leguminosae) populations in northeastern of
Brazil. In total, 30 individuals (N = 10 per population) were sampled and the populations were compared based on: A = mean number
of alleles per locus; Fis = Wright’s inbreeding coefficient.

Population A Fis

Bahia (BA) 72 -0.327*
Minas Gerais (MG) 71 -0.243*
Pernambuco (PE) 51 -0.421*

*Significant p value (p < 0.05) after 20,000 randomizations.
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Figure. 4 Number of genetic clusters assigned to Amburana cearensis (Leguminosae) populations in the Brazilian Cerrado and Caatinga

domains. AK = m|L"(K) | /s[L(K)] as defined in Evanno et al. (2005).

Figure. 5 Genetic differentiation, based on pairwise Fst, and geographic distance (km) of three Amburana cearensis (Leguminosae)
populations located, respectively, in Minas Gerais (MG), Cerrado domain, and Bahia (BA) and Pernambuco (PE), Caatinga dry forest.

Discussion

Approximately 95 % of the tested SSR markers developed
for A. cearensis amplified successfully. They showed distinct
polymorphic loci, with an average of five alleles per locus.
These high levels of polymorphism reinforce the idea that
the loci developed in our study will be useful for carrying
out population genetic analyses involving the species in
SDTFs throughout South America. Additionally, our results
indicate that although A. cearensis is endangered (Americas
Regional Workshop, 1998; IUCN, 2019), there is still high
variability to maintain the genetic diversity of populations in
the Caatinga dry forest, the largest SDTF in South America
(Miles et al., 2006).

8 | Acta Botanica Brasilica, 2026, 40: e20250157

The presence of null alleles at locus Amb_B7 in the
populations of Bahia and Minas Gerais, and at Amb_D5
in the population of Pernambuco, likely contributed to the
departure from HWE (e.g., Stoeckel et al., 2006; Geng et
al., 2016), observed in these cases. Although A. cearensis
typically exhibits a biological trend toward heterozygote
excess, according to our data, the occurrence of null alleles for
these specificloci may possibly introduce a bias by inflating
observed homozygosity. We emphasize that for these two
loci, an increase in homozygotes appears to have counteracted
the natural heterozygosity, leading to the recorded deviations
from equilibrium. The transferability tests showed that eight
markers amplified in species phylogenetically related to A.
cearensis. According to Barbara et al. (2007), transferability
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between different species may be the result of broad adaptive
radiation and low levels of divergence in DNA sequences
among the species tested. For most species, transferability
was effective for 11.1 % of loci, which may be supported by
the phylogenetic relationship with A. cearensis. However,
the 33.3 % transfer rate in Myroxylon balsamum supports the
phylogeny of Cardoso et al. (2015), which places this species
and A. cearensis in the Amburaneae clade. We emphasize that
the SSR markers developed in this study may be applied to
closely related species.

The detection of highly negative values of the inbreeding
coefficient (Fis) across several loci developed in this study
suggests a widespread excess of heterozygotes. Since A.
cearensis is a diploid species and genotyping errors were
minimized, other underlying biological mechanisms, such
as the mating system characterized by obligate outcrossing
and potential self-incompatibility reproductive system, in
association with genetic substructure, may jointly explain
the negative Fjs values. Indeed, the occurrence of distinct
genetic pools among subpopulations may reduce the level
of Fis, as previously observed on leguminous trees (e.g.
Gongalves et al., 2020). However, our STRUCTURE analysis
revealed minimal evidence for strong genetic segregation
within subpopulations. Alternatively, we propose that the
negative Fjs in certain loci of the studied A. cearensis may
be better explained by non-neutral evolutionary processes,
which actively maintain high allelic diversity (e.g., Chung
etal., 2023). Additionally, the high genetic differentiation
(Fsr) observed indicates restricted gene flow and limited
connectivity among populations. This combination of
negative Fis and high Fsr may be likely associated with
the negative consequences of habitat fragmentation and
physical barriers, where small and isolated populations
may retain high heterozygosity due to survival of diverse
long-lived adults, despite limited contemporary gene flow
(e.g., Weir & Cockerham, 1984; Rousset, 1997; Vranckx et
al., 2012). We emphasize the importance of considering
non-neutral evolutionary processes, reproductive biology,
and geographical mechanisms to fully explain the genetic
diversity of A. cearensis in the analyzed region of Brazil.

In synthesis, we conclude that the 18 SSR loci
described for A. cearensis in this study will be useful for
phylogeographic, macroecological, and reproductive
analyses in the species. Furthermore, the transferability
of some loci in relatively distant species suggests that they
may also be useful for similar studies in closely related
species, such as Amburana erythrosperma and A. acreana.
Indeed, the development and transferability of molecular
markers are particularly relevant in the context of South
American biomes, especially in highly diverse countries like
Brazil (Serrote et al., 2023). For the Caatinga dry forest, only
two studies used SSR markers to assess genetic diversity in
Prosopis pallida (Freitas et al., 2019) and Spondias tuberosa
Arruda (Santos et al., 2021) populations. In this context,
our study provides complementary genetic data that
contributes to a broader understanding of the ecological

©No)

processes influencing the distribution of A. cearensis. While
acknowledging the limitations of the marker set, our results
offer preliminary insights into the genetic structure of the
species across dry forests. We also emphasize that the SSR
markers with negative Fjs should be interpreted cautiously
when inferring neutral demographic parameters, because
other causes not explored in this study could be involved.
However, the remaining loci developed in this study may
support the elaboration of more specific, effective, and
urgent conservation strategies for A. cearensis in SDTFs,
particularly in the Caatinga dry forest, which is endemic
to Brazil.
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