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Abstract

Genetic diversity is critical for adaptability and resilience in response to environmental
pressures, especially considering that human activities have drastically reduced natural
populations. The endemic South American species, Myarcrodruon urundeuva (aroeira, Anac-
ardiaceae), is found in the Caatinga dry forest, Brazilian Savanna, Atlantic Forest, and
Pantanal Wetland biomes and has suffered from population reduction due to overexploita-
tion of its wood. This study analyzed the genetic diversity of M. urundeuva across biomes
and transition zones in Brazil using ddRADseq sequencing. Samples from 115 individu-
als and 12 populations were sequenced, generating 1427 informative SNP markers. The
average allelic richness was 1227 for the 12 populations, and the inbreeding coefficient
(F;s) ranged from 0.001 to 0.196. Notably, the Caatinga dry forest biome populations dis-
played a highly differentiated cluster. Clustering analysis indicates that genetic diversity
patterns from other populations also show distinct population structures with significant
differences in its distribution. These findings highlight the need for further research in
northeastern Brazil and emphasize the importance of genetic diversity in conservation
planning. Therefore, strategies that integrate conservation and molecular analyses are
essential to safeguard M. urundeuva’s diversity and adaptability.

Keywords: Brazilian biomes; genetic diversity; conservation strategies; biome-specific
adaptation; NGS sequencing

1. Introduction

With the increasing demand for more land for agriculture and grazing, Brazil’s diverse
biomes continue to suffer from a reduction in forest areas. As a result, there is a need
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to assess the genetic diversity of remaining species in the face of climate change and
population reduction. As an example, Myracrodruon urundeuva Allemao LC (Anacardiaceae)
is an endemic South American tree species found in Paraguay, Bolivia, and Argentina,
and widely distributed across Brazil’s various biomes, including the Caatinga dry forest,
Brazilian Savanna, Atlantic Forest, and Pantanal Wetland [1-6]. Popularly known as aroeira,
aroeira-preta or aroeira-do-sertdo, the species is recognized for its medicinal properties,
including antifungal, antioxidant, and anti-bacterial [7-12], as well as its high-quality,
resistant and dense wood, making it a preferred material for furniture manufacturing and
construction [3,11-13].

The wide distribution of the species suggests its adaptability to diverse environmental
conditions and its ecological significance, particularly in the region known as the ‘Dry
Diagonal,” a cross-country multi-biome zone that splits the continent’s two major rain
forests, Amazonia and the Atlantic Forest [14,15]. This zone consists of a belt of arid and
semi-arid ecosystems extending from the Paragufayan Chaco to northeastern Brazil [14,16].
It acts as an ecological barrier, limiting gene flow between populations from different biomes
and promoting population isolation events that may lead to distinct genetic structure
patterns and local adaptation [17,18].

Research has demonstrated the variability in genetic diversity across populations
from different biomes, indicating the profound impact that local environment conditions
exert on population dynamics [19]. These factors highlight the importance of research on
the preservation of genetic variability, especially for native species from highly exploited
biomes such as the Brazilian Savanna and Atlantic Forest, which are often targets of
real estate development and agricultural expansion [20-23]. Therefore, understanding
the distribution of the genetic differentiation of a species is essential to define effective
conservation and management strategies, especially in light of climate change, which is
expected to intensify aridity in the affected regions [15,24].

Among many possibilities, DNA sequencing associated with restriction sites (Re-
striction Digest Associated DNA Sequencing, RADseq and variations) is an important
scientific breakthrough in population genomic sequencing methodologies. It enables the
identification of a large number of markers, facilitating comprehensive studies on genetic
diversity and population structure [25-27]. One advantage of the RADseq method is that it
does not require any prior genomic information for the taxa under study. Consequently,
the technique is widely used to discover and genotype Single Nucleotide Polymorphisms
(SNPs). This technique has been shown to offer significant benefits in the ecology and
evolutionary study of non-model organisms [25-31]. In this context, the present study
conducted a genetic analysis of M. urundeuva individuals across distinct biomes in which
the species occurs in Brazil, including ecotone zones between the Brazilian Savanna and
Atlantic Forest. The aim of the study was to identify signs of population structure, diversity,
and adaptation to different environmental conditions.

2. Results
2.1. Genomic Library Construction and SNP Identification

A total of 86,040,542 million reads was produced for the 115 sampled individuals of
M. urundeuva, ranging from 264 to 2,667,829 million reads per sample. These reads were
filtered to include only those with a quality of Q > 30, resulting in 42,937,401 million reads,
representing about 49.90% of the total. The threshold of missing data for the analyzed loci
was 20%. As a result, 27 samples were excluded from the analysis due to missing data
(<30%) and insufficient reads (<250,000 reads). The construction of the panel of potential
SNP polymorphic sites resulted in an average of 2195 markers for all 88 individuals with
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a coverage of approximately 15x. After applying stringent filters for data quality and
number of reads for 88 individuals, the final panel comprised 1427 SNP markers.

2.2. Allele Richness, Private Alleles, and Heterozygosity

Genetic analyses of M. urundeuva populations focusing on estimates of private alleles
(Supplementary Data S1) and allelic richness (Supplementary Data S2) revealed interesting
insights about the species’ genetic diversity and structure across the biomes. The occurrence
of private alleles was exclusive to the Caatinga dry forest in Seridé (SE), with a total of
134 alleles. The average allelic richness was estimated at 1227 for all populations. Despite
having a significant number of private alleles, the Caatinga population showed the lowest
allelic richness with a mean of 1174 alleles, while the ecotone population exhibited the
highest mean allelic richness, with 1250 alleles. The Atlantic Forest, Brazilian Savanna, and
Pantanal exhibited mean values of 1248, 1227, and 1235, respectively.

The observed (Ho) and expected (He) heterozygosity values varied among the analyzed
biomes (Supplementary Data S3). The Atlantic Forest presented an (Ho) of 0.23 and an (He)
of 0.27, while the Brazilian Savanna showed slightly lower values, with (Ho) at 0.21 and (He)
at 0.26. The Caatinga exhibited the lowest genetic diversity, with an (Ho) of 0.13 and an (He)
of 0.15. In contrast, the ecotone showed the highest values, with an (Ho) of 0.24 and an (He)
of 0.29, indicating greater genetic variability. Finally, the Pantanal exhibited intermediate
values, with (Ho) at 0.22 and (He) at 0.25. These results suggest different levels of genetic
diversity across biomes, which are potentially influenced by environmental factors and
historical demographic events.

2.3. Population Structure and Genetic Diversity Across Biomes

The genetic diversity of M. urundeuva (Figure 1) exhibited distinct structuring clusters
among populations associated with the Caatinga dry forest, the Atlantic Forest, and the
Pantanal Wetland. For the populations from the Brazilian Savanna and the ecotone tran-
sition zones, a mixed cluster was identified, indicating that these populations may have
experienced significant reproductive interaction and allele exchange over several decades.
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Figure 1. Association of genotypes by population for M. urundeuva from the biomes where the
species occurs in Brazil. Populations: Atlantic Forest-Paulo de Faria (PF), Ribeirao Preto (RP);
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Brazilian Savanna-Bauru (BU), Cuiaba (CB), Itaruma, (IT); Brazilian Savana-Atlantic Forest Transition
(BAT)—Active Germplasm Bank (BAG), Selviria (SV); Caatinga dry forest—Petrolina (PE), Serid6 (SE);
Pantanal Wetlands-Aquidauana (AQ), Corumba (CO), Miranda (MI).

Population structure was analyzed using discriminant analysis of principal compo-
nents (DAPC, Figure 2) and principal component analysis (PCA, Supplementary Data S4).
Both approaches revealed distinct genetic groupings corresponding to populations from
the Caatinga dry forest (Seridd, SE; Petrolina, PE), Atlantic Forest (Paulo de Faria, PF;
Ribeirao Preto, RP), and Pantanal Wetland (Aquidauana, AQ; Corumbé, CO; Miranda, MI).
In contrast, populations from the Brazilian Savanna (Bauru, BU; Cuiab4, CB; Itaruma, IT)
and the ecotone (Rosana, BAG; Selviria, SV) showed similar inter-population relationships
across DAPC, PCA, and structure analyses, indicating a more continuous genetic gradient
within these biomes.
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Figure 2. Correlation by discriminant analysis of principal components (DAPC) for M. urundeuva
from the biomes where the species occurs in Brazil. Populations: Atlantic Forest-Paulo de Faria (PF),
Ribeirao Preto (RP); Brazilian Savanna—-Bauru (BU), Cuiaba (CB), Itaruma, (IT); Brazilian Savana-
Atlantic Forest Transition (BAT)-Active Germplasm Bank (BAG), Selviria (S5V); Caatinga dry forest—
Petrolina (PE), Serid¢ (SE); Pantanal Wetlands-Aquidauana (AQ), Corumba (CO), Miranda (MI).

The haplotype coancestry analysis conducted using the fineRADstructure software
(Figure 3) further supported this pattern, revealing at least four main genetic clusters:
Caatinga dry forest populations (SE and PE); Pantanal Wetlands (AQ, MI, CO); Atlantic
Forest (PF and RP); and Brazilian Savanna/ecotone (BAG, BU, CB, IT, and SV).
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Figure 3. Population structure revealed by FineRADstructure software with the identification of at
least four genetic clusters. Colors indicate the correlations between samples, ranging from blue (more
correlated) to yellow (less correlated) for M. urundeuva from the studied biomes in Brazil.

This pattern is corroborated by the Mantel Test (Supplementary Data S5), which
detected a pronounced genetic distance between the SE and PE populations relative to the
others. This indicates strong genetic distinctiveness within the Caatinga dry forest biome.
The Analysis of Molecular Variance (AMOVA, Supplementary Data S6) further quantifies
this structure, with 28.79% of the total genetic variation distributed among populations,
which is consistent with differentiation across the analyzed biomes.

Wright’s Fixation Coefficient (FST) [32] (Figure 4) showed that most populations
are significantly different from each other. Populations from the Brazilian Savanna (BU,
CB, IT) and the ecotone (BAG, SV) displayed low genetic differentiation, with several
non-significant pairwise comparisons (p > 0.05), such as BU-SV (FST = 0.002) and IT-PF
(FST = 0.028). Pantanal populations (AQ, CO, MI) similarly showed moderate to low
differentiation, with non-significant comparisons including MI-CO (FST = 0.039) and
MI-AQ (FST = 0.038). In contrast, Caatinga populations (SE, PE) exhibited the highest
differentiation across all comparisons, with elevated FST values such as SE-MI (FST = 0.434),
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Atlantic Forest: PF, RP
Brazilian Savanna: BU, CB, IT
Caatinga: SE, PE

Ecotone: BAG, SV

Pantanal: AQ, CO, Ml

*:Not significant (p-value<0.05)

Fst

SE-CO (FST = 0.428), SE-CB (FST = 0.478), and PE-CB (FST = 0.425). These results indicate
strong genetic separation of Caatinga populations relative to the other analyzed biomes.

BAG

IT BU CB co Mi RP SV

Figure 4. Fixation Index (FST) for M. urundeuva from the biomes where the species occurs in Brazil.
Populations: Atlantic Forest-Paulo de Faria (PF), Ribeirao Preto (RP); Brazilian Savanna-Bauru (BU),
Cuiabd (CB), Itaruma, (IT); Brazilian Savana-Atlantic Forest Transition (BAT)-Active Germplasm Bank
(BAG), Selviria (SV); Caatinga dry forest—Petrolina (PE), Serid6 (SE); Pantanal Wetlands—Aquidauana
(AQ), Corumbé (CO), Miranda (MI).

2.4. Genetic Differentiation and Environmental Influence on Population Structure

The correlation analysis between populations and climatic variables using PCoA
(Supplementary Data S7) showed associations between genetic structure and the biomes of
origin. Caatinga dry forest populations were separated from the others and associated with
Mean Annual Temperature, Mean Temperature of the Driest Quarter, Mean Temperature of
the Warmest Quarter, Isothermality, and Precipitation Seasonality.

Populations from the Brazilian Savanna and ecotone showed positive correlations
with Mean Diurnal Range, Temperature Seasonality, Annual Precipitation, Precipitation
of the Driest Month, Precipitation of the Driest Quarter, and Precipitation of the Coldest
Quarter. Pantanal Wetland populations (AQ, CO, MI) clustered near variables related to
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Rainfall and Temperature Seasonality. Atlantic Forest populations (PF, RP) were associated
with Elevation, Precipitation of the Wettest Month, and Precipitation of the Wettest Quarter.

Outlier detection using pcadapt and Redundancy Analysis (RDA) identified loci as-
sociated with environmental variables. The pcadapt analysis detected 106 candidate loci
(g9 <0.1), and RDA identified only 3 loci (p < 0.001), with none SNPs shared between the
two approaches. These SNPs were associated with temperature-related variables, Isother-
mality, Mean Annual Temperature, Temperature of the Warmest Quarter, and Annual
Temperature Range, and precipitation-related variables, including Precipitation Seasonality,
Precipitation of the Driest Month, Annual Precipitation, and Precipitation of the Wettest
Month. Associations with Elevation were also observed.

3. Discussion

3.1. High-Resolution Population Genetics of M. Urundeuva: Insights into Genetic Structure
and Diversity

The genetic distribution of populations, whether in structured or panmictic popula-
tions, and the analysis of this distribution across biomes, is highly significant for the genetic
conservation of all species. This study is the first to estimate the genetic diversity of M. urun-
deuva using SNP markers on a large scale and across multiple biomes. As such, the results
indicate at least four clusters of population structuring based on over 1000 molecular mark-
ers that is consistent with the species distribution across Brazil. Moreover, the identification
of a large number of markers has enabled a catalog of robust SNPs, demonstrating potential
for monitoring species in terms of population genetics and distribution patterns. In this
sense, although populations are susceptible to founder effects and cultivation conditions,
ex situ conservation of populations originating from the biomes in which the species occurs
represents a significant source of genetic variability from populations that are disappearing
from their natural regions, thus offering an alternative for species maintenance.

Studies on Brazilian species, including those threatened with extinction such as Arau-
caria angustifolia, highlight the usefulness of SNP markers in assessing population genetic
structure across broad geographic ranges, as demonstrated by initiatives to develop SNP
chips [19]. Similar efforts have resulted in SNP arrays for species of economic interest
including cassava, coffee, and eucalyptus. Complementarily, reduced-representation se-
quencing approaches such as RAD-Seq have also been applied to several native tree species,
including Dipteryx (cumaru) [33], Hymenaea (jatoba) [34], and Handroanthus (ipé) [35], pro-
viding valuable datasets for population genetics and conservation. The recent assembly of
high-quality reference genomes, such as the purple ipé (Handroanthus impetiginosus) [36],
enables substantial expansion of SNP discovery. Reference genomes facilitate the alignment
of new sequencing reads and the systematic identification of variants, offering a scalable
platform that can be extended to additional native species. In this context, expanding ge-
nomic resources across Brazilian biomes is likely to accelerate comprehensive assessments
of genetic diversity and adaptive structure in currently underrepresented taxa. More-
over, the dataset generated in this study may support future development of SNP panels
specifically designed for M. urundeuva and other Anacardiaceae species. Such tools could
have practical applications in environmental monitoring, forensic timber identification,
and conservation programs aimed at mitigating illegal harvesting and preserving genetic
diversity across its distribution range.

Due to the lack of studies on similar native trees, the number of loci identified can be
considered satisfactory with a mean coverage of 15x. When compared to ddRADseq studies
for other tree species with published complete genomes, such as Populus and Eucalyptus
with genome sizes between 0.43 and 0.69 Gb, predictive numbers of SNP markers range
from 6.57 to 14.6 thousand loci, respectively [37]. Although higher than the present study,
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these values are representative of known and cataloged complete genomes, with ample data
availability. Thus, even though they represent approximately 1.6% of the total number of
loci identified, the 1427 SNPs identified after filtering demonstrate success in the use of the
technique. It is also important to consider that the analysis was based on a de novo strategy,
i.e., without a reference genome. This involves the identification of common regions among
at least 70% of the analyzed individuals and the challenge of DNA extraction from samples
that are free of contaminants, a characteristic of the species as it has a high content of
secondary compounds.

In aroeira, early studies using microsatellites and other marker systems, such as AFLP
and RAPD, have reported genetic differences among populations from distinct regions
and biomes [38—44]. The results obtained here using SNP markers show a convergence
between population genetic structure and environmental/climatic patterns across biomes.
Studies at this resolution remain essential, especially because M. urundeuva does not yet
have a published nuclear reference genome or annotated gene regions of functional interest.
A first step toward filling this gap was achieved by publishing the complete chloroplast
genome of the species, marking the beginning of a new phase in molecular and genomic
investigations on M. urundeuva [45].

Population structure in forest species encompasses characteristics such as age, size,
geographical distribution, and genetic diversity. These factors and characteristics can offer
a detailed view of their dynamics and health [46-50]. Also, understanding what these
data provide is essential information for the conservation and management of species in
their natural habitats [46]. Population structure plays a central role in population genetics
studies, as it directly influences genetic diversity and allele distribution. These factors have
an impact on the ability of species to adapt and survive environmental changes and various
stresses [51,52], where genetically diverse populations have a greater capacity to adapt
to environmental changes. The presence of a wide variety of alleles means that there is
a greater probability of some of these alleles conferring adaptive advantages in variable
environments. Furthermore, allelic richness is an indicator of the health and vitality of
a population [53]. Populations with low allelic diversity may be subject to inbreeding
problems, genetic drift, and strong homozygosity, and have a poorer ability to adapt to new
environmental conditions or threats, such as disease or climate change [54,55]. In a study
on Casearia sylvestris (guacatonga) with natural and reforested populations in the Atlantic
Forest, the allelic richness for natural populations was on average 1.41 [56]. Although the
average allelic richness values found for aroeira populations in the different biomes studied
herein are lower (1.161-1.269), they indicate evolutionary potential for the species.

In temperate climate species like Quercus, SNP marker evaluation identified a maxi-
mum of 30 private alleles per population [57]. For Brazilian species such as palms, values
of up to 40 alleles have been found per population when assessing around 1000 mark-
ers [58].and these values did not exceed 28 private alleles (10 markers and over 500 individ-
uals) with the use of microsatellite markers [59]. Meanwhile, in tree species like Dalbergia
nigra (Brazilian rosewood) using microsatellite markers (10 markers, 140 individuals),
the average private alleles among populations do not exceed 1.44 [60]. Thus, the values
found in this study are above average in one population (Serid6), but present genetic
homogenization in the other populations. This suggests significant genetic differentiation
in the Caatinga dry forest compared to other biomes for M. urundeuva. Such divergence of
this population suggests unique factors like evolutionary events, geographical barriers, or
limited gene flow in the Caatinga dry forest, possibly influenced by specific environmental
factors of this semi-arid biome.
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3.2. Caatinga as a Genetically Divergent Biome

Reduced levels of heterozygosity may indicate disturbances in forest fragments when
evaluating natural populations or a deficit of sampled and/or collected individuals when
evaluating progeny and provenance tests. The assessment of genetic diversity is widely
used to evaluate the maintenance of natural populations [61,62]. The genetic differentiation
among M. urundeuva populations revealed by DAPC, fineRAD, as well as AMOVA analysis,
highlight the complex evolution and plasticity of the species in different biomes. In general,
the analyses indicate that there are significant differences between the Caatinga and the
other analyzed biomes. Furthermore, the population structure indicates homogeneity for
transition zones and the Brazilian Savanna and less differentiation for the Atlantic Forest.
This interaction could be facilitated by several factors, including geographical proximity,
ecological connectivity, or historical gene flow events. Further studies on this plasticity
are needed to understand the population dynamics within the species, its gene flow, and
ecotones [38].

The similarity between the values of observed heterozygosity (H,) and expected
heterozygosity (H,) highlight the stability of the populations in terms of Hardy—Weinberg
Equilibrium (HWE). These values may indicate variability within the natural populations
of this study, random mating, and a potentially adequate population size [63,64]. In the
literature, authors also report heterozygosity values close to HWE for M. urundeuva from
natural populations and in progeny tests from various biomes where the species occurs [38].
The authors obtained average values around 0.7 for both (H,) and (H,) in the Brazilian
Savanna, Atlantic Forest, and Pantanal Wetland. However, for the Seridé population, a
study using microsatellite markers found values close to 0.537 for observed heterozygosity,
in contrast with 0.567 for expected heterozygosity [38].

From a metabolic and morphological perspective, the impact that the Caatinga climate
has on local species, including M. urundeuva, may indicate that the species has undergone
adaptations when compared to populations found in other biomes [65,66]. Characterized
as a semi-arid climate by Koéppen since 1918 [67], this region experiences long periods of
drought, high temperatures, and irregular rainfall distribution, presenting considerable
challenges for the survival of plant species [19,68,69]. The climate in Petrolina, Seridé,
and other Caatinga regions is marked by a prolonged dry season, lasting approximately
eight months, followed by a relatively short but intense rainy season. This seasonal
asymmetry places increased stress on vegetation, especially those adapted to thrive in arid
conditions. The predominant northeast winds further exacerbate the aridity, contributing to
a distinctive microclimate. The genetic differentiation of the Caatinga dry forest population
highlights the need for conservation strategies adapted to this specific group [24]. Strategies
that consider the genetic and environmental particularities of the Caatinga dry forest may
be crucial for preserving the diversity of M. urundeuva in this semi-arid biome, especially
the species” adaptation to the region’s saline soil and inconsistent rainfall patterns during
the rainy season [70].

Similarly, Pantanal Wetland populations formed a distinct cluster from the others,
suggesting the need for tailored species conservation actions for these populations and the
biome more generally, in the states of Mato Grosso do Sul and Mato Grosso, Brazil, and
the Paraguayan Chaco where the species is also present. On the other hand, the genetic
proximity among Brazilian Savanna populations, as well as the transitions from Brazilian
Savanna to Atlantic Forest, suggest a close adaptive history and intense genetic exchange
between these regions, mainly between the Brazilian Savanna and Atlantic Forest in the
state of Sao Paulo, a location with a strong transition between both [71]. These factors may
indicate common or similar measures for species conservation in these habitats, as the
genetic and adaptive plasticity of the populations, although diverse, still exhibit similarities.
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Although similar, there are differences among the Atlantic Forest populations and
compared to the other biomes. These populations showed convergence with Brazilian Sa-
vanna populations and the ecotone, forming a cluster in PCA. However, greater differences
were highlighted by DAPC and fineRAD analysis, indicating that the Atlantic Forest biome
is a genetic cluster different from other biomes. This proximity suggests gene flow among
these populations over time, and it is plausible that factors such as habitat connectivity or
dispersal events have contributed to this genetic similarity [72,73]. Anthropogenic factors
may also be contributing to the proximity of the Atlantic Forest and Brazilian Savanna
biomes, especially in their ecotones, as these biomes are highly degraded, with about 50%
of the original area remaining for the Brazilian Savanna [74,75] and less than 10% for the
Atlantic Forest [61]. This reduction in individuals in each habitat may lead to directional
mating and consequent genetic homogenization at the population level. This was also
demonstrated by the Fg; test, with several values approaching the threshold of statistical
non-significance. Further studies on gene flow at the biome level and transition zones could
shed light on this issue. Although the exploitation of aroeira is recent in its evolutionary
history, it is worth noting that anthropogenic interference is responsible for significant
damage to various species at the population level, whether through harvesting, predation,
deforestation, or regional or global climate change [52,76].

The Brazilian Savanna populations occur in the geographic center of the county and
are surrounded by the other national-scale biomes. As such, these populations may be
acting as a zone of homogenization. Other studies on M. urundeuva populations from
Argentina, Paraguay [77], and Brazil [38] also indicated significant population diversity
and differentiation between the biomes in which the species occurs. Finally, populations
with low Fg, although statistically significantly different, may not exhibit biologically
meaningful differentiation [64]. This suggests genetic proximity among the Pantanal
Wetland populations.

Finally, the genetic variations found between the Northeast and Central-Southeast
regions of Brazil corroborate previous results based on SSR and chloroplast markers.
Furthermore, this variation reached Fs; values up to 0.478, an enormous variation indicating
strong population structuring or even signals of possible cryptic species. However, there is
a lack of significant evidence from morphological analysis of the populations, in addition
to the need to include populations from the states of Minas Gerais and Bahia, factors that
could better indicate this distribution.

3.3. Climatic Drivers and Environmental Pressures on M. urundeuva Genetic Differentiation
Within Biomes

From the perspective of population adaptability across the studied biomes, particularly
in the Caatinga, genetic differentiation can be seen through selected markers for resistance
to drought, low or no rainfall, and high temperatures, as indicated by multivariate analyses.
Temperature variations in the Caatinga dry forest populations (e.g., Serid6) are notable,
with daytime temperatures often exceeding 30 °C, and significantly cooler nights. This
diurnal temperature range has implications for plant physiology and adaptation strategies.
Additionally, the irregularity of rainfall patterns requires that drought-resistant species
are assessed for use in conservation initiatives. Their adaptive strategies may indicate
them as priority species that are well-suited to the region’s climatic challenges. A previous
study simulating natural growth of M. urundeuva in semi-arid regions demonstrated this
adaptation through the association of physiological growth parameters and response char-
acteristics to water stress [78]. By assessing severe water regimes and observing seedling
development, the authors corroborate the findings presented herein for the Petrolina and
Seridé populations in the Caatinga biome. SNPs were associated with the climatic variable
average temperature in the wettest quarter, while genes were related to U-box domain-
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containing protein 4-like, which participate in the degradation of regulatory proteins, such
as those involved in the cell cycle, cell signaling in response to stress and extracellular
signals, morphogenesis, secretory pathway, DNA repair, and organelle biogenesis [79].
Furthermore, the autophagy-related protein 13b gene is related to the recycling of cellular
materials, such as cytoplasmic material, nucleic acids, protein complexes, lipid bodies, and
damaged organelles [80]. Such genes should be further investigated, since there are regions
associated with other variables related to chloroplasts and mitochondria.

Understanding population dynamics is necessary, as there is a lack of data for a large
number of native forest species. This poses challenges for conservation in the face of climate
change, large-scale environmental impacts, and human alteration of natural areas. Further
studies on the association between native populations and their respective biomes are also
required, enabling a better understanding of species and environment interactions. Such
analyses can provide greater insight into the adaptation of these species to the local climate
and offer possible inferences of population dynamics, center of origin, and evolution.

Additionally, one of the key evolutionary modulators for species in these biomes,
known as the “Dry Diagonal” of Brazil, is an extensive ecological transition zone stretching
from the Northeast to the Midwest, encompassing the Caatinga dry forest, Brazilian
Savanna, parts of the Pantanal Wetland, and entering into the Paraguayan Chaco [14,16].
This region is characterized by low annual rainfall and high hydric seasonality, with
semi-arid regions receiving less than 800 mm of precipitation per year [18,81]. In these
environments, water scarcity imposes significant challenges for plant species, necessitating
morpho physiological adaptations for survival. It is important to consider that native
forest populations within the Dry Diagonal, face considerable challenges due to adverse
climatic conditions, particularly the combined effects of temperature, water deficits, and
irregular rainfall patterns, which directly influence population dynamics [16,17]. Natural
wildfires during the dry season also play a crucial role, affecting key processes such as
seed germination, growth, and reproduction, as observed in the Brazilian Savanna [15,82].
Additionally, habitat fragmentation caused by anthropogenic activities exacerbates genetic
isolation among populations, compromising genetic diversity and species resilience to
environmental changes. Some authors suggest that categorizing the Dry Diagonal requires
analyzing its subregions, as each has distinct ecological characteristics. The Caatinga dry
forest, predominantly located in the Northeast of Brazil, consists of xerophytic vegetation
adapted to prolonged droughts, including deciduous species and cacti [14,15]. The Cerrado,
in the Brazilian Central Plateau, features savanna formations ranging from open grasslands
to dense woodlands and harbors exceptional biodiversity. The Pantanal, despite being
renowned for its wetlands, also comprises dry-adapted vegetation, particularly along its
margins [83].

As previously discussed, it is important to highlight that studies by various authors
describe potential adaptations to these extreme conditions [84]. Young individuals of M.
urundeuva subjected to water deficit exhibited reduced photosynthetic rates and stomatal
conductance, indicating a water-use conservation strategy. However, they maintain the
integrity of the photosynthetic apparatus, suggesting efficient protective mechanisms
against photo-oxidative damage [85]. The accumulation of proline in leaves contributes
to osmoregulation, helping sustain cellular water potential. Furthermore, the species
demonstrates a high capacity for post-stress recovery, rapidly restoring relative water
content and photosynthetic activity upon rehydration. This functional resilience is a critical
adaptive trait for coping with the hydric variability of the Dry Diagonal [86]. During early
development, seed germination and seedling vigor are highly dependent on soil moisture.
Water deficits can hinder root growth and leaf formation; however, morphological and
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anatomical adaptations, such as reduced leaf area and increased stomatal density, help
minimize water loss through transpiration [78,87].

These physiological responses, together with the findings of this study, suggest that M.
urundeuva possesses a suite of adaptive traits conferring tolerance to the hydric stress typical
of the Dry Diagonal, particularly the pressures in the Caatinga dry forests. Understanding
these mechanisms is essential to inform conservation strategies and the sustainable man-
agement of this species, especially in restoration programs for degraded semi-arid regions
in Brazil. In this sense, the application of “adaptive association” is extensive and necessary,
as it can inform the conservation of threatened species or can be used for commercial
purposes, genetic improvement, cultivar breeding, or reforestation in ex situ areas for
species of interest. Adaptive association is based on the understanding and identification
of functional loci and the quantification of genetic contributions to complex adaptive traits.
Thus, understanding the fundamentals and applications of adaptive association is essential
to interpret genetic data in a context of environmental and evolutionary changes [88-90].

As long as populations can maintain sufficiently high levels of fertility and genetic
variation, the ability to adapt to rapidly changing climates may be sufficient to maintain
trees across the landscape, although these populations may experience some delay in
adaptation over several generations [91]. Generalized species with high fecundity occurring
in large populations are likely to be able to adapt to climate change in relatively few
generations and survive during this period, as major competitors will face the same fate
of short-term poor adaptation. High rates and distances of seed and pollen dispersal will
also positively contribute to their adaptability and migration [91]. On the other hand,
species occurring in small and fragmented populations, or those with low fecundity or late
sexual maturity, reproductive characteristics more typical of later successional species and
high-altitude habitats, are likely to experience greater adaptive delay [91]. Due to its wide
geographical distribution, M. urundeuva demonstrates climatic and environmental plasticity
to withstand forthcoming adaptive challenges. Studies on reforestation and acclimatization
of the species in different biomes are needed to verify this theory. Nevertheless, the
literature enables us to infer about the adaptability of the species under adverse growth
conditions typical of their biomes of origin [92-101].

3.4. Conservation in Light of Genetic Divergence and Implications for Non-Model Species

Research on population genomics and speciation [102] is fundamental, as they can
provide more conclusive understanding of the mechanisms acting in the speciation and
radiation of forest populations. Regarding M. urundeuva, when combined with future
research on regions associated with adaptability, genes related to disease or stress resis-
tance, and the complete genomic mapping of the species, the findings of this study could
contribute to a better understanding of diversity patterns in the respective biomes of the
species occurrence, their adaptations, and possible future speciation resulting from climatic
influences. Although, SNP polymorphism data allow us to infer about population diver-
sity and differentiation, the ability to detect levels of selection at play is limited due to
various factors, one of which is low polymorphism density within a single species [102].
The authors also highlight that these issues can be improved by analyzing polymorphism
across multiple related species and combining polymorphism and divergence data into a
single analysis.

An analysis of this scope is possible, as M. urundeuva shares its genus with Myracro-
druon balansae within the Anacardiaceae family. This species occurs in the Pampas in
southern Brazil, Argentina, and Paraguay [103], and has close kinship with Astronium frax-
inifolium, popularly known as gongalo-alves, and Astronium graveolens, known as guarita.
All these species were previously classified under the genus Astronium and later subdivided

https://doi.org/10.3390/plants15101505


https://doi.org/10.3390/plants15101505

Plants 2026, 15, 1505

13 of 23

into subgenera Myracrodruon and Astronium [104]. Thus, there is high probability of genetic
proximity between the genera and the potential for sharing of common markers across
the species.

4. Materials and Methods
4.1. Materials

Leaf samples were collected from M. urundeuva individuals cultivated in conserved ex
situ progeny and provenance tests established from four biomes: Caatinga, Cerrado, At-
lantic Forest, and Pantanal. Thus, these samples represent natural populations originating
from the different biomes where the species occurs. The progeny tests are installed at the
Teaching, Research, and Extension Farm (FEPE) of the Ilha Solteira School of Engineering
(FEIS), Sao Paulo State University (UNESP), located in the municipality of Selviria, Mato
Grosso do Sul, Brazil (Table 1). Additionally, leaf samples were collected from individuals
in the ecotone between the Brazilian Savanna and the Atlantic Forest, located on the border
between the states of Mato Grosso do Sul and Sao Paulo. This area is an in situ conserva-
tion site established as an Active Germplasm Bank (BAG), in the municipality of Rosana,
Sao Paulo. A total of 115 individuals were collected for this study, from 12 populations
(Figure 5). Each biome is described in Table 2.

Table 1. Characteristics of ex situ conservation progeny tests installed at the Teaching, Research, and
Extension Farm, Ilha Solteira Faculty of Engineering (FEPE/FEIS/UNESP), Selviria, Mato Grosso do
Sul, Brazil.

Population Code Biome Installation
Petrolina—PE PE Caatinga dry forest 12/1992
Serid6—RN SE Caatinga dry forest 04/1997
Bauru—SP BU Brazilian Savanna 12/1987
Cuiaba—MT CB Brazilian Savanna 01/2010
Itaruma—GO 1T Brazilian Savanna 06/2004
Selviria—MS SV Brazilian Savanna-Atlantic Forest Ecotone (BAE) 12/1987
Paulo de Faria—SP PF Atlantic Forest 04/1997
Ribeirao Preto—SP RP Atlantic Forest 10/2006
Aquidauana—MS AQ Pantanal Wetland 12/2010
Corumbda—MS CcO Pantanal Wetland 11/2023
Miranda—MS MI Pantanal Wetland 11/2023

Table 2. Environmental characteristics of the Atlantic Forest, Brazilian Savanna, Caatinga, Pantanal,
and the Cerrado-Atlantic Forest ecotone (BAE) biomes, including average temperature, precipitation,
elevation, soil characteristics, and other relevant characteristics.

Biome Averagoe Precipitation Elevation Soil Key Characteristics References
Temp. (°C) (mm) (m)
High biodiversity; dense
Moist, shallow, perennial vegetation with
Atlantic not naturally the presence of epiphytes;
Forest 20t0 26 1200 t0 2200 0to 2000 fertile, but rich humid climate with [105]
in humus well-distributed rainfall
throughout the year.
Acidic, See}sonal troplce}l climate
. with a well-defined dry
Brazilian nubrent-poor, o on; vegetation composed
22 to 33 1200 to 1800 300 to 1600  with high water ’ [106]
Savanna e . of grasses, shrubs and small
infiltration .
. trees with deep roots;
capacity

natural occurrence of fires.
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Table 2. Cont.
Biome Averagoe Precipitation Elevation Soil Key Characteristics References
Temp. (°C) (mm) (m)
Semi-arid climate with long
Shallow, stony, periods of drought;
Caatinga 25 t0 30 500 to 700 0 to 500 withlittle  drought-adapted vegetation, )/,
organic matter; including cacti and small
relatively fertile shrubs; fauna adapted to
arid conditions.
Transition area with a
Mixed. varvin mosaic of vegetation from
' VaIYME  the Cerrado and the Atlantic
between soil . . .
Ecotone characteristics Forest; high biodiversity due
20 to 24 1200 to 1800 300 to 800 to the overlap of species [108]
(BAE) of the Cerrado . s
from both biomes; sensitive
and the .
. to environmental changes
Atlantic Forest .
due to its
ecological complexity.
Alluvial soils, Largest floodplain in the
L world; alternates between
rich in .
nutrients periods of flood and
Pantanal 22to 32 800 to 1500 80 to 150 subect to/ drought; high biodiversity [109,110]
o gio dic with the presence of aquatic
penos and terrestrial species
flooding

adapted to seasonal floods.

Biomes

M. urundeuva Populations

Amazon Rain Forest

Brazilian Savanna

Atlantic Forest N
Caatinga Dy Forest
Pampas Steplands
Pantanal Wetlands S

1000 km

O UNESP Teaching, Research, and Extension Farm
id6 - RN ibeira -
01 Seridé 07 Ribeirdo Preto - SP
Petrolina - PE Aquidauana - MS

9, O, A4
\ 03 Bauru - SP 09 Miranda - MS

04 Itaruma - GO 010 Corumba - MS

05 Cuiaba - MT 011 Rosana - SP

@ Paulo de Faria - SP Q@ _ selviria-Ms

6 12

Figure 5. Location of original natural populations in their respective biomes from collected matrices
for the installation of M. urundeuva progeny tests installed ex situ at the Teaching, Research, and
Extension Farm (FEPE), Ilha Solteira Faculty of Engineering (FEIS), Selviria, Mato Grosso do Sul, and
at the Active Germplasm Bank (BAG), an in situ conservation area, in the municipality of Rosana, Sao
Paulo. State Acronyms: RN—Rio Grande do Norte; PE—Pernambuco; SP—Sao Paulo; GO—Goiés;
MT—Mato Grosso; MS—Mato Grosso do Sul.
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4.2. Methods
4.2.1. DNA Extraction and Library Preparation for Double Digest Restriction Associated
DNA Sequencing (ddRADseq)

Genomic DNA extraction followed an adapted protocol using 3% Cetyltrimethylam-
monium Bromide (CTAB) method [111]. Quantification was subsequently performed using
a NanoDrop ND-1000 Spectrophotometer (NanoDrop Products, Wilmington, DE, USA),
and DNA integrity was verified on 1% agarose gels with TBE buffer (Tris/Borate/EDTA)
(1x) with a constant voltage of 120 V for one hour.

For the preparation of sequencing libraries, a protocol for ddRADseq [27,112] was
followed starting with 500 ng of DNA. Digestion was performed using EcoRI and Mspl
restriction enzymes (New England Biolabs, Ipswich, MA, USA). and selection of fragments
between 350 and 500 bp. Samples were indexed using Nextera XT v2 kit (sets A and B). All
samples were purified using magnetic beads ProNex® Size-Selective Purification System
kit (Promega Corporation, Madison, WI, USA), quantified using Qubit™ dsDNA HS Assay
Kit (Thermo Fisher Scientific, Waltham, MA, USA), and the final pool size checked by
High Sensitivity D1000 ScreenTape Assay for TapeStation Systems (Agilent Technologies,
Santa Clara, CA, USA) Details of the procedures and adaptations can be found in previous
publications [112]. The libraries were sequenced with single-end 150 bp reads using the
INlumina Nextseq500 platform (Illumina, San Diego, CA, USA).

4.2.2. Data Analysis: Read Processing, SNP Identification, Genetic Diversity, and
Climate Association

To assess the quality of raw data, the FastQC v0.12.1 program [113] followed by
STACKS v2.71 software [114] were used to identify SNP loci in sequenced individuals.
The denovo_map.pl module was used as there is no reference genome available for M.
urundeuva. All individuals were treated as a single population to minimize missing data.
The filtered and analyzed data were exported with parameters set to r70 and -min-maf
0.05. To build the reference catalog in the denovo_map.pl module, several tests were
conducted [115] with m ranging from 3 to 8, M ranging from 1 to 8, and n ranging from 1 to
8 [114,116]. Linkage disequilibrium was evaluated with PLINK v1.07 [117].

For statistical analysis, specific R software v4.3.1 (R Core Team), environment pack-
ages and well-established methods were employed. Discriminant Analysis of Principal
Components (DAPC) was performed using the “adegenet” package v2.0.0 in the R en-
vironment [118]. Additionally, Principal Component Analysis (PCA) was conducted to
ordinate the data, which is a widely used method across various fields, including ecology,
with statistical tools available in R [119]. Sample by pop assignment were plotted using
ggplot2 v3.4.3 [120]

The fineRADstructure software [121] was used to identify population structure based
on nearest neighbor haplotype coancestry, calculating the closest haplotypes and assem-
bling a coancestry matrix, using default parameters (—x 100,000 —y 1,000,000 —z 1000).
Furthermore, Analysis of Molecular Variance (AMOVA) was conducted using the “poppr”
package v2.9.4 [122] to assess genetic differentiation among M. urundeuva populations.

The Mantel Test was used to assess the relationship between genetic and geographi-
cal distances, contributing to a comprehensive understanding of the species population
structure. This isolation-by-distance analysis was based on geographical distances in
kilometers and genetic distance from the fixation index among populations, using the
“vegan” package v2.6-4 [123] for Mantel and “StAMPP” package v1.6.3 [124] for Fg;
estimates between populations.

The fixation coefficient (F) [125] was calculated to evaluate genetic differentiation
among subpopulations, while allelic richness and private alleles were used to quantify the
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genetic diversity, highlighting unique alleles in each subpopulation. Additionally, observed
and expected heterozygosities were calculated to assess observed and expected genetic
variability in M. urundeuva populations. These datasets were obtained using the “hierfstat”
package v0.5-11 [126] in R, with 1000 bootstraps.

To identify loci potentially involved in adaptation, two methods were employed:
principal component analysis with the “pcadapt” package v4.3.3 [127]; and Redundancy
Analysis (RDA) using the “psych” v2.2.9 [128] and “vegan” v2.6-4 [123] packages in R.
This multivariate statistical technique allowed us to explore the relationships between
environmental and genetic factors influencing the M. urundeuva population structure.

Nineteen climatic variables were extracted from the WorldClim database [129] and
plotted with geographical coordinates in QGIS software v3.32.3. Correlated variables
(values greater than 0.80) were removed from the analysis. For each analyzed individual,
data were exported based on its geographical coordinates from the original population and
then analyzed in terms of genetic diversity and correlation with climatic variables. This
was done to select SNPs that were highly related to one or more variable as potential loci
of local adaptability of the analyzed population. Principal Coordinates Analysis (PCoA)
was conducted using data provided by WorldClim [129] allowing spatial visualization of
climatic variations and their influence on the distribution of the studied populations. All
climatic variables used for the analysis are included in Supplementary Data S7.

5. Conclusions

The analyzed M. urundeuva populations of the Caatinga, Brazilian Savanna, ecotone,
Atlantic Forest, and Pantanal biomes exhibited substantial genetic variability, indicating
the influence of region-specific environmental and historical drivers. Caatinga populations
showed the highest levels of genetic differentiation, consistently forming a distinct cluster
relative to the other biomes. In contrast, populations from the Brazilian Savanna and
Atlantic Forest presented greater genetic similarity, suggesting historical connectivity or
ongoing gene flow between these regions.

Levels of observed heterozygosity were consistent across different analyses for the
species and reflect the capacity of M. urundeuva to cope with environmental pressures.
The correlations found between genetic patterns and climatic variables also indicate that
populations have the potential to respond to local environmental conditions, offering
perspectives on the role of climate in shaping adaptive genetic variation and response to
climate change.

The pronounced divergence observed for the Caatinga populations highlights the need
for broader sampling in the northeastern region of Brazil to better characterize the genetic
patterns in this biome. These findings emphasize the importance of considering both
genetic structure and local adaptation for native species conservation and management
strategies, with the goal of maintaining genetic diversity across biomes to preserve the
evolutionary potential of the species.

Overall, the results reinforce the need to continue to build genomic resources for native
South American species. Broader SNP discovery, genome-enabled analyses, and integrated
molecular approaches will provide a stronger foundation for conservation planning and
sustainable use, supporting the long-term preservation of ecologically and economically
important native tree species.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants15101505/s1, Supplementary Data S1: Estimation of pri-
vate alleles in M. urundeuva from the biomes of the species occurrence in Brazil. Populations: Atlantic
Forest: Paulo de Faria (PF), Ribeirao Preto (RP). Brazilian Savanna: Bauru (BU), Cuiaba (CB), Itaruma,
(IT). Brazilian Savana-Atlantic Forest Transition (BAT): Active Germplasm Bank (BAG), Selviria (SV).
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Caatinga dry forest: Petrolina (PE), Serid6 (SE). Pantanal Wetlands: Aquidauana (AQ), Corumbé
(CO), Miranda (MI). Supplementary Data S2: Estimation of allelic richness in M. urundeuva from
the biomes of the species occurrence in Brazil. Populations: Atlantic Forest: Paulo de Faria (PF),
Ribeirao Preto (RP). Brazilian Savanna: Bauru (BU), Cuiabé (CB), Itaruma, (IT). Brazilian Savana-
Atlantic Forest Transition (BAT): Active Germplasm Bank (BAG), Selviria (SV). Caatinga dry forest:
Petrolina (PE), Serid6 (SE). Pantanal Wetlands: Aquidauana (AQ), Corumba (CO), Miranda (MI).
Supplementary Data S3: Estimation of observed and expected heterozygosity in M. urundeuva from
the biomes of the species occurrence in Brazil. Populations: Atlantic Forest: Paulo de Faria (PF),
Ribeirao Preto (RP). Brazilian Savanna: Bauru (BU), Cuiabé (CB), Itaruma, (IT). Brazilian Savana-
Atlantic Forest Transition (BAT): Active Germplasm Bank (BAG), Selviria (SV). Caatinga dry forest:
Petrolina (PE), Serid6 (SE). Pantanal Wetlands: Aquidauana (AQ), Corumba (CO), Miranda (MI).
Supplementary Data S4: Correlation by principal component analysis (PCA) in M. urundeuva from
the biomes of the species occurrence in Brazil. Populations: Atlantic Forest: Paulo de Faria (PF),
Ribeirao Preto (RP). Brazilian Savanna: Bauru (BU), Cuiabé (CB), Itaruma, (IT). Brazilian Savana-
Atlantic Forest Ecotone (BAE): Active Germplasm Bank (BAG), Selviria (SV). Caatinga dry forest:
Petrolina (PE), Serid6 (SE). Pantanal Wetlands: Aquidauana (AQ), Corumba (CO), Miranda (MI).
Supplementary Data S5: Isolation analysis by distance by the Mantel test. Significant clustering
between 0-1000km (comparison of genetic distances between central-western and southeastern popu-
lations of Brazil) and between above ~1250km-2500km distance (comparison between northeastern
populations of Brazil). Supplementary Data S6: AMOVA (Analysis of Molecular Variance) for M.
urundeuva populations from biomes of the species occurrence in Brazil. Supplementary Data S7:
Climatic variables (PCoA) in M. urundeuva from the biomes of the species occurrence in Brazil. Pop-
ulations: Atlantic Forest: Paulo de Faria (PF), Ribeirdao Preto (RP). Brazilian Savanna: Bauru (BU),
Cuiabd (CB), Itaruma, (IT). Brazilian Savana-Atlantic Forest Transition (BAT): Active Germplasm Bank
(BAG), Selviria (SV). Caatinga dry forest: Petrolina (PE), Serid6 (SE). Pantanal Wetlands: Aquidauana
(AQ), Corumba (CO), Miranda (MI).
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AFLP Amplified Fragment Length Polymorphism
AMOVA Analysis of Molecular Variance

BAG Rosana
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CB Cuiabd
CcO Corumba
CTAB Cetyltrimethylammonium Bromide
DAPC Discriminant Analysis of Principal Components
ddRADseq Double Digest Restriction Associated DNA Sequencing
FEIS ITha Solteira School of Engineering
FEPE Teaching, Research, and Extension Farm
FST Wright's Fixation Coefficient
He Expected heterozygosity
Ho Observed heterozygosity
IT Ttaruma
MI Miranda
NGS Next-Generation Sequencing
PCA Principal Component Analysis
PCoA Principal Coordinates Analysis
PE Petrolina
PF Paulo de Faria
RADseq Restriction Digest Associated DNA Sequencing
RAPD Random Amplified Polymorphic DNA
RDA Redundancy Analysis
RP Ribeirao Preto
SE Seridé
SNPs Single Nucleotide Polymorphisms
SV Selviria
TBE buffer  Tris/Borate/EDTA
UNESP Sao Paulo State University
References
1.  Da Costa, R.B.; Almeida, E.V,; Kaiser, P.; Azevedo, L.P.d.A.; Martinez, D.T.; Tsukamoto Filho, A.d.A. Avaliacao genética em

10.

11.

progénies de Myracrodruon urundeuva Fr. All. na regiao do Pantanal, estado do Mato Grosso. Rev. Bras. Ciéncias Agrdrias 2011, 6,
685-693. [CrossRef]

Damasceno-Junior, G.A.; Pott, A.; Pott, V.J.; Silva, J.d.S.V.d. Florestas Estacionais no Pantanal: Considera¢des Floristicas e
Subsidios para Conservagao. Geogr. Rio Claro 2009, 34, 697-707.

Pereira Janior, L.R.; De Andrade, A.P,; Aratjo, K.D.; Barbosa, A.S.; Barbosa, EM. Espécies da Caatinga como Alternativa para o
Desenvolvimento de Novos Fitofarmacos. Floresta Ambiente 2014, 21, 509-520. [CrossRef]

Pott, A.; Pott, VJ. The Brazilian Pantanal: Vegetation, physiognomy, and floristic considerations. In The Pantanal: Ecology,
Biodiversity and Sustainable Management of a Large Neotropical Seasonal Wetland; Junk, W.J., da Silva, C.J., Eds.; Pensoft Publishers:
Sofia, Bulgaria, 2004; pp. 223-274. [CrossRef]

De Souza, A.P.; Mota, L.L.d.; Zamadei, T.; Martin, C.C.; Almeida, FT.d.; Paulino, ]J. Classificagcao climética e balanco hidrico
climatolégico no estado de Mato Grosso. Nativa 2013, 1, 34-43. [CrossRef]

Aratjo Neto, ].B.; Costa, M.; Brandao de Souza, A. Estudo Etnobotanico de Plantas Medicinais em uma Comunidade Urbana
de Juazeiro do Norte—CE. In Proceedings of the Anais do IV Simpésio Brasileiro de Recursos Naturais do Semiarido—SBRNS,
Crato-Ceard, Brasil, 22-24 May 2019. [CrossRef]

Campos, J.L.A.; Albuquerque, U.P. Indicators of conservation priorities for medicinal plants from seasonal dry forests of
northeastern Brazil. Ecol. Indic. 2021, 121, 106993. [CrossRef]

Duarte, M.R,; Schroder, L.M.; Toledo, M.G.; Yano, M.; Machado, A.A.; Modolo, A K. Anatomia foliar comparada de espécies de
aroeira: Myracrodruon urundeuva Allemao e Schinus terebinthifolius Raddi. Visdo Académica 2009, 10, 18-28. [CrossRef]

Lucena, D.B.J.; Servain, J.; Gomes Filho, M.F.G. Rainfall Response in Northeast Brazil from Ocean Climate Variability during the
Second Half of the Twentieth Century. J. Clim. 2011, 24, 6174-6184. [CrossRef]

Machado, A.C.; Oliveira, R.C. Medicamentos Fitoterapicos na Odontologia: Evidéncias e Perspectivas sobre o Uso da Aroeira-do-
Sertao (Myracrodruon urundeuva Allemao). Rev. Bras. Plantas Med. 2014, 16, 283-289. [CrossRef]

Silva, L.L.H.; Oliveira, E.; Calegari, L.; Pimenta, M.C.; Dantas, M.K.L. Caracteristicas Dendrométricas, Fisicas e Quimicas da
Myracrodruon urundeuva e da Leucaena leucocephala. Floresta Ambiente 2017, 24, €20160022. [CrossRef]

https://doi.org/10.3390/plants15101505


https://doi.org/10.5039/agraria.v6i4a1277
https://doi.org/10.1590/2179-8087.024212
https://doi.org/10.1007/s11273-005-1754-1
https://doi.org/10.31413/nativa.v1i1.1334
https://doi.org/10.18068/IVSBRNS.2019.020
https://doi.org/10.1016/j.ecolind.2020.106993
https://doi.org/10.5380/acd.v10i1.21315
https://doi.org/10.1175/2011JCLI4194.1
https://doi.org/10.1590/S1516-05722014000200018
https://doi.org/10.1590/2179-8087.002216
https://doi.org/10.3390/plants15101505

Plants 2026, 15, 1505 19 of 23

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.
33.

34.

35.

Sousa, R.F; Alves, C.A.B.; Lucena, R EP; Aratijo, ].A.S.; Santos, S.S.; Leite, A.P.; Gomes, D.S. Estudo etnobotanico de Myracrodruon
urundeuva Allemao no Vale do Piancé (Paraiba, Nordeste, Brasil). Rev. Biol. Farmdcia—Biofar 2012, 7, 72-83.

Tung, E.S.C.; Moraes, M.L.T.; Freitas, M.L.M.; Florsheim, S.M.B.; Lima, I.L.; Longui, E.L.; Sebbenn, A.M.; Santos, FW. Variagao,
divergéncia e correlagbes genéticas entre caracteres silviculturais e densidade basica da madeira em progénies de Myracrodruon
urundeuva (Engler) Fr. Allem. Rev. Inst. Florest. 2011, 23, 1-12. [CrossRef]

Werneck, F.P. The diversification of eastern South American open vegetation biomes: Historical biogeography and perspectives.
Quat. Sci. Rev. 2011, 30, 1630-1648. [CrossRef]

Lima, N.E; Carvalho, A.A.; Lima-Ribeiro, M.S.; Manfrin, M.H. Characterization and biogeographic history of neotropical dry
ecosystems. Rodriguésia 2018, 69, 2209-2222. [CrossRef]

Pennington, R.T.; Prado, D.E.; Pendry, C.A. Neotropical seasonally dry forests and Quaternary vegetation changes. J. Biogeogr.
2000, 27, 261-273. [CrossRef]

Collevatti, R.G.; Lima, N.E.; Vitorino, L.C. The Diversification of Extant Angiosperms in the South America Dry Diago-
nal. In Neotropical Diversification: Patterns and Processes; Rull, V., Carnaval, A., Eds.; Fascinating Life Sciences; Springer:
Cham, Switzerland, 2020. [CrossRef]

Xavier, M.S.A.; Nascimento, J.E.M.; Felix, J.A.; de S. Muniz, VI.M.; Pereira, ].O.P,; Alves, J.E. The influence of collection methods
and pluviometry on bee pollen productivity in the Caatinga. Rev. Ciéncias Agroveterindrias 2020, 19, 440—445. [CrossRef]

Silva, P1.T.; Silva-Junior, O.B.; Resende, L.V.; Sousa, V.A.; Aguiar, A.V,; Grattapaglia, D. A 3K Axiom SNP array from a
transcriptome-wide SNP resource sheds new light on the genetic diversity and structure of the iconic subtropical conifer tree
Araucaria angustifolia (Bert.) Kuntze. PLoS ONE 2020, 15, €0230404. [CrossRef]

Dias, U.N.S,; Alves, L.C.; Sa Braga, M.EN.; Souza, M.C;; Silva, L.EFE; Sousa, W.S.; Carvalho, FA.; Pifano, D.S. O componente
arbustivo-arbéreo em drea de Depressao Sertaneja Meridional em Petrolina, PE. Pesqui. Florest. Bras. 2018, 38. [CrossRef]
Empresa Brasileira De Pesquisa Agropecudria—EMBRAPA. Sistema Brasileiro de Classificacio de Solos (SiBCS);
Brasil, Ministério da agricultura, Pecuaria e Abastecimento: Brasilia, Brasil, 2007; 206p. Available online:
https:/ /livimagens.sct.embrapa.br/amostras/00053080.pdf (accessed on 2 April 2025).

Do Nascimento, E.R.; Santos, J.L.; Gouveia, S.F. Configuragdo dos remanescentes florestais em uma drea da Mata Atlantica do
nordeste do Brasil: Orientando medidas de conservacao em escala municipal. Sci. Plena 2016, 12, 10. [CrossRef]

Santos, PH.R.; Giordani, S.C.O.; Soares, B.C.; Silva, FH.L.; Esteves, E.A.; Fernandes, ].S.C. Genetic divergence in populations of
Caryocar brasiliense Camb. From the physical characteristics of the fruits. Rev. Arvore 2018, 42, €420116. [CrossRef]

Hampe, A; Petit, R.]J. Conserving Biodiversity under Climate Change: The Importance of the Rear Edge Matters. Ecol. Lett. 2005,
8, 461-467. [CrossRef]

Andrews, K.R,; Good, ].M.; Miller, M.R.; Luikart, G.; Hohenlohe, P.A. Harnessing the power of RADseq for ecological and
evolutionary genomics. Nat. Rev. 2016, 17, 81-92. [CrossRef]

Deschamps, S.; Llaca, V.; May, G.D. Genotyping-by-Sequencing in Plants. Biology 2012, 1, 460-483. [CrossRef] [PubMed]
Peterson, B.K.; Weber, ].N.; Kay, E.H.; Fisher, H.S.; Hoekstra, H.E. Double digest RADseq: An inexpensive method for de novo
SNP discovery and genotyping in model and non-model species. PLoS ONE 2012, 7, €37135. [CrossRef]

Fouet, C.; Kamdem, C.; Gamez, S.; White, B.]. Extensive genetic diversity among populations of the malaria mosquito Anopheles
moucheti revealed by population genomics. Infect. Genet. Evol. 2017, 48, 27-29. [CrossRef]

Morin, P.A.; Martien, K.K.; Taylor, B.L. Assessing statistical power of SNPs for population structure and conservation studies.
Mol. Ecol. Resour. 2009, 9, 66-73. [CrossRef]

Thrasher, D.J.; Butcher, B.G.; Campagna, L.; Webster, M.S.; Lovette, I.]. Double-digest RAD sequencing outperforms microsatellite
loci at assigning paternity and estimating relatedness: A proof of concept in a highly promiscuous bird. Mol. Ecol. Resour. 2018,
18, 953-965. [CrossRef]

Vianna, L.S. Caracterizagao da diversidade genética de duas populagoes naturais de Vochysia bifalcata WARM no Parque Nacional
Do Capara6/ES. Nucleus 2015, 12. [CrossRef]

Wright, S. Evolution in Mendelian Populations. Genetics 1931, 16, 97-159. [CrossRef]

Honorio Coronado, E.N.; Blanc-Jolivet, C.; Mader, M.; Garcia-D4vila, C.R.; Aldana Gomero, D.; Del Castillo Torres, D.; Flores
Llampazo, G.; Hidalgo Pizango, G.; Sebbenn, A.M.; Meyer-Sand, B.R.V,; et al. SNP Markers as a Successful Molecular Tool
for Assessing Species Identity and Geographic Origin of Trees in the Economically Important South American Legume Genus
Dipteryx. J. Hered. 2020, 111, 346-356. [CrossRef] [PubMed]

Chaves, C.L.; Degen, B.; Pakull, B.; Mader, M.; Honorio, E.; Ruas, P; Tysklind, N.; Sebbenn, A.M. Assessing the Ability of
Chloroplast and Nuclear DNA Gene Markers to Verify the Geographic Origin of Jatoba (Hymenaea courbaril L.) Timber. |. Hered.
2018, 109, 543-552. [CrossRef] [PubMed]

Meyer-Sand, B.R.V.; Blanc-Jolivet, C.; Mader, M.; Paredes-Villanueva, K.; Tysklind, N.; Sebbenn, A.M.; Guichoux, E.; Degen, B.
Development of a set of SNP markers for population genetics studies of Ipe (Handroanthus sp.), a valuable tree genus from Latin
America. Conserv. Genet. Resour. 2018, 10, 779-781. [CrossRef]

https://doi.org/10.3390/plants15101505


https://doi.org/10.24278/2178-5031.2011231281
https://doi.org/10.1016/j.quascirev.2011.03.009
https://doi.org/10.1590/2175-7860201869445
https://doi.org/10.1046/j.1365-2699.2000.00397.x
https://doi.org/10.1007/978-3-030-31167-4_21
https://doi.org/10.5965/223811711942020440
https://doi.org/10.1371/journal.pone.0230404
https://doi.org/10.4336/2018.pfb.38e201701502
https://livimagens.sct.embrapa.br/amostras/00053080.pdf
https://doi.org/10.14808/sci.plena.2016.081001
https://doi.org/10.1590/1806-90882018000100016
https://doi.org/10.1111/j.1461-0248.2005.00739.x
https://doi.org/10.1038/nrg.2015.28
https://doi.org/10.3390/biology1030460
https://www.ncbi.nlm.nih.gov/pubmed/24832503
https://doi.org/10.1371/journal.pone.0037135
https://doi.org/10.1016/j.meegid.2016.12.006
https://doi.org/10.1111/j.1755-0998.2008.02392.x
https://doi.org/10.1111/1755-0998.12771
https://doi.org/10.3738/1982.2278.1159
https://doi.org/10.1093/genetics/16.2.97
https://doi.org/10.1093/jhered/esaa011
https://www.ncbi.nlm.nih.gov/pubmed/32402074
https://doi.org/10.1093/jhered/esy017
https://www.ncbi.nlm.nih.gov/pubmed/29668954
https://doi.org/10.1007/s12686-017-0928-5
https://doi.org/10.3390/plants15101505

Plants 2026, 15, 1505 20 of 23

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Silva-Junior, O.B.; Grattapaglia, D.; Novaes, E.; Collevatti, R.G. Genome assembly of the Pink Ipé (Handroanthus impetiginosus,
Bignoniaceae), a highly valued, ecologically keystone Neotropical timber forest tree. Gigascience 2018, 7, gix125. [CrossRef]
Parchman, T.L.; Gompert, Z.; Mudge, J.; Schilkey, E.D.; Benkman, C.W.; Buerkle, C.A. Genome-wide association genetics of an
adaptive trait in lodgepole pine. Mol. Ecol. 2012, 21, 2991-3005. [CrossRef]

Souza, D.C.L.; Rossini, B.C.; de Souza, EB.; Sebbenn, A.M.; Marino, C.L.; Moraes, M.L.T. Development of microsatellite markers
for Myracrodruon urundeuva (EF. & MLE. Allemao), a highly endangered species from tropical forest based on next-generation
sequencing. Mol. Biol. Rep. 2018, 45, 71-75. [CrossRef] [PubMed]

Caetano, S.L.; Grattapaglia, D.; Shepherd, M.; Sederoff, R.R. Identification of microsatellite markers in a neotropical seasonally
dry Forest tree, Astronium urundeuva (Anacardiaceae). Mol. Ecol. Notes 2005, 5, 21-23. [CrossRef]

Gaino, C.L.; Moraes, M.L.T.; Moreira, ].P,; Cardin, L.T.; Moraes, M. A ; Silva, A.M.; Freitas, M.L.M.; Sebbenn, A.M. Mating system
in Myracrodruon urundeuva (Anarcadiaceae): Implications for conservation genetics. Rev. Bras. Bot. 2011, 34, 545-551. [CrossRef]
Freitas, M.L.M; Faria, D.A ; Silva, A.M.; Sebbenn, A.M. Mating system of a population of Myracrodruon urundeuva FF. & M.F.
Allemao using the fAFLP molecular marker. Genet Mol. Biol. 2004, 27, 425-431. [CrossRef]

Freitas, M.L.M.; De Andrade Aukar, A.P; Sebbenn, A.M.; De Moraes, M.L.T.; Lemos, E.G.M. Variabilidade genética intrapopula-
cional em Myracrodruon urundeuva Fr. All. por marcador AFLP. Sci. For. 2005, 68, 21-28.

Freitas, M.L.M.; de Moraes, M.L.T.; Aukar, A.P.D. Variacao genética em progénies de Myracrodruon urundeuva FF. & M.F. Allemao
em trés sistemas de cultivo. Arvore 2006, 30, 319-329. [CrossRef]

Reis, A.M.M.; Grattapaglia, D. RAPD variation in a germplasm collection of Myracrodruon urundeuva (Anacardiaceae), an
endangered tropical tree: Recommendations for conservation. Genet. Resour. Crop Evol. 2004, 51, 529-538. [CrossRef]

Rossini, B.C.; de Moraes, M.L.T.; Marino, C.L. Complete chloroplast genome of Myracrodruon urundeuva and its phylogenetics
relationships in Anacardiaceae family. Physiol. Mol. Biol. Plants 2021, 27, 801-814. [CrossRef]

Fady, B.; Aravanopoulos, F.A.; Alizoti, P.; Métyas, C.; von Wiihlisch, G.; Westergren, M.; Belletti, P.; Cvjetkovic, B.; Ducci, F,;
Huber, G.; et al. Evolution-based approach needed for the conservation and silviculture of peripheral forest tree populations. For.
Ecol. Manag. 2016, 375, 66-75. [CrossRef]

Kageyama, P.Y.,; Gandara, EB.; Souza, L.M.I. Consequéncias genéticas da fragmentagao sobre populagoes de espécies arbéreas.
Série Técnica IPEF 1998, 12, 65-70.

Moraes, M.L.T.; Kageyama, P.Y.; Siqueira, A.C.M.E,; Kano, N.K.; Cambuim, J. Variacao genética em duas populacoes de aroeira
(Astronium urundeuva (Fr. All.) Engl—Anacardiaceae). Rev. Inst. Florest. 1992, 4, 1241-1245. [CrossRef]

Sebbenn, A.M.; Kageyama, P.Y.; Siqueira, A.C.M.E,; Zanatto, A.C.S. Sistema de cruzamento em populagoes de Cariniana legalis
Mart. O. Ktze: Implicagoes para a conservacao e o melhoramento genético. Sci. For. 2000, 58, 25—40.

Sebbenn, A.M.; Carvalho, A.C.M.; Freitas, M.L.M.; Moraes, S.M.B.; Gaino, A.P.S.C.; da Silva, ].M.; Jolivet, C.; Moraes, M.L.T. Low
levels of realized seed and pollen gene flow and strong spatial genetic structure in a small, isolated and fragmented population of
the tropical tree Copaifera langsdorffii Desf. Heredity 2011, 106, 134-145. [CrossRef]

Alberto, EJ.; Aitken, S.N.; Alia, R.; Gonzélez-Martinez, S.C.; Hanninen, H.; Kremer, A.; Lefevre, E,; Lenormand, T.; Yeaman, S.;
Whetten, R.; et al. Potential for Evolutionary Responses to Climate Change—Evidence from Tree Populations. Glob. Change Biol.
2013, 19, 1645-1661. [CrossRef]

Pfenninger, M.; Foucault, Q.; Waldvogel, A.-M.; Feldmeyer, B. Selective Effects of a Short Environmental Fluctuation in a Natural
Population. Ecol. Mol. 2022, 32, 335-349. [CrossRef]

Roque, R.H. Efeitos de Diferentes Intensidades de Corte Seletivo Sobre a Diversidade e Estrutura Genética de Uma Populagao
Natural de Araucaria Angustifolia (Bertol.) Kuntze (Araucariaceae) Acessada por Marcadores Microssatélites. Ph.D. Thesis,
Programa de P6s-Graduagao em Recursos Florestais, Universidade de Sao Paulo, Escola Superior de Agricultura “Luiz de
Queiroz”, Piracicaba, Brasil, 2023; 71p. [CrossRef]

Costa, L.S. Conservacdo da Biodiversidade Florestal: Uso de Simulagdes no Estudo de Diversidade Genética.
Undergraduate Thesis, Universidade Federal do Pampa, Sao Gabriel, Brasil, 2011; 61p. Available online:
https:/ /repositorioslatinoamericanos.uchile.cl/handle /2250/9198809 (accessed on 10 January 2025).

Bashalkhanov, S.; Pandey, M.; Rajora, O.P. A simple method for estimating genetic diversity in large populations from finite
sample sizes. BMC Genet. 2009, 10, 84. [CrossRef] [PubMed]

Viana, ].P.G,; Siqueira, M.V.B.M.; Araujo, F.L.; Grando, C.; Sujii, P.S,; Silvestre, E.A.; Novello, M.; Pinheiro, ].B.; Cavallari, M.M.;
Brancalion, PH.S.; et al. Genomic diversity is similar between Atlantic Forest restorations and natural remnants for the native
tree Casearia sylvestris Sw. PLoS ONE 2018, 13, e0192165. [CrossRef]

Vanhove, M.; Pina-Martins, F.; Coelho, A.C.; Branquinho, C.; Costa, A.; Batista, D.; Silva, A.; Sousa, P.; Henriques, A.; Marques, L;
et al. Using gradient Forest to predict climate response and adaptation in Cork oak. J. Evol. Biol. 2021, 34, 910-923. [CrossRef]
[PubMed]

https://doi.org/10.3390/plants15101505


https://doi.org/10.1093/gigascience/gix125
https://doi.org/10.1111/j.1365-294X.2012.05513.x
https://doi.org/10.1007/s11033-017-4142-z
https://www.ncbi.nlm.nih.gov/pubmed/29288424
https://doi.org/10.1111/j.1471-8286.2004.00814.x
https://doi.org/10.1590/S0100-84042011000400008
https://doi.org/10.1590/S1415-47572004000300019
https://doi.org/10.1590/S0100-67622006000300001
https://doi.org/10.1023/B:GRES.0000024159.48644.e6
https://doi.org/10.1007/s12298-021-00989-1
https://doi.org/10.1016/j.foreco.2016.05.015
https://doi.org/10.24278/2178-5031.199244786
https://doi.org/10.1038/hdy.2010.33
https://doi.org/10.1111/gcb.12181
https://doi.org/10.1111/mec.16748
https://doi.org/10.11606/T.11.2023.tde-05062023-155614
https://repositorioslatinoamericanos.uchile.cl/handle/2250/9198809
https://doi.org/10.1186/1471-2156-10-84
https://www.ncbi.nlm.nih.gov/pubmed/20003542
https://doi.org/10.1371/journal.pone.0192165
https://doi.org/10.1111/jeb.13765
https://www.ncbi.nlm.nih.gov/pubmed/33484040
https://doi.org/10.3390/plants15101505

Plants 2026, 15, 1505 21 0f23

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Costa, M.F,; Morales-Marroquin, J.A.; de Aradjo Batista, C.E.; Alves-Pereira, A.; de Almeida Vieira, F.; Zucchi, M.I. Population
genomics of the neotropical palm Copernicia prunifera (Miller) H. E. Moore: Implications for conservation. PLoS ONE 2022,
17, €0276408. [CrossRef]

Pereira, A.G.; da Silva Ferreira, M.E,; da Silveira, T.C.; Soler-Guilhen, J.H.; Canal, G.B.; Alves, L.B.; de Almeida, F.A.N.; Gaiotto,
F.A.; Ferreira, A. Patterns of genetic diversity and structure of a threatened palm species (Euterpe edulis Arecaceae) from the
Brazilian Atlantic Forest. Heredity 2022, 129, 161-168. [CrossRef] [PubMed]

Barreto, M.A.; Gaiotto, F.A.; Mucherino-Mufioz, J.J.; Menezes, I.P.P,; Silva, ].G.; Corréa, R.X.; Costa, M.E. Genetic Structure and
Diversity of Dalbergia nigra from Brazilian Atlantic Forest Fragments. Forests 2023, 14, 2165. [CrossRef]

Vieira, R.R.S.; Pressey, R.L.; Loyola, R. A natureza residual das areas protegidas no Brasil. Conserv. Biolégica 2019, 233, 152-161.
[CrossRef]

Rojas-Cortés, A P; Gasca-Pineda, J; Gonzélez-Rodriguez, A.; Ibarra-Manriquez, G. Genomic diversity and structure of a
Neotropical microendemic fig tree. Ecol. Evol. 2024, 14, €11178. [CrossRef]

Reis, M.N.O. Influéncia da Paisagem e do Clima Sobre os Padroes de Diversidade Genética de Plantas do
Cerrado. Undergraduate Thesis, Instituto Federal Goiano, Rio Verde, Brasil, 2019; 59p. Available online:
https:/ /repositorio.ifgoiano.edu.br/handle/prefix /563 (accessed on 6 June 2025).

Stefenon, V.M.; Costa, L.S. A simulation study on the behavior of allelic richness and inbreeding coefficient over generations in
fragmented populations of tree species. Ann. For. Res. 2012, 55, 3-10. [CrossRef]

Aratjo, VK.R.; Santos, ] M.EE,; Aratjo, E.L.; Pimentel, RM.M.; Silva, K.A. Influence of leaf morphometric variations on the
growth of seedlings and juveniles of woody species in a semiarid environment. Braz. J. Bot. 2017, 40, 1019-1028. [CrossRef]
Corréa, A.].M.; Alves, P.F; Cambuim, J.; Moraes, M.L.T.; Freitas, M.L.M. Climate fluctuation impacts in Astronium urundeuva (M.
allemao) Engl. silvicultural characters in the Brazilian Cerrado. Environ. Res. Clim. 2022, 1, 025007. [CrossRef]

Viana, T.V.A,; Bastos, E.A.; Alves, D.R.B.; Folegatti, M.V. Algoritimo da classificacao climatica de Képpen. In Congresso Brasileiro
de Agrometeorologia; Sociedade Brasileira de Agrometeorologia: Piracicaba, Brasil, 1997; Volume 10, p. 255.

Alvares, C.A ; Stape, J.L.; Sentelhas, P.C.; Gongalves, J.L.M.; Sparovek, G. Koppen’s climate classification map for Brazil. Meteorol.
Z.2013,22,711-728. [CrossRef]

Maracajd, P.B.; Batista, C.H.F,; Sousa, A.H.; Vasconcelos, W.E. Levantamento floristico e fitossociolégico do extrato arbustivo-
arbéreo de dois ambientes na Vila Santa Catarina, Serra do Mel, RN. Rev. Biol. Ciéncias Terra 2003, 3, 20-33.

Nunes, Y.R.F; Fagundes, M.; Almeida, H.S.; Veloso, M.D.M. Aspectos Ecoldgicos da Aroeira (Myracrodruon urundeuva Allemao—
Anacardiaceae): Fenologia e Germinagao de Sementes. Rev. Arvore 2008, 32, 233-243. [CrossRef]

Zagatto, L.EG. O Feedback Planta-Solo e Suas Implicagoes na Restauracao Ecolégica na Transi¢ao Mata Atlantica-Cerrado.
Master’s Thesis, Universidade de Sao Paulo, Piracicaba, Brasil, 2023; 64p. [CrossRef]

Jesus, ].B.; Gama, D.C.; Nascimento Jtnior, ].M.; de M. Fernandes, M.R.; Fernandes, M.M. Fragmentacao florestal em regiao
semidrida no Nordeste do Brasil. Pesqui. Florest. Bras. 2019, 39, €201801683. [CrossRef]

D’Arrochella, M.L.G. Fragmentacao Florestal da Mata Atlantica: Conectividade Potencial via Polinizagao por Mariposas e
Modelagem Atmosférica. Rev. Geogr. Atos 2020, 3, 101-116. [CrossRef]

Ribeiro, C.V.G.; Borges, L.A.C. Breve andlise da evolucao e status quo das unidades de conservagao no cerrado brasileiro. Caminhos
Geogr. 2021, 22, 133-143. [CrossRef]

Santos, S.A.; Cherem, L.ES. Spatial and temporal structure of Cerrado Conservation Units: Combined heterogeneity for
conservation. Soc. Nat. 2023, 35, €¢65504. [CrossRef]

Bussotti, F; Pollastrini, M.; Holland, V.; Briiggemann, W. Functional traits and adaptive capacity of European forests to climate
change. Environ. Exp. Bot. 2015, 111, 91-113. [CrossRef]

Caetano, S.; Prado, D.; Pennington, R.T.; Beck, S.; Oliveira-Filho, A.; Spichiger, R.; Naciri, Y. The history of Seasonally Dry Tropical
Forests in eastern South America: Infer-ences from the genetic structure of the tree Astronium urundeuva (Anacardiaceae). Mol.
Ecol. 2008, 13, 3147-3159. [CrossRef]

Figueir6a, ].M.; Barbosa, D.C.A.; Simabukuro, E.A. Crescimento de plantas jovens de Myracrodruon urundeuva Allemao (Anacar-
diaceae) sob diferentes regimes hidricos. Acta Bot. Bras. 2004, 18, 573-580. [CrossRef]

Hatakeyama, S.; Yada, M.; Matsumoto, M.; Ishida, N.; Nakayama, K.I. U box proteins as a new family of ubiquitin-protein ligases.
J. Biol. Chem. 2001, 276, 33111-33120. [CrossRef]

Rehman, N.U.; Zeng, P; Mo, Z.; Guo, S,; Liu, Y.; Huang, Y.; Xie, Q. Conserved and Diversified Mechanism of Autophagy between
Plants and Animals upon Various Stresses. Antioxidants 2021, 10, 1736. [CrossRef]

de Aratjo, ES.; Rodal, M.].N.; Barbosa, M.R.d.V. Andlise das Variagoes da Biodiversidade do Bioma Caatinga: Suporte a Estratégias
Regionais de Conservagio; Ministério do Meio Ambiente: Brasilia, Brasil, 2005; 446p.

Hoffmann, W.A.; Geiger, E.L.; Gotsch, S.G.; Rossatto, D.R.; Silva, L.C.R.; Lau, O.L.; Haridasan, M.; Franco, A.C. Ecological
thresholds at the savanna-forest boundary: How plant traits, resources and fire govern the distribution of tropical biomes. Ecol.
Lett. 2012, 15, 759-768. [CrossRef]

https://doi.org/10.3390/plants15101505


https://doi.org/10.1371/journal.pone.0276408
https://doi.org/10.1038/s41437-022-00549-7
https://www.ncbi.nlm.nih.gov/pubmed/35697755
https://doi.org/10.3390/f14112165
https://doi.org/10.1016/j.biocon.2019.02.010
https://doi.org/10.1002/ece3.11178
https://repositorio.ifgoiano.edu.br/handle/prefix/563
https://doi.org/10.15287/afr.2012.70
https://doi.org/10.1007/s40415-017-0398-8
https://doi.org/10.1088/2752-5295/ac9695
https://doi.org/10.1127/0941-2948/2013/0507
https://doi.org/10.1590/S0100-67622008000200006
https://doi.org/10.11606/D.64.2023.tde-04092023-150624
https://doi.org/10.4336/2019.pfb.39e201801683
https://doi.org/10.35416/geoatos.v3i18.7362
https://doi.org/10.14393/RCG228356216
https://doi.org/10.14393/SN-v35-2023-65504x
https://doi.org/10.1016/j.envexpbot.2014.11.006
https://doi.org/10.1111/j.1365-294X.2008.03817.x
https://doi.org/10.1590/S0102-33062004000300015
https://doi.org/10.1074/jbc.M102755200
https://doi.org/10.3390/antiox10111736
https://doi.org/10.1111/j.1461-0248.2012.01789.x
https://doi.org/10.3390/plants15101505

Plants 2026, 15, 1505 22 0f 23

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Neves, D.M.; Dexter, K.G.; Pennington, R.T.; Bueno, M.L.; Oliveira Filho, A.T. Environmental and historical controls of floristic
composition across the South American Dry Diagonal. J. Biogeogr. 2015, 42, 1566—-1576. [CrossRef]

Nascimento, A.V.S.; Mendonga, A.M.C.; Santos, P.A.A.; Santana, M.C. O que sabemos sobre as sementes de Astronium urundeuva
(M. allemao) Engl. (Anacardiaceae)? Revisdao sobre uma espécie ameagada e com importancia socioeconémica. Biodivers. Bras.
2022, 12, 1-13. [CrossRef]

Ventura, J.J.D. Respostas Fisiolégicas de Individuos de Myracrodruon Urundeuva Allemao (Anacardiaceae) Cultivados em
Condicoes de Deficiéncia Hidrica. Undergraduate Thesis, Universidade Federal de Alagoas, Maceid, Brasil, 2022; 60p. Available
online: http:/ /www.repositorio.ufal.br/jspui/handle/123456789/10086 (accessed on 15 January 2025).

Costa, A.S.; Freire, A.L.O.; Bakke, I.A.; Pereira, FH.F. Respostas fisiolégicas e bioquimicas de plantas de aroeira (Myracrodruon
urundeuva Allemao) ao déficit hidrico e posterior recuperacao. IRRIGA 2015, 20, 705-718. [CrossRef]

Silva, G.Z. Estresse Hidrico na Fisiologia da Germinagao e Morfoanatomia de Plantulas de Myracrodruon urundeuva Fr.
All. (Anacardiaceae). Master’s Thesis, Universidade Federal da Paraiba, Areia, Brasil, 2014; 93p. Available online:
https:/ /repositorio.ufpb.br/jspui/handle/tede /8026 (accessed on 15 January 2025).

Bergelson, J.; Roux, F. Towards Identifying Genes Underlying Ecologically Relevant Traits in Arabidopsis thaliana. Nat. Rev.
Genet. 2019, 20, 510-526. [CrossRef]

Brautigam, K.; Vining, K.]J.; Lafon-Placette, C.; Fossdal, C.G.; Mirouze, M.; Gutiérrez-Marcos, J.; Fluch, S.; Fernandez-Fraga, M.;
Guevara, M.A.; Abarca, D.; et al. Epigenetic regulation of adaptive responses of forest tree species to the environment. Ecol. Evol.
2013, 3, 399-415. [CrossRef] [PubMed]

Gonzélez-Martinez, S.C.; Krutovsky, K.V.; Neale, D.B. Forest-tree population genomics and adaptive evolution. New Phytol. 2006,
170, 227-238. [CrossRef] [PubMed]

Aitken, S.N.; Yeaman, S.; Holliday, J.A.; Wang, T.; Curtis-McLane, S. Adaptation, migration or extirpation: Climate change
outcomes for tree populations. Evol. Appl. 2008, 1, 95-111. [CrossRef]

Canuto, D.S.0,; da Silva, A.M.; Freitas, M.L.M.; Sebbenn, A.M.; de Moraes, M.L.T. Genetic variability in Myracrodruon urundeuva
(Allemao) Engl. progeny tests. Open J. For. 2016, 7, 1-10. [CrossRef]

Guerra, C.R.S.B.; Moraes, M.L.T;; Silva, C.L.S.P,; Canuto, D.5.0.; Andrade, ].A.C.; Freitas, M.L.M.; Sebbenn, A. M. Estratégia de
selecao dentro de progénies em duas populacoes de Myracrodruon urundeuva Fr. All. em sistema silvopastoril. Sci. For. 2009, 37,
7-87.

Kratka, P.C.; Correia, C.R.M.A. Crescimento inicial de aroeira do sertao (Myracrodruon urundeuva allemao) em diferentes substratos.
Rev. Arvore 2015, 39, 551-559. [CrossRef]

Moraes, M.L.T; Kageyama, P.Y.; Sebbenn, A.M. Correlated mating in dioecious tropical tree species, Myracrodruon urundeuva Fr.
AlL For. Genet. 2004, 11, 53-59.

De Moraes, M.L.T.; Kageyama, P.Y.; Sebbenn, A.M. Diversidade e estrutura espacial em duas populacoes de Myracrodruon
urundeuva Fr. All. Sob diferentes condi¢oes antrépicas. Rev. Arvore 2005, 29, 281-289. [CrossRef]

Pupin, S.; Freitas, M.L.M.; Canuto, D.S.0,; Silva, A.M.; Marin, A.L.A.; Moraes, M.L.T. Variabilidade genética e ganhos de selecao
em progénies de Myracrodruon urundeuva Fr. All. Nativa 2017, 5, 59-65. [CrossRef]

Riva, L.C.; de Moraes, M.A.; Cambuim, J.; Zulian, D.F,; Sato, L.M.; Caldeira, F.A.; Panosso, A.R.; de Moraes, M.L.T. Genetic
control of wood quality of Myracrodruon urundeuva populations under anthropogenic disturbance. Crop Breed. Appl. Biotechnol.
2020, 20, €320920411. [CrossRef]

Rodriguez, S.C.; Alvarado, J.C.; Espirito-Santo, M.M.; Nunes, Y.R.F. Myracrodruon urundeuva fr all. (aroeira tree) population
dynamics, diameter growth rate and its potential for sustainable management in successional tropical dry forests of Brazil. Rev.
Arvore 2017, 41, 8. [CrossRef]

Tung, E.S.C.; Freitas, M.L.M.; Florsheim, S.M.B.; de Lima, I.L.; Longui, E.L.; Santos, EW.; de Moraes, M.L.T.; Sebbenn, A.M.
Variagao genética para caracteres silviculturais e anatomicos da madeira em progénies de Myracrodruon urundeuva (Engler) Fr.
Allem. Sci. For. 2010, 38, 499-508.

Viegas, M.P; Silva, C.L.S.P.; Moreira, ].P; Cardin, L.T.; Azevedo, V.C.R.; Ciampi, A.Y.; Freitas, M.G.M.; de Moraes, M.L.T.; Sebbenn,
A M. Diversidade genética e tamanho efetivo de duas populacoes de Myracrodruon urundeuva FR. ALL. sob conservagao genética
ex situ. Rev. Arvore 2011, 35, 769-779. [CrossRef]

Marques, D.A.; Meier, ].I.; Seehausen, O. A Combinatorial View on Speciation and Adaptive Radiation. Trends Ecol. Evol. 2019, 34,
531-544. [CrossRef]

Lawri, D.S.; Petrov, D.A. Comparative population genomics: Power and principles for the inference of functionality. Trends Genet.
2014, 30, 133-139. [CrossRef]

Santin, D.A. Revisao Taxomica do Genero Astronium Jacq. Revalidacao do Genero Myracrodruon Fr. (Anacardiaceae). 187.
Master’s Thesis, Universidade Estadual de Campinas, Instituto de Biologia, Campinas, Brasil, 1989. [CrossRef]

Ribeiro, K.T.; Nascimento, J.S.; Madeira, J.A.; Ribeiro, L.C. Aferi¢ao dos limites da Mata Atlantica na Serra do Cipd, MG, Brasil,
visando maior compreensao e protecao de um mosaico vegetacional fortemente ameagado. Nat. Conserv. 2009, 7, 30-48.

https://doi.org/10.3390/plants15101505


https://doi.org/10.1111/jbi.12529
https://doi.org/10.37002/biobrasil.v12i4.2015
http://www.repositorio.ufal.br/jspui/handle/123456789/10086
https://doi.org/10.15809/irriga.2015v20n4p705
https://repositorio.ufpb.br/jspui/handle/tede/8026
https://doi.org/10.1038/nrg2896
https://doi.org/10.1002/ece3.461
https://www.ncbi.nlm.nih.gov/pubmed/23467802
https://doi.org/10.1111/j.1469-8137.2006.01686.x
https://www.ncbi.nlm.nih.gov/pubmed/16608450
https://doi.org/10.1111/j.1752-4571.2007.00013.x
https://doi.org/10.4236/ojf.2017.71001
https://doi.org/10.1590/0100-67622015000300016
https://doi.org/10.1590/S0100-67622005000200011
https://doi.org/10.31413/nativa.v5i1.3819
https://doi.org/10.1590/1984-70332020v20n4a64
https://doi.org/10.1590/1806-90882017000300010
https://doi.org/10.1590/S0100-67622011000500002
https://doi.org/10.1016/j.tree.2019.02.008
https://doi.org/10.1016/j.tig.2014.02.002
https://doi.org/10.47749/T/UNICAMP.1989.48226
https://doi.org/10.3390/plants15101505

Plants 2026, 15, 1505 23 0f 23

106.

107.

108.

109.

110.

111.
112.

113.

114.

115.

116.

117.

118.

119.

120.
121.

122.

123.

124.

125.

126.

127.

128.

129.

Coutinho, L.M. O bioma do cerrado. In Eugen Warming e o Cerrado Brasileiro: Um Século Depois; Editora Unesp: Sao Paulo, Brasil,
2002; ISBN 85-7139-354-0.

Andrade-Lima, D. The caatinga dominium. Rev. Bras. Botdnica 1981, 4, 149-163.

Silva, ].M.C.; Bates, ].M. Biogeographic Patterns and Conservation in the South American Cerrado: A Tropical Savanna Hotspot:
The Cerrado, which includes both forest and savanna habitats, is the second largest South American biome, and among the most
threatened on the continent. BioScience 2002, 52, 225-234. [CrossRef]

Alho, C. Biodiversity of the Pantanal: Response to seasonal flooding regime and to environmental degradation. Braz. |. Biol. 2008,
68, 957-966. [CrossRef] [PubMed]

Alho, C.J.R.; Mamede, S.B.; Benites, M.; Andrade, B.S.; Septlveda, J.J.O. Threats to the biodiversity of the brazilian Pantanal due
to land use and occupation. Ambiente Soc. 2019, 22. [CrossRef]

Doyle, ].J.; Doyle, J.L. Isolation of plant DNA from fresh tissue. Focus Rockv. 1990, 12, 13-15.

Campos, M.; Conn, J.E.; Alonso, D.P;; Vinetz, ].M.; Emerson, K.J.; Ribolla, PE.M. Microgeographical structure in the major
Neotropical malaria vector Anopheles darlingi using microsatellites and SNP markers. Parasites Vectors 2017, 10, 76. [CrossRef]
Andrews, S. FastQC: A Quality Control Tool for High Throughput Sequence Data; Babraham Bioinformatics, Babraham Institute:
Cambridge, UK, 2018.

Catchen, J.; Hohenlohe, P.A ; Bassham, S.; Amores, A.; Cresko, W.A. Stacks: An analysis tool set for population genomics. Mol.
Ecol. 2013, 22, 3124-3140. [CrossRef]

Paris, J.R.; Stevens, ].R.; Catchen, ].M. Lost in parameter space: A road map for STACKS. Methods Ecol. Evol. 2017, 8, 1360-1373.
[CrossRef]

Rochette, N.C.; Catchen, ].M. Deriving genotypes from RAD-seq short-read data using Stacks. Nat. Protoc. 2017, 12, 2640-2659.
[CrossRef]

Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.R.; Bender, D.; Maller, J.; Sklar, P.; de Bakker, P1.W.; Daly, M.].;
et al. PLINK: A tool set for whole-genome association and population-based linkage analyses. Am. |. Hum. Genet. 2007, 81,
559-575. [CrossRef]

Jombart, T.; Devillard, S.; Balloux, F. Discriminant analysis of principal components: A new method for the analysis of genetically
structured populations. BMC Genet. 2010, 11, 94. [CrossRef]

Caldeira, C.F, Jr.; Ramos, S.]J.; Gastauer, M.; Monteiro, W.; Dalapicolla, ].; Jaffe, R.; Ferreira, G.; Nébrega, J.; Coelho, R.; Carvalho, J.;
et al. O uso sustentavel do jaborandi na FLONA de Carajés é impulsionado pelo conhecimento cientifico aplicado a conservagao
e a geracao de renda para a comunidade local. In Vale e Biodiversidade, Unico; Instituto Tecnolégico Vale: Belém, Brasil, 2021; 6p.
Available online: https:/ /www.researchgate.net/publication /353763363 (accessed on 10 January 2025).

Wickham, H. ggplot2: Elegant Graphics for Data Analysis, 2nd ed; Springer: Cham, Switzerland, 2016. [CrossRef]

Malinsky, M.; Trucchi, E.; Lawson, D.J.; Falush, D. RADpainter and fineRADstructure: Population Inference from RADseq Data.
Mol. Biol. Evol. 2018, 35, 1284-1290. [CrossRef] [PubMed]

Kamvar, Z.N.; Tabima, ].E; Griinwald, N.J. Poppr: An R package for genetic analysis of populations with clonal, partially clonal,
and/or sexual reproduction. Peer] 2014, 2, e281. [CrossRef] [PubMed] [PubMed Central]

Oksanen, J.; Simpson, G.L.; Blanchet, F; Kindt, R.; Legendre, P.; Minchin, P.R.; O’'Hara, R.B.; Solymos, P; Stevens, M.H.; Szoecs,
E.; et al. vegan: Community Ecology Package. 2011. Available online: https://vegandevs.github.io/vegan/ (accessed on
4 March 2025).

Pembleton, L.W.; Cogan, N.O.L; Forster, ] W. StAMPP: An R package for calculation of genetic differentiation and structure of
mixed-ploidy level populations. Mol. Ecol. Resour. 2013, 13, 946-952. [CrossRef]

Weir, B.S.; Cockerham, C.C. Estimating F-Statistics for the Analysis of Population Structure. Evolution 1984, 38, 1358-1370.
[CrossRef] [PubMed]

Goudet, ]. Hierfstat, a package for R to compute and test variance components and F-statistics. Mol. Ecol. Notes 2005, 5, 184-186.
[CrossRef]

Privé, E; Luu, K.; Vilhjdlmsson, B.J.; Blum, M.G. Performing highly efficient genome scans for local adaptation with R package
pcadapt version 4. Mol. Biol. Evol. 2020, 37, 2153-2154. [CrossRef]

Revelle, W. psych: Procedures for Psychological, Psychometric, and Personality Research, R package version 2.4.12; Northwestern
University: Evanston, IL, USA, 2024. Available online: https://CRAN.R-project.org/package=psych (accessed on 4 March 2025).
Fick, S.E.; Hijmans, R.J. WorldClim 2: New 1km spatial resolution climate surfaces for global land areas. Int. ]. Climatol. 2017, 37,
4302-4315. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/plants15101505


https://doi.org/10.1641/0006-3568(2002)052[0225:BPACIT]2.0.CO;2
https://doi.org/10.1590/S1519-69842008000500005
https://www.ncbi.nlm.nih.gov/pubmed/19197468
https://doi.org/10.1590/1809-4422asoc201701891vu2019l3ao
https://doi.org/10.1186/s13071-017-2014-y
https://doi.org/10.1111/mec.12354
https://doi.org/10.1111/2041-210X.12775
https://doi.org/10.1038/nprot.2017.123
https://doi.org/10.1086/519795
https://doi.org/10.1186/1471-2156-11-94
https://www.researchgate.net/publication/353763363
https://doi.org/10.1007/978-3-319-24277-4
https://doi.org/10.1093/molbev/msy023
https://www.ncbi.nlm.nih.gov/pubmed/29474601
https://doi.org/10.7717/peerj.281
https://www.ncbi.nlm.nih.gov/pubmed/24688859
https://pmc.ncbi.nlm.nih.gov/articles/PMC3961149
https://vegandevs.github.io/vegan/
https://doi.org/10.1111/1755-0998.12129
https://doi.org/10.2307/2408641
https://www.ncbi.nlm.nih.gov/pubmed/28563791
https://doi.org/10.1111/j.1471-8286.2004.00828.x
https://doi.org/10.1093/molbev/msaa053
https://CRAN.R-project.org/package=psych
https://doi.org/10.1002/joc.5086
https://doi.org/10.3390/plants15101505

	Introduction 
	Results 
	Genomic Library Construction and SNP Identification 
	Allele Richness, Private Alleles, and Heterozygosity 
	Population Structure and Genetic Diversity Across Biomes 
	Genetic Differentiation and Environmental Influence on Population Structure 

	Discussion 
	High-Resolution Population Genetics of M. Urundeuva: Insights into Genetic Structure and Diversity 
	Caatinga as a Genetically Divergent Biome 
	Climatic Drivers and Environmental Pressures on M. urundeuva Genetic Differentiation Within Biomes 
	Conservation in Light of Genetic Divergence and Implications for Non-Model Species 

	Materials and Methods 
	Materials 
	Methods 
	DNA Extraction and Library Preparation for Double Digest Restriction Associated DNA Sequencing (ddRADseq) 
	Data Analysis: Read Processing, SNP Identification, Genetic Diversity, and Climate Association 


	Conclusions 
	References

