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Abstract
Brazil is a characteristic country for having an energy matrix essentially linked to its river courses and the
forest fragmentation resulting from these impacts causes a decrease in the number of individuals in a
population, favoring the loss of genetic variation. Therefore, preserving the diversity of native plant
populations in these impacted ecosystems is extremely important, such as Astronium fraxinifolium
Schott (Anacardiaceae), a dioecious and an endangered species typical of the Cerrado. In this context,
from a natural population of A. fraxinifolium, located in a highly degraded area of Cerrado, the present
work aimed to: i) estimate the genetic variation from the measurement of silvicultural characters; ii)
determine the sex ratio; iii) investigate genetic diversity and structure using eight microsatellite loci. All
growth characters were significant, with average height and diameter at breast height of 10.99 m and
21.30 cm, respectively, with females being more developed than males. The coefficient of genetic
variability was above 25% in all traits. The sex ratio of the population is close to balance from 1:1 to 5%
of significance. The population has a total of 101 alleles from 384 individuals analyzed with 8
microsatellite loci, resulting in an average of 12.5 allelic richness, 0.706 observed heterozygosity, 0.793
expected heterozygosity and 0.111 fixation index. The results of this work show the presence of genetic
variation and diversity in the quantitative and molecular analyses, with use for mother trees to collect
seeds for use in conservation programs, recovery of degraded areas and breeding.

Introduction
Brazil is a country known for its energy matrix closely tied to its river systems. Environmental licensing in
Brazil between 1985 and 2015 mostly involved highly complex cases focused on hydroelectric power
plants, leading to social and environmental impacts in their construction sites, often altering the
microclimate of the region. These impacts result in a slow recovery of the area, taking decades for the
adopted treatments to take effect (Alves et al., 2012; Gasques et al., 2014; Cruz et al., 2016; Fainguelernt,
2016; Duarte et al., 2017).

The forest fragmentation resulting from these impacts causes a decrease in the number of individuals in
a population, leading to a loss of genetic variation. In these small impacted populations, genetic drift can
occur in the short term, meaning that gene frequencies become different from those of the original
population, resulting in the loss of alleles. In the long term, there may be an increase in inbreeding due to
a higher probability of self-fertilization and mating between related individuals (Kageyama et al., 1998;
Caxambú et al., 2015).

Therefore, preserving the diversity of native plant populations in these impacted ecosystems is
extremely important. Conservation methods, especially those involving germplasm banks, help
contribute to and ensure the preservation of species developed in these areas. Assessing the genetic
representation of these banks can be done through the effective population size, which is a crucial
parameter for evaluating the impact of drift on population genetic structure. Understanding the
relationship between effective size and the actual size of a plant population is essential for conservation
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planning. This data allows for identifying the number of remaining individuals in the preserved area, as
well as estimating considerable genetic diversity among individuals, making it possible to certify the
genetic variation that may be found in future batches of seedlings obtained from seed collection in trees
present in the area (Moraes et al., 1999; Ribeiro et al., 2016; Souza, 2017).

Commonly known as “Gonçalo-Alves”, Astronium fraxinifolium Schott belongs to the Anacardiaceae
family. It is a typical species of the Brazilian Savanna (Cerrado) and can also be found in ecotones
between the Cerrado and the Caatinga, Atlantic Forest, and Pantanal biomes. It is a tree with a height of
25 to 30 meters, featuring a cylindrical and straight trunk with a diameter of 60 to 80 cm. The branches
are branching, elevated, and sparse, with open foliage and a sturdy trunk that sheds all its leaves during
winter (Lorenzi, 1998; Lorenzi, 2002; Machado et al., 2006; Fernandes et al., 2017; Zavala et al., 2017).

The species has shown to be a promising agent for environmental recovery, as evidenced by studies in
areas impacted by soil removal, which have yielded satisfactory results regarding plant diameter, height,
and dry biomass assessments. These studies demonstrate the species' adaptation to low soil moisture
conditions and improvement in observed soil physical conditions (Alves et al., 2007; Campelo et al.,
2015).

In this context, it was deemed appropriate to study the natural regeneration of A. fraxinifolium, located in
an area that was devastated for the construction of a hydroelectric power plant. Specifically, the
following objectives were proposed: i) Estimate genetic variation based on silvicultural traits; ii)
Determine the sex ratio within the population, as it is a dioecious species; iii) Investigate fixation index,
diversity, and genetic structure using eight microsatellite loci; iv) Determine spatial genetic structure.
These pieces of information are of great importance for a better understanding of adaptive mechanisms
in populations under strong stresses in degraded areas.

Materials and methods
The study was conducted in a natural population of A. fraxinifolium located at the Teaching, Research,
and Extension Farm - FEPE "Bovinos" of the Faculty of Engineering of Ilha Solteira - FEIS/UNESP in the
municipality of Selvíria - MS, within a pre-delineated plot of approximately 170 hectares (Figure 1). This
area is a remnant of a "loan area" used for the construction of the Ilha Solteira Hydroelectric Power Plant
- SP (UHE Ilha Solteira) between 1967 and 1978 by the São Paulo Power Company - CESP and later
incorporated by FEIS/UNESP (CESP, 2009; UNESP, 2017).

All sampled trees were identified and georeferenced with the aid of a GPS device. After this procedure,
the height (ALT, cm) of the trees was measured using the Vertex IV hypsometer from Haglöf. The
evaluation of diameter at breast height (DAP, cm) was conducted by converting the circumference at
breast height (CAP, cm), conventionally at 1.30 m, by dividing the measured value by π (3.14). This
procedure was carried out using a traditional measuring tape. Three measurements were taken for each
of the traits at different points around each individual to standardize the data across three different
periods. The sexing or sex ratio of the population under study was determined based on visual



Page 5/17

observation of tree flowering. In total, 401 specimens were sampled, with 188 female trees and 213 male
trees.

Leaf collection for DNA extraction was performed between the juvenile phase and the dehiscent period,
totaling 384 trees. Genomic DNA extraction followed the protocol proposed by Doyle & Doyle (1990) with
adaptations. Subsequently, quantification was done using a NanoDrop ND-1000 Spectrophotometer
(NanoDrop Products, DE, USA). To verify DNA integrity, electrophoresis was conducted on 3.5% agarose
gels with TBE (1x) at a constant voltage of 120V. Leaf collection was authorized by the Institute for
Biodiversity Conservation (ICMBio), linked to the Ministry of the Environment (MMA) under the number
73998–1.

Amplification was carried out through polymerase chain reaction (PCR) reactions. These were performed
using primer sets developed by Cornacini et al. (2021). The 10μL amplification reaction included 1 µL of
genomic DNA (approx. 50 ng), 5μL of GoTaq Master Mix® (2x) (Promega/Cat. #M7133), 0.3 µL of
forward primer (2 pmol), 0.3 µL of reverse primer (8 pmol), and 0.3 µL of fluorescent primer with M13 tail
(8 pmol; 6FAM, VIC, PET, or NED, Applied Biosystems), 0.5 µL of Bovine Serum Albumin (BSA), 0.5 µL of
Magnesium Chloride, and 2.6 µL of autoclaved Milli-Q ultrapure water.

The amplification reactions for all primers were carried out in an Eppendorf thermocycler programmed
under the following conditions: initial denaturation step at 96°C for 5 minutes, followed by 35
amplification cycles (96°C [1 min], 2 min at the specific annealing temperature for each primer pair, 72°C
for 2 min), followed by 12 cycles of 96°C for 1 min, 53°C for 2 min, 72°C for 2 min, and a final extension
step at 72°C for 30 min. The amplifications were performed using a Mastercycler (Eppendorf, Hamburg,
Germany). The PCR final product was subjected to capillary electrophoresis on the ABI3130xl Genetic
Analyzer automatic sequencer (Applied Biosystems), along with the GeneScan 500 LIZ marker (Applied
Biosystems). Genotype reading was done using GeneMapper software v.5.0 (Applied Biosystems).

Estimates of variance components and genetic parameters for the silvicultural traits ALT and DAP were
obtained using the REML/BLUP (restricted maximum likelihood/best linear unbiased prediction)
procedure, employing the genetic-statistical software SELEGEN-REML/BLUP (Resende, 2016). The sex
ratio between male and female individuals within the population was analyzed using the chi-square (ꭓ2)
statistical test (Opler & Bawa, 1978).

Genetic diversity was characterized by dividing the population into different clusters (Escudero et al.,
2003) based on the distance from the central point of the area, in circles with a radius of 150 meters
(Figure 2), analyzing by locus and, on average, across all loci using the following indices: average number
of alleles per locus (k), allelic richness (R), observed heterozygosity (Ho), and expected heterozygosity

(He) according to expected proportions of Hardy-Weinberg equilibrium (HWE). The presence of
inbreeding in all sampled generations was evaluated using the fixation index (F) within the population.
The statistical significance of the values was tested using allele permutation resampling between
individuals. These analyses were conducted using the FSTAT program (Goudet, 1995).
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Results and discussion

3.1.            Quantitative Traits
The silvicultural traits showed an overall mean of 10.99 m (ALT) and 21.30 cm (DAP). Female trees
exhibited greater growth, with 11.37 m and 22.71 cm for height and DAP, respectively (Table 1). The
presence of genetic variation among individuals in the population was confirmed through the likelihood
ratio test (LTR). In the literature, Cornacini et al. (2017) found in A. fraxinifolium, at 18 years of age and
from Ilha Solteira - SP and Selvíria - MS planted in progeny tests, average heights of 9.08 m and 11.12
cm for DAP. Araújo et al. (2014) studying progenies planted in an open-pollinated test of A. graveolens, a
species closely related, at 19 years of age found values of 9.34 m for height and 6.03 cm for DAP.
Otsubo et al. (2015) in a mixed planting experiment of A. fraxinifolium with Aroeira (Myracrodruon
urundeuva) and Capitão do Campo (Terminalia argenea) at 14 years, obtained average values of 8.60 m
for height and 9.40 cm for DAP. Cambuim et al. (2021) reported an average DAP of 13 cm for A.
fraxinifolium in a forest fragment near the study area.

These pieces of information highlight the genetic and productive potential of this population, whose
individuals have undergone natural selection over generations within the degraded area. It is worth
noting that, in experimental plantings like progeny tests, to promote gains and development in height and
DAP, breeders and researchers carry out selective thinning within the experimental populations, aiming to
eliminate individuals with inferior genotypes within each repetition and highlighting individuals with
better results in these traits as potential candidates for species genetic improvement programs
(Cambuim, 2017). The values of the experimental coefficient of variation and accuracy reveal robustness
and reliability in the results obtained from the dataset used in this study.

Initially, it was expected that the present population founded in the study area would be composed of
very few seed supplier individuals. However, the genotypic coefficients of variation (CVgi) were of high
magnitude, being 25.93% for height and 38.24% for DAP within the population. These values are
important as they suggest a robust genetic basis that provides a low probability of inbreeding, which
would be detrimental to the population over generations.

The heritability coefficients (hg
2 and hm

2) showed values above 0.90 for the evaluated traits, regardless

of population or sex, suggesting strong genetic control of the assessed characteristics. Miranda et al.
(2015) described heritability coefficients at the progeny means level above 0.90 for ALT and DAP traits,
indicating that a large part of the total and mean phenotypic variation among progenies is of genetic
origin and that, therefore, the genetic control of traits is high and there is a great possibility of altering
the population mean through progeny selection.
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 Table 1: Variance components and genetic parameters of height (ALT, m) and diameter at breast height
(DAP, cm) traits in a natural population of A. fraxinifolium, located in a degraded Cerrado area.

  Height (m) DAP (cm)

Pop.  Female Male Pop.  Female Male

σg
2 8.12 8.95 7.08 66.33 68.70 60.52

σe
2 0.81 0.89 0.73 4.13 4.28 4.03

σf
2 8.93 9.83 7.81 70.47 72.98 64.56

hg
2 0.90 ± 0.09 0.90 ± 0.13 0.90 ± 0.12 0.94 ± 0.09 0.94 ± 0.13 0.93 ± 0.13

hm
2 0.97 0.97 0.97 0.98 0.98 0.98

râa 0.98 0.98 0.98 0.99 0.99 0.99

CVg(%) 25.93 26.31 25.06 38.24 36.50 39.11

CVe(%) 8.18 8.29 8.06 9.55 9.11 10.10

CVr(%) 3.17 3.18 3.11 4.01 4.01 3.87

m 10.99 11.37 10.62 21.30 22.71 19.89

LRT (x2) 1077.65* 535.93* 529.12* 1319.44* 655.39* 641.96*

*significant at 95% probability with 2 degrees of freedom; σg²: variance component associated with the
genotypic factor; σe²: variance component associated with the experimental factor; σf²: variance
component associated with the phenotypic factor; hg²: broad-sense individual plot heritability, i.e., total
genotypic effects; hm²: heritability of genotype means, assuming no plot loss; râa: accuracy of genotype
selection, assuming no plot loss; CVg(%): genotypic coefficient of variation; CVe(%): residual coefficient of

variation; CVr(%): relative coefficient of variation; m: overall mean; χ²: Chi-Square of the deviance; LRT:
Likelihood Ratio Test.

 3.2.            Sex Ratio

The sex ratio of the natural population showed a ratio of 1.13:1 (Table 2), indicating that for every female
specimen, there are 1.13 male specimens in this population. The chi-square test (X2 = 0.21) allowed us
to infer that this population is in a 1:1 equilibrium at 5% significance level, a value considered not
significant.

 Table 2: Sex ratio of A. fraxinifolium sampled in a natural population located in a degraded Cerrado area.
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N Nm:Nf X2

188 213 401 1.13:1 0.21ns

Nf: Female census number, Nm: Male census number, N: Total census number, Nm:Nf: Sex ratio, X2: Chi-

square test, ns: Not significant.

The observed result aligns with the expected sex ratio of 1:1 in dioecious tropical forest species,
theorized in a study by Opler & Bawa (1978). The authors associated both mortality and reproductive
maturity as contributors to the observed sex ratios in multiple species, mainly because the ratios are
consistent from one species to another in most reported cases.

In comparison, Cambuim (2017) found a sex ratio close to equilibrium (1.8:1), with 1.8 male individuals
for every female tree in mixed progeny tests. Cornacini et al. (2020) reported a ratio close to 1:1 when
evaluating the flowering of A. fraxinifolium over various reproductive periods. It is interesting to note
that, although the population established itself in a degraded area with strong natural selection, the ratio
of female and male individuals is consistent with what is expected in nature, meaning they are fit to
reproduce and leave descendants for the next generation, ensuring long-term survival.

3.3.            Genetic Diversity and Inbreeding
Firstly, genetic diversity parameters were estimated at the population level and then at strata level with a
distance of 150m (Figure 2). The population was characterized by having 101 alleles across 8
microsatellite loci, allelic richness of 12.5, observed heterozygosity of 0.706, expected heterozygosity of
0.793, and a fixation index of 0.111 (Table 3). 

 Table 3: Genetic diversity and fixation index (F) in microsatellite loci of a natural population of A.
fraxinifolium separated into 8 groups at a fixed distance of 150 m from a degraded Cerrado area.
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G N T(a) k R Ho He F

1 3 28 4 3,1 0,833 0,750 -0,130*

2 40 86 11 3,1 0,710 0,834 0,151*

3 132 104 13 3,1 0,703 0,819 0,146*

4 111 101 13 3,1 0,738 0,818 0,100*

5 66 89 11 3,1 0,800 0,821 0,021*

6 22 72 9 3,0 0,701 0,809 0,131*

7 3 29 4 2,9 0,625 0,802 0,225*

8 7 41 5 2,9 0,798 0,778 -0,036*

M 48 68,75 8,75 3,04 0,739 0,804 0,076*

Pop 384 101 12.6 12.5 0.706 0.793 0.111*

G: Groups; N: Census of the reproductive adult population per group; T(a): Total number of alleles found
per group; k: Average alleles per locus; R: Allelic richness; Ho: Observed heterozygosity; He: Expected

heterozygosity; M: Overall mean of strata; Pop: Population diversity estimate without strata division; *:
Bonferroni correlation, significant at P < 0.05.

 In the literature, studies conducted on natural populations of various species report similar results. For
instance, Silva et al. (2018) found 136 alleles with an overall average of 5.9 per locus in Croton
linearifolius, Aguiar et al. (2013) reported 111 alleles, with 92 (83%) being polymorphic, and an average
of 10.1 alleles per locus in Eugenia uniflora in a degraded area in an early successional stage, Lima et al.
(2015) inferred from 71 to 101 alleles in Senna reticulata, in studies with a natural population of
Copernicia prunifera, Vieira et al. (2015) detected a total of 110 loci with variation between 3 to 18 alleles
per locus and an average of 9.17 alleles per locus, Chagas et al. (2015) detected 68 loci ranging from 8
to 14 loci per primer, with an average of 11.3 in Elaeis guineensis. These results indicate that the present
population possesses substantial genetic diversity, even when subjected to strong natural selection over
time.

The stratification was carried out with the hypothesis that as individuals establish farther from the
population center, there might be fewer pollinators and seed dispersers, leading to a higher presence of
related individuals with more loci in homozygosity. However, this hypothesis is incorrect. It can be
observed that although the average number of alleles per locus is different in the strata, allelic richness
is similar. This occurs because, even though there are many alleles, they are common in the population,
thus not affecting the allelic richness value.

The observed heterozygosity (Ho) was significantly lower than the expected heterozygosity (He) at all
loci, resulting in positive fixation index values significantly different from zero for all loci, indicating
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inbreeding. Using the Bonferroni sequential correction (95%, α = 0.05), the fixation index was significantly
different from zero in six of the eight strata loci (Table 3). Negative values indicate high heterozygosity
while their inverses represent the occurrence of inbreeding, genetic drift, founder effect combined with
the small number of individuals, and fixation of deleterious alleles, leading to a reduction in species
adaptability in cases where gene dominance interaction prevails (Sebbenn et al., 2000; Frankham et al.,
2006). In this study, only the strata located at the extremes (1 and 8) showed negative fixation index,
suggesting that even with a low number of individuals, they are half-sibling individuals.

However, the results presented in this study differ significantly when compared to those found in the
literature for impacted or human-altered species, as described by Silva et al. (2016) who observed
average values for observed heterozygosity (Ho) ranging from 0.34 to 0.40 in Psidium guineense,
Martins-Corder et al. (2009) obtained values of 0.25 in Euterpe edulis, Tiago et al. (2018) found a value
of 0.26 in Hymenaea courbaril, and Bernardi (2015) found a value of 0.043 in Podocarpus lambertii.

Furthermore, these crossings may have occurred due to a strong intrapopulation spatial genetic
structure (SGS) in the parents, which would have resulted in increased inbreeding in this population
(Sebbenn et al., 2011). This is supported by the Nei's statistic (Gst), where for the population, genetic
diversity is distributed only 1.7% among subpopulations and 98.3% within the sampled subpopulations,
another factor contributing to the stratification not being significant in allelic richness.

The fixation index (F) graph suggests a differentiated correlation pattern across the studied area. The
extreme values indicate low correlation, while the center of the distribution shows higher correlation,
suggesting a scenario of inbreeding. However, this inbreeding does not prevent considerable genetic
diversity within the central area of the population. This variation in the fixation index indicates gene flow
occurring from the center of the population towards the edges. Allele dispersion appears to begin in the
central core, where inbreeding is more pronounced, expanding towards the peripheral areas, which, in
turn, display greater diversity due to mixing with adjacent populations.

Such a pattern is consistent with a colonization process that likely began in the center of the
regenerating area, with native Astronium fraxinifolium trees expanding towards the peripheral regions.
The higher genetic diversity at the edges can be explained by gene flow from external populations,
promoting greater genetic variability in these peripheral areas. Thus, the graph reflects not only the
structure of inbreeding within the population but also the processes of dispersion and admixture that
may be occurring as colonization expands into an area previously degraded by soil removal. This
scenario is particularly relevant for conservation and management strategies, suggesting that the center
of the population, despite showing signs of inbreeding, may play a fundamental role in maintaining
genetic diversity through allele dispersion towards the edges, where genetic variability is higher.

Studies on plant populations in regenerating areas have demonstrated that genetic structure can be
strongly influenced by colonization and spatial dispersion processes, as observed in tree species in
areas of environmental restoration (Young et al., 1996). Furthermore, populations regenerating in
degraded environments often exhibit greater variability at the edges due to gene flow from neighboring
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populations, promoting higher genetic diversity in the periphery (Lowe et al., 2005). This pattern aligns
with dispersion processes involving the mixing of inbred central populations with external populations,
facilitating adaptation to the recovering environment. Thus, the genetic variation observed at the edges,
with a lower inbreeding index, reflects an important mechanism for maintaining genetic diversity and
resilience in plant populations colonizing restored areas (Gamba-Moreno, 2020).

In their studies, Cornacini et al. (2020 e 2021) demonstrated that Astronium fraxinifolium flowering is
highly variable across reproductive events, with environmental and genetic factors playing important
roles in this variability, including climatic factors and the species' intrinsic relationship with its
pollinators. According to the authors, phenotypic plasticity in tropical tree species is a common
response to variable environmental conditions, which may explain the differences observed between
consecutive years. Similarly, Manoel et al. (2021) highlighted the importance of genetic diversity in
natural populations as a crucial factor for species resilience in the face of climate change and
anthropogenic impacts, such as large-scale construction. The authors also emphasize the importance of
preserving these regenerating populations as a source of diversity and seed collection within a radius of
at least 170 meters, as pollen flow in this species shows average dispersion patterns of 300 to 500
meters from mother trees, while seeds, dispersed by wind, can be found up to 4 km away.

Conclusion
There are significant differences between male and female subpopulations within the population for
growth traits, height, and diameter at breast height (DAP). Therefore, it can be inferred that both traits are
influenced by the genetics of each individual. This suggests that the population has high potential for
selection in a breeding program.

The natural population of A. fraxinifolium in the degraded area, a former loan area of the UHE Ilha
Solteira, possesses sufficient genetic diversity, and consequently, shows evolutionary potential for many
generations, with a balanced expected sex ratio of 1:1.

The population exhibits low fixation index and substantial genetic diversity, which supports the species'
long-term survival in this loan area. Despite strong selection pressure, there was low genetic
differentiation among the population, resulting in similar diversity parameters across strata.

The results of this study reinforce the potential of the A. fraxinifolium population in the degraded area for
natural regeneration and are indicated for selection of parent trees for seed collection, highlighting the
species' adaptive value in the local study area.
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Figures

Figure 1

Individuals of A. fraxinifolium sampled, sex identified as males/females and Clustering based on the
distance from the central point of the area into circles with a 150-meter radius within the experimental
area (20°22'26.4"S 51°24'06.9"W).
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Figure 2

Fixation Index (F) in microsatellite loci of a natural population of A. fraxinifolium separated into 8 groups
at a fixed distance of 150 m from a degraded Savanna (Cerrado) area.


