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RESUMO

GUIMARAES, R. A. Variabilidade genética em Dipteryx alata Vogel (Leguminosae):
Novos marcadores microssatélites, Dispersdo de polen in situ e ex situ e Genética da
paisagem. 2018. 96 f. Tese (Doutorado em Genética e Melhoramento de Plantas) — Escola
de Agronomia, Universidade Federal de Goias, Goiania, 2018

Dipteryx alata é uma arvore neotropical amplamente distribuida em todo o
Cerrado brasileiro. Popularmente conhecida como baru, é uma das espécies do Cerrado mais
promissoras para a domesticacéo e cultivo, em funcdo do seu amplo potencial de uso. O
objetivo geral do trabalho foi conhecer o sistema reprodutivo e a dindmica do fluxo génico
via pélen em condic¢es in situ e ex situ e verificar a influéncia da paisagem na estrutura
genética intrapopulacional. Para alcangar estes objetivos foram desenvolvidos novos
marcadores microssatélites para a espécie, utilizando tecnologias de sequenciamento de alto
desempenho. Dentre os marcadores desenvolvidos para espécie foram selecionados os dez
mais polimdrficos para serem utilizados neste trabalho. A avaliacdo do sistema reprodutivo
e da dispersdo de pdlen foi realizada em uma colecdo de germoplasma (ex situ) localizada
na Universidade Federal de Goias e em uma populacdo natural (in situ) no municipio de
Orizona-GO, Brasil. A populagdo natural também foi utilizada para avaliar a influéncia da
paisagem na estrutura genética intrapopulacional em arvores adultas e juvenis. As condi¢Ges
in situ e ex situ apresentaram alta taxa de fecundagéo cruzada (tm = 0,815 e tm = 0,934),
respectivamente, confirmando que as espécies de D. alata apresentaram um sistema misto
de reproducdo predominantemente ald6gamo. O numero de sementes que compartilhavam os
mesmos doadores de polen foi alto, indicando um baixo nimero de doadores de pdélen por
arvore em ambas as condi¢des. 1sso pode estar relacionado a proximidade entre grupos de
arvores, considerando que had menos polinizacdo cruzada entre grupos de arvores mais
distantes. Outro fator que pode ter influenciado a polinizacdo cruzada a longas distancias €
a paisagem heterogénea devido a fragmentacao do habitat. Os resultados indicam a presenca
de estrutura genética espacial (SGS) positiva e significativa em ambos os estagios de vida
(adultos e juvenis) sendo o valor de S, maior nos juvenis. As analises de agrupamento
bayesiano mostraram a formacéo de dois grupos, tanto em adultos quanto em juvenis. Os
individuos juvenis apresentaram maior interferéncia das composic¢des da paisagem. Assim a
inclusdo das caracteristicas da paisagem trouxe um ganho de explicacdo para o padrdo de
estrutura genética intrapopulacional na espécie D. alata. Estes resultados sdo importantes
para subsidiar estratégias mais eficientes de conservacdo da espécie.

Palavras-chave: Analise de parentesco, Fluxo génico, lllumina MiSeq, Microssatélites,
Spatial Genetic Structure - SGS.

! Orientadora: Dr2 Thannya Nascimento Soares. ICB-UFG
Co-orientadora: Dr® Mariana Pires de Campos Telles. ICB-UFG



ABSTRACT

GUIMARAES, R. A. Genetic variability in Dipteryx alata Vogel (Leguminosae): New
microssatellite markers, Dispersion of pollen in situ and ex situ and Landscape genetics.
2018. 96 f. Tese (Doctor of Science in Genetics and Plant Breeding) — Escola de Agronomia,
Universidade Federal de Goias, Goiania, 2018

Dipteryx alata is a Neotropical tree widely distributed throughout the Brazilian
Cerrado. Popularly known as baru, it is one of the most promising Cerrado species for
domestication and cultivation due to its wide potential use. The general goal of this work
was to assess reproductive system and pollen-mediated gene flow patterns of in situ and ex
situ conditions and to evaluate how landscape may influence intrapopulation genetic
structure. New microsatellite markers were developed using high performance sequencing
technologies, then the ten most polymorphic were selected and used in this work. The
evaluation of the reproductive system and pollen dispersal was carried out in a germplasm
collection (ex situ) located at the Universidade Federal de Goids and in one natural
population (in situ) in Orizona-GO, central Brazil. The natural population was also used to
evaluate landscape influence on intrapopulation genetic structure in adult and juvenile trees.
In situ and ex situ conditions showed a high cross fertilization rate (tn = 0.815 and tm =
0.934), respectively, confirming that the D. alata presents a mixed-mating system,
predominantly allogamous. The number of seeds sharing the same pollen donors was high,
indicating a low number of pollen donors per tree under both conditions. This may be related
to the proximity between groups of trees, considering that there is less cross-pollination
between groups of more distant trees. Another factor that may have influenced cross-
pollination over long distances is the heterogeneous landscape due to habitat fragmentation.
The results indicate the presence of a positive and significant spatial genetic structure (SGS)
in both stages of life (adults and juveniles) with the highest Sp value in juveniles. Bayesian
cluster analysis showed the formation of two groups in both adults and juveniles. Juvenile
individuals presented greater interference from landscape compositions. Thus the inclusion
of the landscape features brought an explanation gain to the pattern of intrapopulation
genetic structure in the D. alata species. These results are important to support more efficient
conservation strategies for this species.

Keywords: Parentage analysis, Gene flow, lllumina MiSeq, Microsatellites, Spatial Genetic
Structure - SGS.

! Advisor: Dr2 Thannya Nascimento Soares. ICB-UFG
Co-Advisor: Dr? Mariana Pires de Campos Telles. ICB-UFG



1 INTRODUCAO

Dipteryx alata Vogel € uma espécie arbdrea neotropical nativa, endémica e com
ampla distribuicdo no Cerrado brasileiro. As populagdes naturais de D. alata formam
grandes agrupamentos homogéneos de individuos nas areas de solos mais férteis do bioma
e auséncia quase total em outras areas menos favoraveis a ocorréncia da espécie (Almeida
etal., 1998; Sano et al., 2004; Nabout et al., 2010).

Popularmente, a espécie D. alata é conhecida como baru e é uma das especies
frutiferas nativas mais utilizadas pela populacdo da regido Centro-oeste do Brasil. O
principal uso do baru é o alimenticio, no qual a sua améndoa € consumida torrada ou para
compor diferentes tipos de receitas doces ou salgadas (Rocha & Santiago, 2009; Pineli et al.,
2015). Sano et al. (2016) discutem que a exploracdo comercial da améndoa do baru teve
inicio em 1990 e que desde entdo, o seu uso se da de forma extrativista, o que pode levar ao
declinio das populagdes por falta de um manejo sustentavel. Assim, o cultivo do baru passa
a ser uma forma mais eficiente de exploracdo desta espécie, que se apresenta com um
importante recurso vegetal do Cerrado.

Para a domesticacéo e cultivo de uma espécie nativa é necessario que haja amplo
conhecimento sobre suas caracteristicas bioldgicas e agronémicas. Diante de tal fato, varios
grupos de pesquisa do Brasil ja realizou diversos estudos com D. alata, como: aspectos de
uso alimenticio, nutricional e medicinal (Takemoto et al., 2001; Rocha & Santiago, 2009;
Batista et al., 2012; Czeder et al., 2012; Lemos et al., 2012; Siqueira et al., 2012; Fraguas et
al., 2014; Pineli et al., 2015; Silva et al., 2016), aspectos agrondmicos e silviculturais
(Monteiro et al., 2013; Mota, 2013; Pereira et al., 2013; Santos et al., 2014; Sano, 2016),
ecologicos (Wolf, 2015; Ferreira et al., 2017), a variabilidade genética populacional (Soares
et al., 2008; Collevatti et al., 2010; Telles et al., 2014; Soares et al. 2015) e conservacao in
situ e ex situ (Melo et al., 2011; Diniz-Filho et al., 2012; Canuto et al., 2015).

Visando a conservagao ex situ, na qual a diversidade genética é conservada fora
do habitat natural (Havens et al., 2006; Hoban & Schlarbaum, 2014), foram criadas duas
colecdes de germoplasma de D. alata na Escola de Agronomia da Universidade Federal de
Goias. A primeira colegdo foi montada em 1998 a partir de 150 &rvores-mades, com no
maximo duas sementes da mesma arvore. A amostragem das sementes foi realizada em areas

de Cerrado do estado de Goiés (Corréa et al., 2000). A segunda cole¢éo foi criada em 2011,
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e é composta por 600 individuos oriundos de 25 populagdes coletadas em areas de ocorréncia
da espécie no Cerrado brasileiro (Mota 2013).

A determinacéo dos padrdes de distribuicdo da variabilidade genética dentro de
uma espécie em condigdes in situ € importante para o conhecimento da atuacdo dos processos
microevolutivos. Dentre estes processos, o fluxo génico é responséavel pela homogeneizacéao
da variabilidade genética entre as populagdes o que, consequentemente, diminui os efeitos
da deriva genética (Epperson, 2003; Ellstrand, 2014). Analises anteriores revelaram baixa
diversidade genética e estrutura genética com padr6es moderados a altos em populacdes de
D. alata (Melo et al., 2011; Collevatti et al., 2013; Tambarussi et al., 2017). Além disso, a
espécie exibe endogamia, com valores significativos para o indice de fixacdo
intrapopulacional (Tarazi et al. 2010). A variabilidade genética das populacdes da espécie é
espacialmente estruturada e pode estar relacionada as condi¢bes climatica e a ocupacgédo
humana e fragmentacdo do habitat no Cerrado (Soares et al., 2008; Collevatti et al., 2010;
Telles et al., 2014; Soares et al., 2015).

Devido a baixa diversidade genética exibida pela espécie D. alata, esta ndo
dispunha de marcadores microssatélites suficientes (em numero e polimorfismo) para a
conducéo de andlises de identificacdo individual, que sdo necessarias, por exemplo, para o
estudo de fluxo génico via polen, com a determinacdo de paternidade das sementes. O
advento das tecnologias de sequenciamento de nova geracdo (NGS) tornou possivel a
identificacdo de grande nimero de marcadores microssatélites com reduzidos custo e
esforco, quando comparados as abordagens tradicionais (Zalapa et al., 2012; Unamba et al.,
2015).

Outra lacuna de conhecimento sobre a diversidade genética da espécie D. alata
é o de se saber qual o impacto da paisagem na estrutura genética espacial em escala local.
Considerando que a estrutura genética espacial também pode ser afetada pela fragmentacao
do habitat (Barluenga et al., 2011; Collevatti et al., 2014; Costa et al., 2017). Entretanto, os
estudos de genética da paisagem em plantas tém sido realizados em escala regional,
utilizando-se populagdes como as unidades amostrais (Manel et al., 2003, 2010; Balkenhol
et al., 2015). S&o raros os estudos com plantas que exploram a influéncia da paisagem em
escala local, nos quais os individuos séo as unidades amostrais (Cushman & Landguth,
2010a, 2010b; Segelbacher et al., 2010; Kierepka & Latch, 2015).

Diante do status atual de conhecimento sobre a variabilidade genética D. alata,

0s objetivos deste trabalho foram conhecer o sistema reprodutivo e a dinamica do fluxo
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génico via pdlen em condigdes in situ e ex situ e verificar a influéncia da paisagem na
estrutura genética em escala local nesta espécie. Para atingir aos objetivos propostos foram
desenvolvidos novos marcadores microssatélites para D. alata, a partir de dados de NGS,
com o intuito de aumentar o conjunto de marcadores de microssatélites polimorficos
disponiveis para a espécie (capitulo 1). O capitulo 2 aborda o sistema reprodutivo e a anélise
de dispersédo de polen, em condicfes "in situ™ e "ex situ" na espécie D. alata; e no terceiro
capitulo é apresentado o estudo que testa se a estrutura genética em escala local, em
individuos adultos e juvenis, é explicada somente pela distancia geografica ou se existe
interferéncia da composicéo da paisagem neste processo, utilizando uma populacéo de D.

alata nativa do Cerrado.
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ABSTRACT. The use of next-generation sequencing (NGS)
technologies provides a great volume of genome sequence data even
for non-model species. The development of microsatellite markers
using these data is a relatively quick and easy process. Dipteryx alata
Vogel (Fabaceae) is an arboreal species from the Cerrado biome and
is considered an important plant genetic resource. Here, we report
the development of microsatellite markers for D. alata using NGS
data. DNA samples from four individuals were sequenced using the
[llumina MiSeq platform and high-quality reads were assembled into
contigs of the D. alata genome sequence. Microsatellite regions were
identified using the IMEX webserver and primer pairs were designed
using the Primer3 software. The amplification settings for each locus
were optimized. Fluorescent-labeled primers were developed and used
to genotype individuals derived from three natural populations of D.
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alata. Fifty-four microsatellite regions were identified, from which
27 were elected to primer design. Among the amplified loci, 11 were
polymorphic, with the number of alleles ranging from 2 to 10. The
expected heterozygosity under Hardy-Weinberg Equilibrium (HWE)
per locus varied from 0.191 to 0.807. Genotype and allele frequencies
for all loci agreed with those expected under HWE and linkage
disequilibrium was not significant for all pairs of loci. The probabilities
of exclusion of paternity and of combined identity were equal to 0.993
and 5.65 x 107, respectively. The markers developed in this study are
useful to several types of population genetic studies with D. alata and,
eventually, for closely related species.

Key words: Baru; Cerrado; [llumina MiSeq; SSR
INTRODUCTION

The species Dipteryx alata Vogel belongs to the Fabaceae family and is popularly
known as Baru. Baru is widely used in the food and pharmaceutical industry, thus presenting
good economic potential (Pineli et al., 2015). This economic value makes D. alata a very
important genetic resource (Sano et al., 2004).

The availability of microsatellite markers for D. alata enables the development
of population genetic studies with the species and contributes to increase our knowledge
about microevolutionary processes in the Cerrado biome. To date, only a small number of
microsatellite markers are available for D. alata, each presenting a low level of polymorphism,
restricting the type of studies that can be performed (Tarazi et al., 2010; Melo et al., 2011;
Soares et al., 2012).

The development of microsatellite markers has traditionally been a difficult and
expensive process. Next-generation sequencing technologies (NGS) enable -efficient
identification of large numbers of microsatellites at a fraction of the cost and effort compared
to traditional approaches (Zalapa et al., 2012). In the present study, we report the development
of new microsatellite markers for D. alata from NGS data, increasing the set of polymorphic
microsatellite markers available for the species.

MATERIAL AND METHODS

DNA was extracted from leaf tissues from four D. alata individuals, using the CTAB
(2%) protocol described by Doyle and Doyle (1987). The four DNA samples were used in the
preparation of four barcoded libraries following the Nextera Illumina protocol (Illumina, Inc.).
Quantification and validation procedures for each library were performed in Bioanalyzer 2100
(Agilent Technologies) using the High Sensitivity DNA kit, and by real-time PCR using the
Kappa kit. The libraries were pooled and sequenced on the [llumina MiSeq platform using the
MiSeq Reagent Kit v3 (PE 2 x 300 bp).

Quality control of sequencing data was performed using FastQC (Andrews, 2010)
and Trimmomatic (Bolger et al., 2014). Contigs were assembled using MaSuRCA (Zimin
et al., 2013). Contigs were submitted to the IMEX webserver (Imperfect Microsatellite
Extractor Webserver) (Mudunuri and Nagarajaram, 2007) to identify perfect and imperfect
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(<10%) microsatellite regions in the D. alata genome. Critical size parameters considered
in the search for microsatellites regions were: for dinucleotides, a minimum of 20 tandem
repeats; for tetranucleotides, pentanucleotides, and hexanucleotides, a minimum of 8 tandem
repeats. Mononucleotide and trinucleotide microsatellites were removed from the analysis.
Mononucleotide microsatellite loci present high genotyping errors and trinucleotides are more
abundant in coding regions of the genome (T6th et al., 2000).

Primer pairs were designed using the Primer3 software (Rozen and Skaletsky, 2000)
with the following parameters: amplicon size between 100 and 400 bp, primer length between
20 and 24 bp, melting temperature between 57° and 63°C, and CG content between 40 and 80%.

Designed primer pairs were tested for amplification in PCRs with different annealing
temperatures using D. alata DNA samples. The reactions were assembled to a final volume of
10 pL using 7.5 ng DNA and 0.22 uM primers (forward + reverse), 0.23 uM dNTPs, 3.25 mg
BSA, 1X buffer (10 mM Tris-HCI, pH 8.3, 50 mM KCI, 1.5 mM MgCl,), 0.75 U Taqg DNA
polymerase. The amplification process followed the steps of initial denaturation at 94°C for 5
min; 30 cycles of 94°C for 1 min, 58°-62°C (depending on primer) for 1 min, and 72°C for 1
min; and a final extension of 72°C for 45 min.

Forward sequences of selected primer pairs were labeled with one of the four fluorescent
dyes (VIC, NED, 6-FAM, or PET). Lengths of the amplification products were determined
using the internal marker GeneScan 600 LIZ (Applied Biosystems), in the ABI PRISM® 3500
DNA Genetic Analyzer (Applied Biosystems). Microsatellite loci that presented a good pattern
in capillary electrophoresis were arranged in multiplex panels for routine analysis.

The levels of polymorphism of the developed markers were evaluated in 72 individuals,
derived from three natural populations of D. alata. The sampled natural populations are
from three geographically distant municipalities in Brazil: Piren6polis, GO (15°59'82.9"S,
49°02'06.9"W), Sonora, MS (17°51'18.1"S, 54°42'21.1"W), and Alvorada, TO (12°26'92.8"S,
49°06'88.0"W).

After PCR amplification and capillary electrophoresis, genotypes were called using
GeneMapper (Applied Biosystems). Genetic diversity of each locus in each population
was evaluated using the following parameters: average number of alleles per locus and per
population (V,), observed heterozygosity (H,), expected heterozygosity (/) under Hardy-
Weinberg equilibrium (HWE). Intrapopulation fixation index (F) was also estimated for
each locus in each population. The significance of genotypic linkage disequilibrium estimates
for all pairs of loci was also evaluated. These analyses were performed in the FSTAT 2.9.3
program (Goudet, 2002). The power of individual discrimination for each locus and for the
total set of loci was evaluated by estimating the probability of genetic identity (I) and the
probability of exclusion of paternity (Q), with the aid of the IDENTITY 4.0 program (Wagner
and Sefc, 1999).

RESULTS

The assembled contigs comprised 27 Mb of the genomic sequence of D. alata. Using
the IMEx webserver, 46 imperfect and 8 perfect microsatellite regions were identified. The
most frequent identified class was imperfect dinucleotide microsatellites (56.52%), followed
by microsatellites with tetranucleotide (28.26%), pentanucleotide (4.34%), and hexanucleotide
(10.86%) repeat motifs. Twenty-seven microsatellite regions with favorable characteristics for
designing primers were obtained. Among the 27 designed pairs of primers, 12 presented a good
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amplification pattern, although only 11 were polymorphic (Table 1). The overall probability
of exclusion and probability of identity was 0.993 and 5.65 x 107%, respectively. The mean
number of alleles per locus was 4.64, ranging from 2 to 10 alleles. The average estimates of
H, and H, under HWE were 0.348 and 0.515, respectively. The deviations from the expected
genotype proportions under HWE given the allele frequencies were not significant for any
loci. Using the Bonferroni criteria, no linkage disequilibrium were detected for any pair of loci
in the three populations.

The 11 polymorphic microsatellite markers were arranged in three multiplex panels
(Table 2) for capillary electrophoresis for the population analysis. The mean N, per population
ranged from 2.9 to 3.8. Estimates of expected heterozygosity under HWE conditions for each
population ranged from 0.363 to 0.469. A significant value (0.301) for the F; was found only
for the population of Alvorada, TO (Table 3).

Table 1. Genetic parameters estimates for the 11 microsatellite markers, developed for Dipteryx alata.

Marker | GenBank accession No. | Primer sequence (5'—3") Motif Ta(°C)| Na Hg Ho 0 1

Dalll KX427119 F: CATTTGCCCCTTCTTGTCTTT (TC)22 62 2 0.407 | 0.186 | 0.332 | 0.220
R: AATGCCGATAATTTGTGTTGTTC

Dall2 KX427121 F: TGCTGCGTTCATTTTATAGTTTT (TC)22 58 4 0.445 | 0.127 | 0.201 | 0.376
R: CTTTCTTCTTTGGGAGTTTGCT

Dall4 KX427125 F: CATCTCACCAAAGCCATACAGA (AG)21 58 5 0.473 | 0.429 | 0.279 | 0.295
R: TTGTTGCTTCCCGTTTTCTC

Dall5 KX427115 F: CAACTCCATCAACCAATACACC (CAGGCA)y 58 6 0.463 | 0.361 | 0.267 | 0.321
R: AAATGAACCCCTCCAACACTT

Dall6 KX427122 F: AATTGCGAGGCACAAAAACT (TC)22 58 4 0.721 | 0.322 | 0.560 | 0.086
R: TGAATGATAATGGGGGCAAA

Dall8 KX427124 F: CGATAAGCATTACTATTTCCCTTT (AG)22 58 6 0.609 | 0.592 | 0.376 | 0.196
R: GTGATTGACATCTAACCTCCTCT

Dal20 KX427118 F: CACGACTAGGAACCCCTTATTTT (TC)27 58 5 0.191 | 0.174 | 0.141 | 0.563
R: TCTTTGTCATCCTTTCCCTTTG

Dal2l KX427120 F: TCTAGCCTCAACACACTGCTTC (TC)21 62 4 0.530 | 0.250 | 0.339 | 0.227
R: CAAGAAAGATGATATGGGAAAAGG

Dal23 KX427116 F: TAGACAAAGTGCTTGGGGAAA (AG)23 58 10 0.807 | 0.772 | 0.672 | 0.047
R: TTCTTGATTTTTGGATCTCTATCG

Dal24 KX427123 F: ATTTTGAGGAAGTCTCTTTGGT (AC)22 58 2 0.396 | 0.358 | 0.230 | 0.344
R: TGGAGTTCATATCCTTATCTTTG

Dal25 KX427117 F: CCAGGTGGTGGGATGAGATA (ATTGAG)s 58 3 0.595 | 0.261 | 0.364 | 0.199
R: ATGATGGACACACGAAAGTGAA

Ta: Annealing temperature; N,: number of alleles; H: expected heterozygosity under HWE; H_: observed
heterozygosity, O: probability of exclusion paternity; /: probability of genetic identity.

Table 2. Panels of microsatellite markers for Dipteryx alata, arranged in multiplex for genotyping in capillary
electrophoresis.

Multiplex Markers Dye Allele size range (bp)
1 Dall5 6FAM 190-214
Dal23 NED 134-172
Dal25 VIC 152-164
Dal20 PET 184-208
2 Dalll NED 162-170
Dall2 6FAM 188-194
Dall6 VIC 174-190
Dal2l 6FAM 158-162
3 Dall4 6FAM 164-172
Dall8 VIC 186-198
Dal24 VIC 124-128

Genetics and Molecular Research 16 (2): gmr16029639



New microsatellite loci in Dipteryx alata 5

Table 3. Genetic characterization of 11 microsatellite loci in three natural populations of Dipteryx alata (n = 3 x 24).

Loci Pirendpolis-GO Sonora-MS Alvorada-TO
Na He Ho Fis Na He Ho Fis Na He Ho Fis

Dall5 3 0.228 0.167 0.273 6 0.665 0.542 0.189 3 0.414 0.375 0.096
Dal23 4 0.683 0.739 -0.084 8 0.810 0.938 -0.163 3 0.646 0.667 -0.033
Dal25 2 0.496 0.250 0.502 3 0.318 0.208 0.350 3 0.528 0.333 0.375
Dal20 3 0.228 0.250 -0.100 1 0.000 0.000 0.000 5 0.327 0.273 0.168
Dalll 2 0.413 0.222 0.469 2 0.480 0.067 0.865* 2 0.268 0.300 -0.125
Dall2 2 0.043 0.043 0.000 4 0.264 0.292 -0.107 2 0.042 0.042 0.000
Dall6 3 0.412 0.300 0.276 3 0.513 0.455 0.116 4 0.619 0.176 0.721*
Dal2l 4 0.241 0.087 0.644 3 0.616 0.500 0.192 3 0.528 0.143 0.735*
Dall4 3 0.377 0.375 0.005 5 0.673 0.864 -0.291 3 0.082 0.083 -0.011
Dall8 5 0.382 0.391 -0.026 5 0.649 0.792 -0.226 4 0.665 0.583 0.125
Dal24 2 0.488 0.625 -0.287 2 0.169 0.182 -0.077 2 0.438 0.238 0.462
Average 2.9 0.363 0.314 0.138 3.8 0.469 0.440 0.063 3.0 0.414 0.292 0.301*

N,: number of alleles; H: expected heterozygosity under HWE; H : observed heterozygosity; F¢: intrapopulation
fixation index. *Statistically different from 0.000.

DISCUSSION

Several studies have demonstrated success in the development of microsatellite
markers for native Cerrado species (Croft and Schaal, 2012; Soares et al., 2012; Bernardes
et al., 2014). However, these studies use methodologies that limit the quantity and quality
of microsatellite markers obtained. In the present study, using NGS data, 54 microsatellites
were detected in a relatively quick and easy way. From the 54 pre-selected microsatellites,
further selection was made based on favorable characteristics for design and amplification,
resulting in 11 polymorphic microsatellite markers. This short set of markers showed a
diversity of repeat motifs, dinucleotides being the most frequent, but also tetra-, penta-, and
hexanucleotides. The combined probability of exclusion and of identity showed that the set
of developed microsatellite loci has a high power of exclusion of false paternities (Evett and
Weir, 1998) and is suitable for individual discrimination (Paetkau et al., 1995).

The polymorphism found in this study for D. alata was similar to the observed by
Tarazi et al. (2010), Melo et al. (2011), and Soares et al. (2012), who found an average N, per
locus of 4.7, 2.7 and 4.3, respectively. The genetic diversity estimates observed in this study is
also similar to other studies with D. alata populations. The increase in the number of available
markers will allow the use of a wider set of informative markers in more powerful genetic
studies. Of the 27 pairs of primers designed in the present study, 11 were polymorphic in D.
alata. 1t is suggested that the set of 27 primers be tested for transferability to other Cerrado
species of the Fabaceae family, further reducing the costs in obtaining this kind of markers.
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Abstract

Dipteryx alata is a Neotropical tree widely that is distributed throughout the Brazilian
Cerrado biome and is popularly known as baru. In this work, we evaluated the mating
system of D. alata and compared pollen dispersal patterns between in situ and ex situ
conditions. For this, we used 515 genotypes of adults, juveniles and progeny from a natural

population (in situ) in Orizona-GO, Brazil. In addition, we used 488 genotypes of adults
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and progeny from a germplasm collection (ex situ) located at the Federal University of
Goiés. Both locations are situated in central Brazil. The genetic diversity, cross-pollination
rates and pollen dispersal distance under both conditions were estimated. Genetic diversity
and polymorphism differed between the in situ and ex situ conditions. The average number
of alleles found in situ (5.2) and ex situ (6.20) showed that the germplasm collection stores
greater genetic diversity than do in situ conditions. Cross-pollination detected among
mother trees under in situ and ex situ conditions was high (tm=0.815 and t»=0.934,
respectively), indicating that the species presented a mixed reproduction system that was
predominantly allogamous. The difference between tn and ts indicated that greater
biparental inbreeding occurred under in situ conditions. Our results showed that the ex situ
conditions presented greater efficiency in preserving a greater number of alleles,
confirming that the D. alata germplasm collection plays a role in conserving genetic
diversity. The presence of self-fertilization suggests self-compatibility. Paternity
correlation and the dispersion distance of the pollen donors were higher under in situ
conditions, which can be explained by the number of pollinators and the tree spatial
distribution.

Keywords: Cerrado, Gene flow, Microsatellites, Parentage analysis.

Introduction

Gene flow is related to all mechanisms that result in the movement of alleles within
populations. Therefore, the role of gene flow in genetic variability within populations
depends both on how populations are distributed geographically and on the evolutionary
factors acting on these populations (Slatkin 1987; Ellstrand 2014). The genetic variation

observed in populations is the result of balancing evolutionary forces: forces that act
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together to produce differentiation (genetic drift and diversifying selection) and forces that
act to homogenize populations (gene flow) (Ellstrand 2014). Estimates of these
evolutionary forces are influenced not only by the dispersal process but also by the
reproductive success of the individual migrant and the size of the population receiving the
migrant (Ennos 1994; Richardson et al. 2014). Estimating genetic variability patterns
within populations is important for understanding evolutionary processes influencing
populations. This knowledge allows us to formulate effective strategies for the
conservation and maintenance of genetic resources (Slatkin 1987; Richardson et al. 2014).

In recent decades, strategies were developed to increase the conservation of plant
genetic resources (Rao and Hodgkin 2002; Gepts 2006; Rajpurohit and Jhang 2015). In situ
genetic resource conservation implies the possibility of continuous evolution and the
development of new adaptive strategies in the natural environment of the species (Scariot
and Servilha 2007). In this way, the occurrence of gene flow within and among populations
affects the amount and structure of the genetic variability of these populations, a factor that
must be considered for the conservation and management of plant genetic resources
(Martins 1987; Williams 2017). However, the fragmentation of ecosystems has been a
crucial problem in the conservation of plant genetic resources in Brazil (Santos-Filho
1995), leading to the necessity of ex situ conservation. In ex situ conservation, the genetic
resource can be stored in seed banks, pollen banks, and field genebanks and per in vitro
storage methods (Engels and Visser 2003; Santonieri and Bustamante 2016). These forms
of ex situ conservation are also known as germplasm collections or germplasm banks
(Engels and Visser 2003), and they are complementary to in situ conservation for wild
species.

Germplasm collections play an important role in the conservation of genetic

diversity and the domestication of species because they are maintained to represent the
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inherent genetic diversity of a species and of their wild relatives (Rao and Hodgkin 2002;
Engels and Visser 2003). Rich genetic diversity is a prerequisite for a species
domestication and breeding programme, but domestication sometimes decreases genetic
diversity (Rao and Hodgkin 2002).

A small number of native fruit tree species have been domesticated, and fruit
collection from natural populations is a frequent activity, especially in the Brazilian
Cerrado (Felfili et al. 2004). The main challenges in the domestication and breeding of the
fruit tree species in Cerrado are the long generation period (first fruiting takes
approximately 6 years), the seasonality and the variation in its production of flowers and
fruits each year (Felfili et al. 2004; Vieira et al. 2006). In addition, information on the
mating system and the dispersal of pollen for most native trees is essential for the choice of
breeding methods and the establishment of seed orchards (Cruz et al. 2011; Hoban and
Strand 2015).

Studies that evaluate the mating system and the dispersion of pollen have
demonstrated that microsatellite markers are tools of great importance for evaluating the
genetic resources of Cerrado plants (Collevatti et al. 2010; Braga and Collevatti 2011;
Moraes and Sebbenn 2011; Manoel et al. 2012; Antiqueira and Kageyama 2015;
Rodrigues et al. 2016). Dipteryx alata is an economically important genetic resource
that is widely distributed throughout the Cerrado biome and used for a wide variety of
purposes, such as its edible cookies and oils (Pineli et al. 2015), timber, fodder, and
industrial utility (Corréa 1984; Almeida et al. 1998; Sano et al. 2004). However, the
main product is the “baru” nut, with high added value. While D. alata has been the
object of many studies (e.g., Soares et al. 2008; Collevatti et al. 2013; Santos et al.
2014; Soares et al. 2015), its pollen dispersal and the mechanism of determining its

mating system under "in situ” and "ex situ” conditions are unknown, and studies
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involving different temporal scales (adults, juveniles and progeny) are lacking. Such
studies can provide important information for breeding and conservation programmes
for D. alata.

In this work, we intend to evaluate whether there is difference in the genetic
diversity parameters between "in situ™ and "ex situ™ conditions. For this, we hypothesize
that the germplasm collection presents a higher level of genetic diversity since individuals
come from populations distributed throughout the state of Goias (Corréa et al. 2000), while
in situ conditions are restrictive to a local population. We also compare the genetic
diversity in adults in with the genetic diversity in progeny because it is important for the
conservation of genetic diversity that the progeny recover the genetic diversity found in
adults. Lastly, we compare pollen dispersal and the mating system between "in situ” and
"ex situ™ conditions to better understand the dynamics of gene flow and to generate useful
information to support future breeding and conservation programmes for D. alata. For this,
we analyse adults, juveniles and progeny individuals for paternity assignment. Due to the
dispersion modes of pollen by animals and seed dispersal by barochory by D. alata, we
hypothesize that "in situ™ and "ex situ™ conditions present a broad pollen flow, a restricted

seed flow and a high cross-pollination rate.

Materials and methods

In situ study site and sampling

The “in situ” condition selected for this study was a natural population of D. alata

located in Orizona, Goias, Central Brazil (centred approximately 16°45'52.0"S and

48°12'17.7"W, at 881 m altitude). This population is situated on private property with an
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area of approximately 148 ha in a heterogeneous landscape composed of pasture,
agricultural fields and forest remnants. This area is located in a region of tropical climate
(Aw) with a dry winter and hot summer, an average annual temperature of 22.9°C and high
annual precipitation (1,360 mm) that is irregularly distributed throughout the year.

We sampled leaves of 151 D. alata trees that were either discontinuously
distributed or isolated. The distance between sampled trees ranged from approximately 5 m
to approximately 3 km. Thus, all the potential donors were sampled in the area screened.
However, there may have been donor trees outside the selected area. Of the 151 trees, 69
adult trees (height >2 m and presence of flowers or fruits) and 62 juvenile trees (ranging
from seedlings to a height of approximately 2 m with no signs of flowering) were sampled.
Additionally, twenty mother trees were randomly sampled to study pollen flow (Fig. 1).
All individuals were mapped using a GPS (global positioning system) receptor and
genotyped.

Seed sampling was carried out during the fruiting season (August and September)
of 2014. We sampled 450 seeds, ranging from 20 to 30 per mother tree. These seeds were
grown in a nursery in a completely randomized experimental design, and the leaf tissue of
364 seedlings was collected for analysis in the present study. The number of seedlings
analysed per mother tree differed due to variation in germination (see support information

Table S5).

EXx situ study site and sampling

The ex situ in vivo conditions were the germplasm collection maintained in an
experimental area of the School of Agronomy of the Federal University of Goias, in the

city of Goiania-Goias, Central Brazil (EA/UFG, 16°35'38.64”S and 49°7'23.14”W, 750 m
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altitude). This germplasm collection of D. alata encompasses an area of 4,518 m? in a
region with a tropical climate (Aw) with a dry winter and hot summer, average annual
temperature of 23.1°C and precipitation of 1,414 mm per year. This germplasm collection
was created in January 1998 from 150 mother trees with at most two seeds from the same
tree. The seeds were sampled in the Cerrado Biome of Goiés in 38 localities (see Corréa et
al. 2000 for more details).

The seeds were grown in a nursery, and 186 seedlings were planted in 6 x 6 m area.
However, due to the death of 13 trees, the germplasm collection currently presents 173
reproductive D. alata trees that have been collected and genotyped. However, there were
other trees that were planted on the campus as well as isolated trees within the urban area
at distances of up to 5 km that were not collected. Thus, there may have been donor trees
outside the selected area.

In total, twenty mother trees were sampled during the fruiting season (August and
September) of 2014 that were genotyped. Four hundred and fifty seeds were sampled,
ranging from 15 to 30 per mother tree. These seeds were cultivated in a nursery in a
completely randomized design, and the leaf tissue of 316 seedlings was collected and
genotyped for analysis in the present study. The number of seedlings analysed per mother
tree differed due to variation in germination (see supporting information Table S5).

The records containing the identifications and the places of collection of each
individual in the germplasm collection were lost. There are only records of the collection
points within the populations (Corréa et al. 2000). All individuals were mapped using a

handmade sketch (Fig. 2).
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Microsatellite analyses

Genomic DNA extraction from leaf tissue was performed using a standard protocol of 2%
CTAB (Doyle and Doyle 1987). All plants were genotyped using ten microsatellite loci
previously developed for D. alata: DaE34, DaE41, and DaE63 (Soares et al. 2012) and
Dall5, Dal20, Dal23, Dal25, Dal21, Dall8, and Da80 (Guimaraes et al. 2017) (see
supporting information Table S1). PCR amplifications were performed in a final volume of
10 uL using 7.5 ng of template DNA, 0.22 uM primers (forward + reverse), 0.23 uM dNTP,
3.25 mg of bovine serum albumin (BSA), 1x reaction buffer (10 mM Tris-HCI [pH 8.3], 50
mM KCI, 1.5 mM MgClz) and 0.75 unit of Tag DNA polymerase (5U; Phoneutria, Belo
Horizonte, Brazil) under the following conditions: 94°C for 5 min; 30 cycles of 94°C for 1
min, 58-62 ° C for 1 min, and 72 ° C for 1 min; and one cycle of 72°C for 45 min. PCR
fragments were determined using an ABI PRISM® 3500 automated DNA sequencer and a
GeneScan L1Z600TM size Standard (Applied Biosystems). Allele calling was performed
using GeneMapper 5.0 software (Applied Biosystems). Genotypes were confirmed using the
"allelic ladder" with new capillary electrophoresis and the minimum number of individuals
(in duplicate) containing all alleles of a given locus. Then, Micro-Checker software
(Oosterhout et al. 2004) was used to detect errors due to stutter bands, drop-out alleles and
null alleles using only adult individuals from both in situ and ex situ conditions. In addition,
the genotypes were visually reviewed to check the number of mismatches between mother
plants and their progeny.

To distinguish inbreeding from the presence of null alleles, the INEST program v2.0
(Chybicki and Burczyk 2009) was used, which uses an individual inbreeding approach
model (I11M) to simultaneously estimate null allele frequencies at each locus and the average

level of inbreeding. In the 1IM, 500 000 Markov chain Monte Carlo (MCMC) iterations, 5
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000 thinnings and a burn-in period of 50 000 were used. Then, Bayesian model comparison
was performed. The INEST program computes the deviance information criterion (DIC) for
each model according to Chybicki & Burczyk (2009); the lowest DIC corresponds to the
model best fit to the data. Among the calculated models, we have n=null alleles,

f=inbreeding, b=genotyping error, and a combination of these.

Genetic diversity

The ten microsatellite markers were characterized using all individuals at different
life stages from both in situ and ex situ conditions. We estimated the genetic parameters
number of alleles per locus (A), observed heterozygosity (Ho) and expected heterozygosity
under Hardy—Weinberg equilibrium (He) using the software Genetic Data Analysis version
1.0 (GDA) (Lewis and Zaykin 2001). We also estimated the power of individual
discrimination over the total set of loci and over each locus, assessing probabilities of
genetic identity (I) and paternity exclusion, using the software Identity 1.0 (Wagner and
Sefc 1999).

To compare genetic diversity and polymorphism at the different life stages
under both in situ and ex situ conditions, we estimated A, Ho, He and the inbreeding
coefficient (Fis) using the software GDA (Lewis and Zaykin 2001). To test whether genetic
parameters were significantly different in adults and progeny arrays, a Wilcoxon's paired-
test was performed.

Bayesian clustering approaches implemented in STRUCTURE ver. 2.3.1
(Pritchard et al. 2000) were used to check whether the ex situ collection was genetically
similar to the natural population through a test of attribution and population differentiation.

The number of populations (K) was estimated with ten replicates each for K=1 to K=10
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using 100,000 MCMC iterations and 100,000 burn-in periods using the admixture model.
K was used to detect the most likely number of clusters (Evanno et al. 2005), and the
computation was performed using the STRUCTURE HARVESTER program (Earl and
VonHold 2012). Due to the presence of progeny structure, only adults were used in this

analysis.

Mating system

We investigated the mating system based on mixed-mating models
implemented in the software MLTR (Ritland 2002). The estimated parameters were single-
locus (ts) and multilocus (tm) outcrossing rates; biparental inbreeding rates (tm—ts);
correlation of outcrossed paternity within progeny arrays (rp), and correlation of self-
fertilization between progeny arrays (rs). The confidence intervals (95%) of the parameter
estimates were obtained with 10,000 randomizations.

The mean number of pollen donor trees (Nep) was calculated from the rp value
by the expression Nep=1/rp (Ritland 2002). Posteriorly, the genetic structure within
maternal families was evaluated according to Sebbenn (2002), combining the estimates of
tm and rp to determine the proportions of selfing sibs (Pia=1-tm is the selfing rate), half-sibs

(Pmi=tm(1-rp), and full-sibs (Pic=rptm).

Parentage analysis of paternity and dispersion of pollen

Seed parentage was determined using an assignment test implemented in the
software CERVUS 3.0 (Kalinowski et al. 2007). We considered all adults as candidate

parents to determine the putative pollen donor of the 364 (in situ) and 316 (ex situ) seeds.
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This number of seeds analysed differs from that of seeds collected due to variation in
germination (see support information Table S5). Paternity was determined based on the
critical values of delta (A) with simulation (10,000 replications); we considered a genotype
error rate of 1%; 100% of the loci were genotyped, and 95% of the candidate parents were
sampled. This percentage of candidate parents was attributed considering that in the area
screened, all potential donors were sampled. However, there may have been donor trees
outside the selected area. Critical values of A were obtained from 10 000 parentage
simulations at 95% (restricted) and 90% (relaxed) confidence. The dispersion distance of

the pollen was obtained by checking the position of each mother tree and pollen donor.

Results

Genetic diversity

Analysis of raw data using the software Micro-Checker showed the presence of
stuttering in loci Dal18, Dal15, Dal 23 and Dal21 and null alleles in loci Dal15, DaE63,
DaE25, Dal20. This may have resulted from the excess homozygous individuals found.
However, the overall values of probability of I and exclusion paternity (Q) under the in situ
(4.69x107" and 0.983) and ex situ (5.74x10° and 0.994) conditions showed that the ten loci
are suitable for parentage analysis (Table 1). Of the ten microsatellite loci analysed from
the total 515 in situ and 488 ex situ samples, 52 and 62 alleles, respectively, were observed.
The mean A was equal to 5.2 (in situ) and 6.2 (ex situ), ranging from 2 to 8 and 2 to 13,
respectively, and showed greater polymorphism under ex situ conditions (Table 1). Under
in situ conditions, the mean A in adults (3.6) and juveniles (3.7) were similar at the

different life stages (Table S2). However, that in progeny arrays (4.8) differed
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significantly from that in adults (Table 2). Different results were observed under ex situ
conditions; the mean A in adults (6.8) and progeny arrays (6.3) did not significantly differ
(Table 2). Almost all alleles were represented in the progeny but at different frequencies
(see supporting information Table S2 and S3).

The He combining all loci was equal to 0.532 (in situ) and 0.566 (ex situ) (Table 1)
and He did not significantly differ at the different life stages under either condition (Table
2), showing that genetic diversity is being preserved in each generation (see supporting
information Tables S2 and S3). The average inbreeding coefficient (Fis) was positive and
significantly different from zero at all life stages. According to the result of INEST
program, these Fis values relate the presence of inbreeding, null alleles and some
genotyping errors (Table 2) (see supporting information Table S4). Under ex situ
conditions, the Fis in adults (0.375) and progeny arrays (0.207) significantly differed.
However, under in situ conditions, there was no difference, showing that the mean Fs is
similar in adults and offspring (Table 2).

When analysing both in situ and ex situ conditions, the Bayesian clustering
approaches implemented in STRUCTURE estimated the number of clusters with the
highest AK at K=2. This result suggests that ex situ collection is genetically different from
the natural population, since a partition of individuals from each location into 2 clusters

was observed (Fig. 3).

Mating system

Both tm and ts were statistically nonzero under both conditions (Table 3) in all in

situ and ex situ seedling families (see supporting information Table S5). The tm-ts was
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significantly greater than zero under both in situ (0.171) and ex situ (0.070) conditions
(Table 3).

The tm-ts at the family level was significantly greater than zero in eleven of the in
situ seedling families, ranging from 0.036 to 0.106, and fifteen of the ex situ seedling
families, ranging from 0.008 to 0.110 (see supporting information Table S5). Under in situ
conditions, the M18 family had fewer cross-pollination events (tn=0.436, a value that may
be due to the isolation of the mother tree). The estimated ts was also high, except for in
M18. These results suggest that the species has a mixed-mating system (see supporting
information Table S5).

The rs under in situ and ex situ conditions was positive and significant, equal to
0.215 and 0.119, respectively (Table 3). However, the values were low but nonzero,
indicating the existence of individuals generated from self-fertilization. The multilocus rp
obtained under in situ conditions was high (rp=0.479), while that for the germplasm
collection was low (r,=0.099), suggesting that for each mother tree, the chance that the
same pollen donor sired two random sibs was 47.9% and 9.9%, respectively (Table 3). The
Nep, 1.€., the average number of individuals who effectively pollinated the matrices, under
in situ and the ex situ conditions was equal to 2.087 and 10.101, respectively. The
proportion of full sibs was high under in situ conditions, equal to 0.390, and low under ex
situ conditions, equal to 0.092, whereas the proportions of half sibs were 0.424 and 0.841,

respectively (Table 3).

Analysis of paternity and pollen dispersal

Of the 364 seeds evaluated under in situ conditions, it was possible to determine the

pollen donor for 117 seeds (32%). Under ex situ conditions, from 316 seeds, the probable
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pollen donor was determined in 126 seeds (39%). Under both conditions, a 95%
confidence level was considered. The maximum pollinator distance detected by paternity
analysis under in situ conditions was 2.9 km (Fig. 1). Under ex situ conditions, a maximum

pollination distance of 135.37 m was observed (Fig. 2).

Discussion

The values of genetic diversity obtained for D. alata support previous studies that
report low levels of genetic diversity in D. alata (Tarazi et al. 2010; Melo et al. 2011;
Collevatti et al. 2013; Guimardaes et al. 2017; Tambarussi et al. 2017). Thus, our study and
previous studies suggest that D. alata presents lower polymorphism than other native
Cerrado species also evaluated using microsatellite markers (Lychnophora ericoides
(Asteraceae), Rabelo et al. 2011; Tabebuia roseo-alba (Bignoniaceae), Feres et al. 2012;
Qualea grandiflora (Vochysiaceae), Antiqueira and Kageyama 2014; Himatanthus
drasticus (Apocynaceae), Baldauf et al. 2014; Byrsonima cydoniifolia (Malpighiaceae),
Bernardes et al. 2014; Eugenia dysenterica (Myrtaceae), Barbosa et al. 2015; Hancornia

speciosa (Apocynaceae), Costa et al. 2017).

The ex situ conditions presented greater efficiency in preserving a greater number
of alleles. The difference in genetic diversity between in situ and ex situ conditions can be
determine by analysing the way that genetic diversity is distributed under the different
conditions. Ex situ conditions include alleles from different populations located in the state
of Goiéas (Corréa et al. 2000), while in situ conditions are restricted to a local population
sharing common alleles. These results confirm that the D. alata germplasm collection

plays a role in conserving genetic diversity, as does the natural population, each in
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proportion. This difference in genetic diversity between in situ and ex situ conditions was
observed by the Bayesian assignment of individuals, at K=2, clearly demonstrating genetic

differentiation between in situ and ex situ conditions.

The progenies analysed under in situ and ex situ conditions recovered the genetic
diversity found in adults, with a significant difference between adult and juvenile
individuals under ex situ conditions. This result shows that the mating structure most
likely guarantees the conservation of genetic diversity and polymorphism between the
stages of life, suggesting that genetic diversity is being maintained over generations. This
factor was also observed by Rodrigues et al. (2016) when evaluating a neotropical tree
species. Thus, it becomes necessary to establish conservation strategies for genetic

diversity for future generations.

D. alata evaluated in the present study presented a mixed-mating system under ex
situ and in situ conditions and was predominantly allogamous, with a t, of 0.934 and
0.815, respectively. The rate of crossing between matrices varied slightly, and the majority
of matrices showed a high cross-pollination rate. The tyn and the attribution of paternity
showed a prevalence of crossover with a low proportion of self-fertilization. However,
some individual trees may withstand high levels of self-fertilization (e.g., M18 in the

natural population), while the majority showed low self-fertilization with a tm close to 0.99.

The high tm observed for the matrices under in situ and ex situ conditions agrees
with other work performed with D. alata (Tarazi et al. 2010; Tambarussi et al. 2017) and
the results found for other fruit species of the Brazilian Cerrado, which present similar
mating systems (Collevatti et al. 2010; Moraes and Sebbenn 2011; Antiqueira and
Kageyama 2014; Collevatti et al. 2016; Rodrigues et al. 2016). However, the frequency of

crosses between relatives under ex situ conditions (tm-ts=0.070) was lower than that under
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in situ conditions (tm-ts=0.171) since the average kinship of the individuals under ex situ
conditions was minimal. The ex situ conditions included plants that supposedly did not
present biparental inbreeding. Thus, the kinship found under ex situ conditions may be
related to crossing with some of their nearby daughter trees. This is because in the vicinity
of the germplasm collection, there were other D. alata plants, including some plants from
seeds collected in the germplasm collection itself. These plants were located at distances

ranging from a few tens of metres up to 5 km from the germplasm collection.

The ex situ conditions showed a high number of seeds that shared pollen donors
(rp=0.099), but this number under in situ conditions was higher (r,=0.479), indicating a
low number of pollen donors per tree. These factor was confirmed by average effective
number of pollen donors observed under in situ conditions (2.08 individuals) and ex situ
conditions (10.10 individuals), demonstrating restricted variation in the number of pollen
donors per tree. This may be related to a low movement of pollinators and pollen transport
among the trees due to spatial distribution of individuals. However, under ex situ
conditions, the number of pollen donors per tree was higher. The trees were distant from
each other by approximately 6 m; thus, the proximity among trees may have influenced
this result. under in situ conditions, the proximity among trees was also a relevant factor
because although the area was larger, it presents groups of trees that are very close to each
other. As a result, less cross-pollination is occurring among the more distant tree groups,

contributing to a low number of pollen donors per tree under in situ conditions.

Among the factors that may have influenced the formation of these groups along
the landscape under in situ conditions is the heterogeneous landscape due to the
fragmentation and life history of D. alata, characterized by the formation of groups of

individuals with family structure (Soares et al. 2008; Collevatti et al. 2010). Thus, these

40



397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

factors may have influenced the low effective number of pollen donors that fertilized the
trees. Our results are similar to those found in D. alata by Tambarussi et al. (2017), in
which the effective number of pollen donors that fertilized the trees ranged from 1.5 to
10.3, showing that the higher the population, the lower is the number of pollen donors per
tree. In view of this, it is possible to observe that larger populations are being more

affected than smaller populations by habitat fragmentation.

In the paternity analysis, it was possible to assign the pollen donor for less than half
of the seeds under both conditions. This result may be due to missing data, since both
conditions included a potential source of pollen contamination outside of the collection
area. Under ex situ conditions, the pollen donor attribution percentage was higher (39%),
suggesting that pollinators carried pollen short distances due to the high density of
individuals. This hypothesis could be confirmed under ex situ conditions, where the most
pollination events occurred at distances of less than 70 m (75%). The shortest distance for
cross-pollination was 6 m between nearest neighbours, while the maximum pollen
dispersal distance was 135.37 m. Other works in germplasm collections of neotropical fruit
trees show that most pollination events occur at short distances, as in Eugenia dysenterica
(Myrtaceae) (Rodrigues et al. 2016) and Hancornia speciosa (Apocynaceae) (Collevatti et

al. 2016).

Under in situ conditions, a maximum distance of 2.9 km for gene flow by pollen
was detected, which is exactly the maximum distance between two trees, demonstrating
that the pollinators are reaching great distances of pollen dispersion. This result may be
due to the low density of individuals and habitat fragmentation given presence of areas of
pasture and agricultural fields between the natural area fragments. Tambarussi et al. (2017)

evaluated two in situ conditions and obtained a mean pollen dispersal distance estimated
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between 1.3 km and 6.5 km, confirming that D. alata in situ conditions can present great
distances of dispersion of pollen. This factor was observed in a study by Balfour et al.
(2015) with bees that also identified a foraging ‘hotspot’ in an agricultural field at a
distance of 2-3 km. This may explain the dispersion distance observed under in situ
conditions (2.9 km), considering that the landscape of the in situ conditions consisted of

agricultural fields, pasture and natural reserve.

It is concluded that the ex situ germplasm collection of UFG plays a role in
conserving genetic diversity, as does the natural population, each in its proportion. This is
important considering that genetic diversity is a prerequisite for a species domestication
and breeding (Rao and Hodgkin 2002). The in situ and ex situ conditions presented a high
cross fertilization rate, confirming that D. alata species presented a mixed-mating system
that was predominantly allogamous. However, the number of seeds that shared the same
pollen donors was high, indicating a low number of pollen donors per tree. This may be
related to the proximity between groups of trees, considering that there is less cross-
pollination between groups of more distant trees. Another factor that may have influenced
cross-pollination at long distances is the heterogeneous landscape due to habitat
fragmentation. Thus, these results should be considered when defining strategies for the

use and conservation of this species.
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623  detected through paternity analysis in D. alata from the natural population of Orizona,

624  Goiés, Brazil.

50



625
626

627

628

629

630

631

632

633

634

635

-49 -49 -49 -49 -49

<16

=16

16

-16

A
Coe0 000
o000 0 AA
Co0 00 A 00 s
T eeAvedansees AAs
E $0000 s0tes 00000
3 OOOA.AI0.0.0-""A-QAO000000
E-lAOO.A..OAAO.OOOVO--V'O""O.Q___OOOIOO 0
' ooooovooo.ooooo.ooo{ll1lvon "
S0 0000000000000 0000 o0 o-o”'l@oo " 00
0 6 Meters
. I
49‘ -49I AQI -49‘ -49‘
Longitude

Fig. 2 Figure representing sampling under ex situ conditions. The triangles represent the
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School of Agronomy UFG.
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Tables

Table 1 Characterization of ten microsatellite loci of D. alata, based on all individuals

sampled in two conditions, in situ and ex situ, of central Brazil.

Natural population

Germplasm collection

(N=515) (N=48)

Locus A He Ho Q | A He Ho O |
DaE34 8 0.364 0.290 0.284 0.290 8 0.695 0.472 0.531 0.101
DaE63 3 0.606 0.401 0.337 0.218 3 0.612 0.579 0.366 0.196
Dall5 3 0.653 0.345 0.371 0.187 3 0.357 0.329 0.203 0.416
Dal20 5 0.493 0.405 0.240  0.319 6 0.478 0.381 0.294 0.285
Dal23 8 0.679 0.499 0.448 0.145 10 0.783 0.666 0.615 0.066
Dal25 3 0511 0.439 0.264 0.299 4 0.667 0.384 0.396 0.170
DaE4l 8 0.732 0.667 0.514  0.110 9 0.655 0.545 0.442 0.153
Dal2l 3 0.208 0.134 0.163 0.343 2 0.383 0.230 0.198 0.391
Dall8 3 0.462 0.399 0.222  0.155 4 0.328 0.274 0.240 0.363
Da80 8 0.620 0.492 0.429  0.290 13 0.698 0.553 0.548 0.093

Average 5.2 0.532 0.407 0.983 4.69x107

6.2 0.566 0.441 0.994 5.74x10°

A number of alleles, He expected heterozygosity based on the Hardy-Weinberg

equilibrium, Ho observed heterozygosity, Q probability of exclusion paternity, | probability

of genetic identity.

53



666

667

668
669
670
671
672
673
674
675

676

677

678

679

680

681

682

683

Table 2 Genetic diversity and inbreeding in adults and progeny arrays from D. alata in two

conditions, one in situ and the other ex situ, in central Brazil.

Natural population

Group N A He Ho Fis  HPDI<Fisnes<HPDh M

Adults 89 3.6° 0.534% 0.424% 0.213** 0.1273<0.1778< 0.2300 n/f/b

Progeny 364 4.8° 0.519% 0.519° 0.330** 0.0193<0.0714< 0.1234 n/flb
Germplasm collection

Group N A He Ho Fis  HPDI<Fisnesy<HPDh M

Adults 173 6.8° 0.602° 0.377% 0.374** 0.0575< 0.1153< 0.1845 n/f/b

Progeny 316 6.3% 0.572* 0.454° 0.198*" 0.0149< 0.0372< 0.0589 n/f/b

A number of alleles, He expected heterozygosity based on the Hardy-Weinberg

equilibrium, Ho observed heterozygosity and Fis coefficient of inbreeding. Values followed

by the same letter in the same column did not differ, p>0.05. *Significant Fis-value

considering the Bonferroni correction. Fis anesT) IS the mean inbreeding coefficient taking

into account null alleles, and genotyping errors. M is the INEST model which best fit the

data: n=null alleles, f=inbreeding, b=genotyping error. HPDI / HPDh is the 95% highest

posterior density interval.
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conditions, one ex situ and the other in situ, in central Brazil.

Table 3 Estimates of parameters of the inbreeding reproductive system of D. alata in two

Parameters Natural Germplasm
population collection

Total number of matrices (M) 20 20
Total number of progeny seedlings (n) 364 316
Fixation index of seed trees (Fm) 0.017 0.146
Multilocus outcrossing rate (tm) 0.815 0.934
Single-locus outcrossing rate (ts) 0.644 0.864
Biparental inbreeding rate (tn — ts) 0.171 0.070
Correlation of selfing (rs) 0.215 0.119
Correlation of paternity (rp) 0.479 0.099
Mean number of pollen donor trees (Nep) 2.087 10.101
Proportion of full-sibs (Pic) 0.390 (39%) 0.092 (9%)
Proportion of half-sibs (Pwi) 0.424 (42%) 0.841 (84%)

Proportion of selfing-sibs (Pia)

0.185 (19%)

0.066 (7%)
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Mating system and pollen dispersal in Dipteryx alata VVogel (Fabaceae): comparing in
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situ and ex situ conditions

Supporting Information — Tables

Table S1 Multiplex set used in the genetic analyses of D. alata individuals in the present study.

Primers Allele size range (bp)® Fluorescence Reference
Multiplex 1

Dal15 198-212 6'FAM Guimarées et al. 2017

Dal23 132-148 NED Guimaraes et al. 2017

DaE34 100-118 HEX Soares et al. 2012

Dal25 152-162 VIC Guimaraes et al. 2017

DaE63 208-216 HEX Soares et al. 2012

Dal20 184-210 PET Guimaraes et al. 2017
Multiplex 2

DaE41 110-142 NED Soares et al., 2012

Dal21 156-160 6'FAM Guimaraes et al. 2017
Multiplex 3

Dal18 186-200 VIC Guimarées et al. 2017

Da80 144-166 PET Guimaraes et al. 2017
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Table S2 Characterization of seven microsatellite loci of D. alata and comparison of genetic diversity and

707 polymorphism in three life stages of one natural population in central Brazil.
Adults Juveniles Seed
(N =89) (N=62) (N =364)

Loci A He Ho Fis A He Ho Fis A He Ho Fis
DaE34 4 0.384 0.321  0.167 4 0.238 0.190 0.204 8 0.377 0.301 0.201
DaE63 3 0591 0483 0.183 3 0.618 0.290 0532 3 0.571 0.400 0.300
Dall5 3 0.569 0.352 0.382 2 0415 0194 0536 3 0.647 0.369 0.430
Dal20 2 0.500 0.466  0.068 3 0.522 0.484 0.074 4 0.484 0.376 0.224
Dal23 5 0.672 0.483 0.283 5 0.744 0629 0.156 8 0.657 0.480 0.270
Dal25 3 0.541 0.303 0.440 3 0.366 0.194 0.473 3 0.517 0515 0.004
DaE4l 7 0.753 0.693  0.080 7 0.686 0.435 0.367 7 0.728 0.700 0.039
Dal21 2 0.245 0.148 0.399 2 0.338 0.230 0.323 3 0.170 0.112 0.337
Dall8 2 0411 0416 -0.011 2 0.217 0115 0474 3 0.490 0.445 0.091
Da80 5 0.683 0.584 0.146 6 0.694 0583 0.161 6 0.554 0.454 0.181
Global 3,6 0535 0425 0.207* 3.7 0.484 0.334 0.311* 4. 0.519 0.415 0.201*

708  * Significant f-value considering the correction of Bonferroni, p< 0.00167

709 A number of alleles, He expected heterozygosity based on the Hardy-Weinberg equilibrium, H, observed

710  heterozygosity, Fis coefficient of inbreeding.
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731  Table S3 Characterization of seven microsatellite loci of D. alata and comparison of genetic diversity and

732 polymorphism in two stages of the germplasm collection of central Brazil.

Adults Seed
(N=173) (N =316)

Locos A He Ho Fis A He Ho Fis
DaE34 9 0.765 0.360 0.530 8 0.724  0.462 0.363
DaE63 4 0.663 0.488 0.264 4 0.607  0.601 0.010
Dall5 4 0.371 0.285 0.232 4 0.382  0.345 0.097
Dal20 7 0.582 0.360 0.381 7 0.440 0.380 0.138
Dal23 10 0.780 0.483 0.382 10 0.811  0.703 0.134
Dal25 5 0.635 0.273 0.570 4 0.677  0.430 0.364
Dal21 3 0.346 0.145 0.581 3 0.466  0.263 0.437
DaE41 10 0.661 0.413 0.376 8 0.683  0.585 0.143
Dal18 5 0.433 0.342 0.212 4 0.262  0.238 0.091
Da80 11 0.789 0.621 0.214 11 0.674  0.536 0.205
Global 6.8 0.603 0.377 0.375* 6.3 0.573  0.454 0.207*

733 * Significant Fis-value considering the Bonferroni correction, p< 0.00227
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Table S4 Analysis of INEST model their effects in inbreeding estimation using INEST program (Chybicki

756  and Burczyk 2009).
757
Model (INEST) FIS (INEST) HPDI - HPDh DIC
nf 0.1555 0.0861 -0.231 2817
Natural population fo 0.2151 0.1732 - 0.2300 2806
Adults nfb 0.1778 0.1273 — 0.2300 2797
nb 0 0 2828
n 0 0 2845
b 0 0 29901
f - - -
nf 0,0381 0.0138 - 0.0752 11780
fb 0.2084 0.1732 - 0.2300 11766
Natural population nfb 0.0714 0.0193 —0.1234 11700
Progeny nb 0 0 11711
n 0 0 11790
b 0 0 12010
f - - -
nf 0.087 0.0385 - 0.1438 6418
Germplasm collection fb 0.3408 0.3102 - 0.3725 6364
Adults nfb 0.1153 0.0575 -0.1845 6318
nb 0 0 6369
n 0 0 6454
b 0 0 6723
f - - -
nf 0.0437 0.0202 - 0.0657 11879
fb 0.1256 0.1064 — 0.1452 11818
nfb 0.0372 0.0149 — 0.0589 11740
Germplasm collection nb 0 0 11759
Progeny n 0 0 11967
b 0 0 11937
f - - -
758  Fisanest) is the mean inbreeding coefficient taking into account null alleles, and genotyping errors. The
759 INEST model was computes for (n=null alleles, f=inbreeding, b=genotyping error) and for a combination of
760  these. HPDI / HPDh is the 95% highest posterior density interval. The DIC is deviance information criterion
761  for each model, the lowest DIC is corresponding with the model best fitting to data. Values with a dash (-)
762  were not computed by INEST due to missing data. Best INEST model is highlighted in bold.
763
764
765
766
767
768
769
770
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Table S5 Comparison of mating system parameters among the 20 mother trees from D. alata in two

conditions: one in situ and the other ex situ in central Brazil.

Natural population

Germplasm collection

Matrices N Tm Ts TmTs N Tm Ts T Ts
M1 21 0831 0.861 -0.030 17 0.884 0.773 0.110
M2 15  0.989 0.883 0.106 13 0.990 0.898 0.092
M3 5 0944  0.908 0.036 17 0.775  0.886 -0.111
M4 11 0980  0.889 0.091 19 0.858  0.864  -0.006
M5 7 0882 0891  -0.009 15 0.905 0.897  0.008
M6 15  0.912 0.851 0.061 17 0.995 0.942 0.053
M7 26  0.866 0.887 -0.021 19 0.997 0.912 0.085
M8 25  0.996 0.898 0.098 7 0.971 0.885 0.086
M9 14 0.987 0.918 0.069 17 0.990 0.915 0.076
M10 6 0958 0.891 0.067 23 0.987 0914  0.072
M11 23 0.797 0.821 -0.024 11 0.986 0.926 0.059
M12 22 0996  0.909 0.086 10 0.983  0.900  0.083
M13 21 0594 0776  -0.182 19 0.996 0.863  0.133
M14 21 0.697 0.813 -0.115 17 0.722 0.813 -0.091
M15 20 0.987 0.912 0.076 21 0.986 0.923 0.063
M16 23 0.740 0.847 -0.107 16 0.847 0.886 -0.038
M17 23 0.680 0.773 -0.094 16 0.992 0.887 0.105
M18 24 0.436 0.662 -0.227 16 0.993 0.884 0.109
M19 24  0.752  0.708 0.043 12 0.768  0.856  -0.088
M20 18  0.845 0.760 0.085 14 0.921 0.904 0.017

N number of seeds analyzed, T multilocus outcrossing rate, Ts single-locus outcrossing rate, Tm - Ts

biparental inbreeding.
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Resumo

Contexto. A estrutura genética espacial dentro de populagdes de plantas é influenciada

principalmente pela dispersao de polen e sementes. No entanto, a fragmentagédo do

habitat pode afetar os processos de dispersdo, impactando a estrutura genética espacial.
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Obijetivos. Testar se a estrutura genética espacial em escala local é explicada pela
distancia geogréfica ou se existe interferéncia da composicdo da paisagem neste
processo, em individuos adultos e juvenis de uma populacéo de D. alata.

Métodos. Foram utilizados 10 locos microssatélites para avaliar 89 individuos adultos e
62 juvenis de uma populagdo de D. alata localizada em Orizona-GO, Brasil. O padréo
da estrutura genética espacial foi avaliado a partir de coeficientes de parentesco de
Nason (Fij) entre os pares de individuos, utilizando correlagdo de Mantel,
autocorrelogramas e com base na estimativa da forca da estrutura genética Sp. A analise
de agrupamento entre individuos foi testada por métodos de agrupamento baseados em
estatistica bayesiana. A influéncia da paisagem na estrutura genética local foi avaliada
com base na modelagem orientada por padrédo (POM - pattern-oriented modeling) e na
teoria de circuitos.

Resultados. Foi detectada moderada estrutura genética espacial em adultos e juvenis,
que pode ser explicada pelos modos de dispersdo de polen e semente da espécie, que
levam a formacdo de grupos de individuos com estruturacdo familiar. As analises de
agrupamento bayesiano mostraram a formacao de dois grupos, tanto em adultos quanto
em juvenis. As composic¢des da paisagem apresentaram maior influéncia na estrutura
genética dos individuos juvenis.

Conclusdes. Os fatores de dispersdo restrita de sementes, que se da principalmente por
barocoria, e 0 histdrico de perturbagéo antropica dessa populacéo de D. alata
contribuem para o padréo de estrutura genética local. De modo geral, existe uma
moderada estrutura genética espacial, porém a composicao da paisagem explica melhor
0 padrdo de variacdo genética, tanto para juvenis quanto para adultos. Além disso, foi
detectada uma maior interferéncia da paisagem na variacdo genética dos individuos

juvenis, o que tem implicacdes importantes para a conservacgao da espeécie.
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Palavras-chave: Autocorrelacdo espacial, Dipteryx alata, microssatélites, parentesco,

resisténcia da paisagem.

Introducéo

O conhecimento da estrutura genética espacial (Spatial Genetic Structure - SGS)
é importante para avaliar os impactos da fragmentacao nas populag¢fes naturais
(Vekemans e Hardy 2004; Collevatti et al. 2010; Collevatti et al. 2014). A anélise de
SGS permite avaliar se ha distribuicdo ndo aleatoria de gendtipos, resultante da acédo de
diferentes processos microevolutivos (Epperson 2003). A SGS dentro das populagdes
pode ser consequéncia de varios fatores tais como: disperséo restrita de pélen e semente,
da endogamia, das pressdes de selecdo, da deriva genética local e da histéria de
colonizagdo e sobrevivéncia diferencial de individuos, que podem favorecer um mesmo
ou diferentes gendtipos (Vekemans e Hardy 2004).

Varios estudos tém evidenciado SGS dentro de populacfes de espécies arboreas
(Collevatti et al. 2010; Barluenga et al. 2011; Yao et al. 2011; Costa et al. 2017),
enguanto em outros estudos se observa a sua auséncia de SGS (Doligez e Joly 1997; Ng
et al. 2006; Alcala et al. 2015). A existéncia ou ndo da SGS pode ser explicada por
diferentes fatores ecologicos e geneticos atuando dentro das populacfes naturais
(Vekemans e Hardy 2004). Por exemplo, espécies cuja dispersdo de sementes ocorre por
animais podem apresentar diferentes perfis de variagdo genética espacial, dependendo
do comportamento do dispersor (Jordano et al. 2007; Barluenga et al. 2011; Medina-

Macedo et al. 2015).
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A SGS também pode ser afetada pela fragmentacdo das popula¢des naturais
dentro do seu habitat (Barluenga et al. 2011; Collevatti et al. 2014; Costa et al. 2017).
Estudos recentes tém relacionado a SGS com caracteristicas da paisagem, incluindo
caracteristicas naturais e modificagdes induzidas pelo homem (Telles et al. 2014),
conforme proposto pela linha de pesquisa em genética da paisagem (Manel et al. 2003;
Manel e Holderegger 2013).

Uma das formas de avaliar a influéncia da paisagem na estrutura genética
espacial é através do conceito de “Isolamento por resisténcia”, baseado na teoria de
circuitos elétricos (McRae 2006; McRae e Beier 2007). Nesta abordagem séo
desenvolvidos modelos de mapas de superficie de resisténcia paisagistica com valores
de “custos” que representam a resisténcia ao deslocamento do polinizador ou dispersor
através das diferentes composic¢des de paisagem (Milanesi et al. 2017).

Um dos principais desafios para os estudos de genética da paisagem é a
atribuicdo dos valores de custos de resisténcia as caracteristicas da paisagem (Spear et
al. 2010). A modelagem orientada por padrdo (POM - pattern-oriented modeling) pode
ser uma alternativa para esta atribuicdo de custos de resisténcia (Grimm et al. 1996;
Grimm et al. 2005; Diniz-filho et al. 2014). Na POM séo utilizados procedimentos
computacionais para se encontrar conjuntos de parametros que geram modelos que
melhor explica o padrdo observado. Esta estratégia melhora significativamente a
qualidade das previsdes do efeito das composicOes da paisagem sobre a SGS (Wiegand
et al. 2003; Grimm et al. 2005; Diniz-filho et al. 2014).

A maioria dos estudos de genética da paisagem tem sido desenvolvida em escala
local, utilizando populagdes como as unidades amostrais (Manel et al. 2003; Manel et
al. 2010; Balkenhol et al. 2015). Porém nos ultimos anos, a genética da paisagem tem

explorado a influéncia da paisagem em escala local, em que os individuos séo as
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unidades amostrais (Cushman e Landguth 2010a; Segelbacher et al. 2010; Cushman e
Landguth 2010b; Kierepka e Latch 2015). No entanto, esses estudos em escala local em
plantas ainda sdo raros (Newman et al. 2013). Além disto, Anderson et al. (2010) e
Cushman e Landguth (2010b) destacam a necessidade de estudos que envolvam
multiplas escalas espaciais e temporais para melhorar as contribuicfes préaticas para a
conservacao das espécies.

Dipteryx alata VVogel (Leguminosae) é uma arvore Neotropical nativa do
Cerrado. A espécie é hermafrodita e seus principais polinizadores sdo abelhas e suas
sementes sdo dispersas por barocoria e zoocoria, sendo realizada principalmente por
morcegos e macacos (Almeida et al. 1998; Sano et al. 2004; Oliveira e Sigrist 2008).
Anélises anteriores com D. alata revelaram que a variabilidade genética das populacoes
da espécie é espacialmente estruturada e pode estar relacionada as condic¢des climaticas
e a fragmentacdo do habitat (Collevatti et al., 2010; Telles et al., 2014; Soares et al.,
2015). Também foi detectada estrutura genética espacial em escala local, utilizando
marcadores RAPD (Soares et al. 2008) e microssatélites (Collevatti et al. 2010). No
entanto, estes estudos ndo avaliaram a influéncia da paisagem na SGS local. Desta
forma, D. alata é considerada boa opcao de espécie-modelo para o desenvolvimento do
presente estudo, que possui 0 objetivo de verificar se o padrao de distribuicdo da
variacdo genética intrapopulacional é explicado pela distancia geografica ou se a
composigdo da paisagem pode estar interferindo neste padréo, tanto em individuos

adultos e juvenis de uma populagéo da especie arborea D. alata.

Material e métodos

Area de estudo e amostragen
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Foram amostrados 151 individuos, sendo 89 adultos e 62 juvenis, em uma
populagdo de D. alata localizada em Orizona, Goiés, no Centro-Oeste do Brasil (16° 45'
52,0"S e 48° 12'17,7" W, a 881 m de altitude) (Fig. 1). Esta populagdo esta situada em
uma propriedade privada, com &rea de cerca de 148 ha e com paisagem heterogénea,
composta de estradas, pastagens, agricultura e remanescentes florestais. Todos 0s
individuos foram mapeados usando um receptor GPS (sistema de posicionamento
global) portétil. As andlises estatisticas foram conduzidas de forma separada para 0s

individuos adultos e juvenis.

Analises de Microssatélites

O DNA genbmico total foi extraido do tecido foliar dos individuos seguindo o
procedimento padrdo de CTAB 2% (Doyle e Doyle 1987). As reacGes em cadeia da
polimerase (PCR) foram realizadas usando dez locos microssatélites (Soares et al. 2012;
Guimarées et al. 2017) e seguiram as condic¢des de amplificacdo propostas por
Guimarées et al. (2017). A deteccao dos fragmentos amplificados foi realizada por um
sistema semi-automatizado de eletroforese capilar ABI PRISM® 3500 Genetic
Analyzer (Applied Biosystems, CA) e um padréo de tamanho GeneScan LI1Z600TM
(AppliedBiosystems). Os individuos foram genotipados utilizando o software
GeneMaper® v5.0 (Applied Biosystems, CA). A confirmacéo do perfil molecular foi
realizada pela “escada alélica”, com a realizacdo de uma nova eletroforese capilar, com
um conjunto de individuos que continha todos os alelos de um dado loco.

Os locos foram testados quanto ao desequilibrio de ligacéo e desvios das

proporcdes de Hardy-Weinberg no software GDA versdo 1.1 (Lewis e Zaykin 2002).
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Além disso, foi testada a presenca de alelos nulos na populacao através do software

Microchecker (Oosterhout et al. 2004).

Estrutura genética espacial

As andlises de estrutura genética espacial foram realizadas a partir de matrizes
de coeficientes de parentesco de Nason (Fij) (Loiselle et al. 1995). Os coeficientes de Fj;
entre os pares de individuos foram gerados utilizando o software SPAGeDI (Hardy e
Vekemans 2002). Esse estimador é adequado para avaliar grupos de individuos que
possam apresentar endogamia biparental (Hardy e Vekemans 2015).

As matrizes de distancias genéticas com base em coeficientes de parentesco
foram obtidas a partir de [1- (matriz de Fij par-a-par)]. As coordenadas geograficas dos
individuos adultos e juvenis foram utilizadas para se obter as matrizes de distancia
geogréfica par a par. O teste de Mantel foi realizado entre as matrizes de distancias
genética e geogréafica dos adultos e juvenis.

A avaliacdo da autocorrelacéo espacial foi realizada seguindo o procedimento
descrito por Vekemans e Hardy (2004) utilizando o software SPAGeDI (Hardy e
Vekemans 2002). Foram obtidas as médias dos coeficientes de Fij dentro de onze classes
de distancia geografica com mesma dimensao.

Para se testar a estrutura do parentesco, foi realizada uma regresséo linear dos
coeficientes de Fiymédio de cada classe em funcao da distancia geogréafica entre os
individuos (adultos e juvenis). A significancia do parentesco médio em todas as classes
de distancia e da regressdo foi verificada a partir de um teste com 10.000 permutagdes.
Os intervalos de confianca dos coeficientes de Fij foram estimados usando jackknife

sobre os locos utilizando o software SPAGeDI (Hardy e Vekemans 2002). Na
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construcdo do autocorrelogramas foram utilizadas as medias dos coeficientes de Fij,
onze classes de distancias geogréficas e os intervalos de confianga.

A intensidade da estrutura genética espacial foi quantificada pelo parametro
genético Sp, desenvolvido por Vekemans e Hardy (2004) e calculado de acordo com a
formula: Sp=-Biog/(1- F1), onde Biog € a inclinacéo da reta da regresséo e F1 € 0

coeficiente Fij entre individuos dentro da primeira classe de distancia.

Analise de agrupamento

Dentre os varios métodos para deteccdo de agrupamentos genéticos, os métodos
espaciais de agrupamento bayesiano estdo entre os mais poderosos (Blair et al. 2012).
Foram utilizados dois softwares que incorporam métodos de agrupamento Bayesiano, 0
STRUCTURE ver. 2.3.1 (Pritchard et al. 2000) e 0 GENELAND 4.8 (Guillot et al.,
2005), implementado no R. A andlise foi realizada para cada estagio de vida (1) 89
adultos e (2) 62 juvenis.

O software STRUCTURE foi utilizado a fim de determinar o nimero de
agrupamentos genéticos. Para isso, foram realizadas dez corridas independentes para
cada K variando de 1 a 10 agrupamentos genéticos. Cada corrida foi programada para
250.000 simulacdes de Monte Carlo via cadeias de Markov (MCMC) apés 100.000
repeticdes, assumindo um modelo de mistura com alelos correlacionados entre
individuos. Os valores de K e AK adequados para explicar os dados foram determinados
conforme proposto por Evanno et al. (2005), utilizando software STRUCTURE
HARVESTER (Earl e VonHold 2012).

O software GENELAND foi utilizado com intuito de gerar uma exibi¢&o gréafica

da organizacdo espacial dos individuos dentro de cada grupo determinado pelo
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STRUCTURE. Para tanto, foi implementado um modelo assumindo: organismo
diploide, certeza ligada as coordenadas espaciais, frequéncias alélicas com distribuigdes
independentes, 1000.000 itera¢cdes de MCMC (thinning = 100), permitindo que o K

variasse de acordo com o nimero de grupos identificado pelo software STRUCTURE.

Genética da paisagem em escala local

Os dados de uso da terra foram obtidos em dois periodos diferentes (Fig. 6A e
7A) com intervalo de 30 anos. Para os adultos, a paisagem de 1986, foi extraida a partir
de mapas de cobertura vegetal dos biomas brasileiros na escala espacial 1: 250.000, com
na base no Landsat 7 ETM + do ano de 1986 (ver www.mma.gov.br). Para os
individuos juvenis, foi utilizada uma paisagem de 2016, a partir de imagens de alta
resolucdo (Google Earth). A configuracdo diferente do habitat em cada estagio de vida
foi estabelecida com intuito de comparar a influéncia da paisagem ha 30 anos com a
paisagem mais recente, diante das mudancas ocorridas no Cerrado (Grecchi et al. 2015).

As imagens obtidas para cada estagio de vida foram vetorizadas em quatro
composic¢des de recursos paisagisticos que incluem estradas (Coffin 2007; Freitas et al.
2013), pastagem, agricultura (Carvalho et al. 2009) e proporc¢ao de area coberta por
remanescentes naturais (Telles et al. 2014). Os poligonos de cada composi¢édo da
paisagem formados apés a vetorizagdo foram convertidos em uma imagem raster com
uma dimensdo de célula de 5m x 5m (0,00005°). Essas imagens raster, de cada
composicao da paisagem, foram reunidas em uma unica camada usando o software
ARCGIS versdo 10.3 (ESRI, Redlands, CA).

Apesar de existirem 89 individuos adultos e 62 juvenis amostrados, foram

utilizados nesta analise 88 e 47, respectivamente, pois os individuos muito proximos
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geograficamente foram retirados, resultando-se em apenas um individuo por célula. Os
pontos de ocorréncia para esses individuos também foram convertidos em raster,
utilizando-se a mesma metodologia. Os dados de composic¢do da paisagem e 0s pontos
de ocorréncia dos individuos no formato raster foram utilizados como estrutura bésica
para a obtencdo dos mapas de superficies de resisténcia.

Para atribuir valores de resisténcia a diferentes composicdes da paisagem foram
criados mapas de superficie de resisténcia utilizando-se a abordagem conhecida como
“pattern-oriented modeling — (POM)”, de acordo com o protocolo proposto por
(Wiegand et al. 2003) modificado por Souza (2016). A partir da paisagem estruturada
em raster, foram gerados 1.000 mapas de superficies de resisténcia, com valores de
custos de resisténcia variando entre 0 (menor custo) e 100 (maior custo), em intervalos
de 1. Esses valores de custos foram aleatoriamente designados para cada composicéo da
paisagem, e indicaram a intensidade de resisténcia imposta por cada composic¢ao da
paisagem (pastagem, estrada, agricultura e remanente natural). Os mapas de superficies
de resisténcia foram gerados a partir de um script no R proposto por Souza (2016).

Os 1000 mapas de superficies de resisténcia gerados juntamente com 0s pontos
de ocorréncia foram utilizados para obter as matrizes de distancia de resisténcia efetiva
entre os pares de individuos. Essas matrizes de distancias de resisténcia foram
calculadas de acordo com a teoria do circuito elétrico em uma proposta de isolamento
por resisténcia (McRae 2006), utilizando software Circuitscape (Shah e MacRae 2008)
e 0 pacote ResistanceGA no R (Souza, 2016). O software Circuitscape calcula as
matrizes de resisténcia considerando varios caminhos ao longo da paisagem, fazendo
uma analogia entre a conectividade elétrica e os dados genéticos da espécie em estudo

(Mcrae et al. 2008).
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As 1000 matrizes de distancia de resisténcias obtidas foram correlacionadas com
a matriz de Fij par-a-par, usando a fungdo mantel no pacote vegan no R (Oksanen 2015).
A partir desses resultados foram selecionadas as matrizes distancias de resisténcias que
melhor explicavam a distancia genética entre os individuos, utilizando o critério de
Akaike (AIC) (DeLeeuw 1992) menores que trés. Com base nisso, foi gerada uma
matriz de distancia de resisténcia média, a partir da qual foi criado 0 mapa de “corrente”
das possiveis rotas de dispersdo da espécie na paisagem utilizando o Circuitscape
(McRae, 2006).

Para avaliar o efeito exclusivo da paisagem na variagdo genética, foram
realizados testes Mantel parcial entre as matrizes de distancia genética e as matrizes de

distancia de resisténcia, descontando o efeito das matrizes de distancia geogréfica.

Resultados

Analises de Microssatélites

A andlise das proporc¢des genotipicas esperadas sobre o equilibrio de Hardy-
Weinberg (HWE), dadas as frequéncias dos alelos, identificou desvios significativos ao
equilibrio HWE em oito locos nos (adultos) e 10 locos nos (juvenis), atendendo aos
pressupostos apenas o loco Dal20 e Dal18. Além disso, utilizando os critérios de
Bonferroni, foi detectado desequilibrio de ligagdo em um par de locos nos adultos
(Dal23xDal15) e trés pares nos juvenis (Dal23xDaE41, Da63xDal15, DaE41xDa80). A
analise de dados brutos no software Micro-Checker ndo mostrou erros devido a

genotipagem, mas os locos Dall15, DaE63, DaE25 e Dall18 apresentaram alelos nulos.
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Estrutura genética espacial

A distancia genética com base nos coeficientes de parentesco de Nason (Fj;) foi
positivamente correlacionada com a distancia geografica, segundo o teste de Mantel,
mostrando que existe um padrdo espacial para os individuos adultos (r = 0,153; P <
0,001) e juvenis (r = 0,193; P < 0,001). Os baixos valores de correlacdo evidenciam que
0 parentesco entre os individuos & moderadamente explicado pela distancia geogréfica.

De forma similar ao observado pelo teste de Mantel, o autocorrelograma
evidencia significativa autocorrelacdo espacial nos dois estagios de vida
(adultos e juvenis). Além disso, o coeficiente de determinagdo em adultos (R?= 0, 053,
P < 0,001) e juvenis (R?>= 0,127, P < 0,001) indica que o parentesco esta
significativamente relacionado com a distancia geogréafica (Tabela 1). O coeficiente de
parentesco diminuiu de maneira expressiva apos a terceira classe de distancia
geogréfica, tanto para os individuos adultos (Fig. 2A), quanto para os juvenis (Fig. 2B).
Entretanto, ao observar os valores de coeficiente de parentesco entre 0s dois estagios de
vida, verifica-se que o parentesco médio dos individuos juvenis na primeira classe de
distancia geogréfica € quase o dobro do observado nos individuos adultos. De modo
geral os adultos e juvenis, apresentam significativos valores de intensidade da
estruturacdo espacial, com valores de S iguais a 0,032 e 0,051, respectivamente

(Tabela 1).

Analise de agrupamento
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A atribuicdo bayesiana de individuos com software STRUCTURE
mostra a existéncia grupos genéticos, tanto em adultos (AK = 86,66) quanto em juvenis
(AK =174,09), com a formacdo de dois grupos (Fig. 3A e B).

A organizacdo espacial dos dois grupos genéticos ao longo da paisagem para 0s
dois estagios de vida (Fig. 4A e D), mostra que os grupos de individuos com maior
parentesco dentro da paisagem é diferente entre os individuos adultos (Fig. 4Be C) e
juvenis (Fig. 4E e F). Além disto, observa-se um complexo padrao espacial, ou seja, a
formacao destes grupos nédo é facilmente explicada pela distancia geografica,
principalmente nos individuos adultos. Isso mostra que a correlagdo positiva observada

entre a distancia geografica e o parentesco ndo esté tao explicita.

Genética da paisagem em escala local

A composicao da paisagem obtida para o ano de 1986 se diferenciou pouco da
obtida em 2016 (Fig. 6A e 7A), com uma paisagem mais homogénea no passado, em
relacdo a atual.

Os testes de Mantel entre as 1000 matrizes de superficie de resisténcia e as
matrizes de distancia genética par-a-par resultaram em valores de coeficiente de
correlagéo variando entre 0,018 a 0,216 para os adultos e 0,045 a 0,388 para 0s juvenis.
Foram selecionadas 25 superficies de resisténcia para 0s juvenis e sete para os adultos,
de acordo com os valores criticos de A Akaike (AIC). As matrizes de distancia de
resisténcia média apresentaram coeficientes de correlacdo com a distancia genética de r
= 0,216, P < 0,001 para os adultos e r = 0,388, P < 0,001 para os juvenis (Fig. 5A e B).

Os mapas de corrente sugerem gue as regides com maior numero de individuos

aparentados se localizou nas areas de remanescentes naturais (Fig. 6B e 7B). Para 0s

74



321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

individuos adultos a agricultura € a composi¢do da paisagem que impde maior
resisténcia entre os grupos (Fig. 6B). Para os individuos juvenis, tanto a agricultura
quanto a pastagem estdo impondo resisténcia entre os grupos (Fig. 7B).

Os testes de Mantel parcial mostraram que a paisagem tem uma relevante
associacao com a distancia genética entre os individuos adultos (r = 0,165, P < 0,001) e
juvenis (r = 0,355, P < 0,001). Esse resultado, no entanto, mostra que existe uma maior
interferéncia da paisagem na distribuicdo espacial da variabilidade genética dos

individuos juvenis.

Discussao

Os locos microssatélites apresentaram desvios aos pressupostos do equilibrio
HWE e desequilibrio de ligagéo. O desvio ao equilibrio HWE e a presenca de alelos
nulos pode ser resultado de endogamia biparental, considerando que foi observado alto
grau de parentesco nesta populacdo. Este fato também pode explicar a existéncia do
desequilibrio de ligagdo entre alguns pares de locos.

Os resultados mostram que existe moderada estrutura genética espacial (SGS)
nos adultos e juvenis. No entanto, a SGS foi maior nos juvenis (r = 0,193), com 3,6% da
variacdo genética sendo explicada pela distancia geografica. Souza (2016) encontrou (r
= 0,48) avaliando D. alata a nivel populacional, uma correlacdo também moderada,
indicando que outros fatores alem da distancia geografica podem influenciar a variagao
genética de D. alata. A SGS da espécie D. alata pode ser explicada pela histéria de
vida, caracterizada pela formacéo de grupos de individuos com estruturagdo familiar
conforme observado por Soares et al. (2008) e Collevatti et al. (2010). As sementes de

D. alata s&o dispersas principalmente por barocoria e secundariamente por macacos,
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morcegos e roedores (Sano et al. 2004), que podem restringir as distancias de dispersao
de sementes, causando SGS (Soares et al. 2008). No entanto, a disperséo de pdlen é
mediada por abelhas (Oliveira e Sigrist 2008), com disperséo do polen por longa
distancia (Tambarussi et al. 2017). De modo que a estrutura genética observada é dada
por um balanco entre a contribuicdo do polen e da semente.

Os valores de Sp em adultos (0,0329) e juvenis (0,0514) sdo relevantes quando
comparados aos observados para outras espécies de plantas por exemplo. Esses valores
sdo semelhantes aos encontrados em espécies com sistema reprodutivo misto, que
apresentam dispersao de pdlen por animais e dispersdo de sementes por barocoria
(Vekemans e Hardy 2004). A diferenca de Sp entre os estagios de vida também foi
observada dentro de populacdes de espécies neotropicais dispersas por animais
(Collevatti e Hay 2011; Costa et al. 2017). A intensidade da SGS observada para D.
alata foi maior que para outras espécies arboreas frutiferas do cerrado dispersas por
animais como (Caryocar brasiliense, Collevatti et al. 2010; Collevatti e Hay 2011;
Annona crassiflora, Collevatti et al. 2014; Hancornia speciosa, Costa et al. 2017) para
as quais a fragmentacéo é apontada como a principal causa da alta endogamia. Assim
mesmo estando em uma area com cerca de 60% de remanescente natural, as alteracGes
antrdpicas podem estar causando impactos na populacéo estudada.

O parentesco médio entre os individuos em classes de distancias diminuiu com
aumento da distancia geografica, conforme foi observado por Soares et al. (2008),
Tarazi et al. (2010) e Tambarussi et al. (2017). Para os adultos, o parentesco foi
explicado pela distancia até 500m, o dobro da distancia observada nos juvenis. Esse fato
pode ser explicado pela dispers@o barocorica das sementes, na qual sementes mais
aparentadas séo dispersas mais proximas geograficamente. Por exemplo, individuos

juvenis exibem maior estruturacdo genética dentro da populagéo, em relagéo aos adultos
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que podem ter outros fatores que explicam sua distribui¢do no espaco ao longo do
desenvolvimento (Collevatti e Hay 2011; Costa et al. 2017).

A atribuicdo de individuos em grupos genéticos K = 2 em ambos 0s estagios de
vida produziu uma imagem clara da estrutura genética da populacdo em dois grupos. No
entanto, o0 maior parentesco (similaridade genética) dentro dos grupos ndo foi facilmente
explicado pela distancia geogréafica entre os individuos, uma vez que individuos
relativamente distantes geograficamente foram alocados em um mesmo grupo.

Os mapas de corrente mostram que a composi¢ao da paisagem gque mais
contribuiu para a existéncia de descontinuidade genética nos adultos foi a agricultura,
enquanto nos juvenis tanto a area de pastagem como agricultura estdo interferindo. Isso
é confirmado pelo coeficiente de correlacdo da matriz de distancia de resisténcia
selecionada com a matriz distancia genética que foi bem superior nos juvenis (r =
0,388), mostrando que as caracteristicas da paisagem apresentam maior interferéncia na
variacdo genética entre individuos juvenis do que nos adultos. Além disso, esse
resultado é corroborado pelo teste Mantel parcial (r = 0,3553) nos juvenis, que
evidencia a importancia da composicao da paisagem da variabilidade genética destes
individuos.

Os individuos juvenis apresentaram maior interferéncia das composi¢des da
paisagem. Isso pode estar relacionado com a paisagem mais heterogénea, fazendo com
que as plantas recebam menos visitantes florais, devido ao declinio na abundancia de
polinizadores, e a limitagdo de movimento entre as manchas de remanescentes (Goverde
et al. 2002). Alem disso, a fragmentacdo também altera a abundancia e o
comportamento dos animais dispersores, o que afeta a dispersao de sementes (Ghazoul
2005). Assim os efeitos de ocupacdo humana, relacionada a agricultura e pastagem

podem esta influenciando a distribuicdo da variabilidade genética dos individuos de D.
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alata. Fator ja identificado por Telles et al. (2014), que mostram que apesar da
ocupacdo humana no Cerrado ser recente, j& existem efeitos significativos da
fragmentacédo do habitat nas populagdes de D. alata.

Este estudo mostra que as a¢des antropicas, relacionadas a perda de habitat e
fragmentacdo causam maior interferéncia na variacdo genética dos individuos juvenis.
Este resultado € particularmente importante, pois estes individuos irdo recompor a
populacdo de D. alata desta area. Assim, essas descobertas devem ser consideradas para

subsidiar estratégias mais eficientes de conservacao da espécie.
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Tabela 1 Parametros de estrutura genética espacial de individuos adultos e juvenis de

uma populacdo de D. alata

Estagios de vida R? Blog Fi(lclasse) Sp
Adultos 0,0535 -0,0297 0,0960 0,0329
Juvenis 0,1268 -0,0416 0,1910 0,0514

RZ coeficiente de determinacio, Biog inclinacio da regressio, F1 parentesco da primeira

classe de distancia, Sp intensidade da estruturacdo espacial
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5 CONSIDERACOES FINAIS

e A espécie Dipteryx alata conta atualmente com 19 marcadores microssatélites
polimorficos publicados (Soares et al., 2012, Guimardes et al. 2017). Entretanto,
estes marcadores exibem baixo polimorfismo meédio, o que fez com que dez
pudessem ser utilizados nos artigos deste estudo. Este fato corrobora com outros
trabalhos que discutem que a espécie exibe baixa variacdo genética;

e As estimativas de taxa de fecundacdo cruzada confirmam que espécie D. alata
apresenta um sistema reprodutivo misto, com predominancia de alogamia;

e A condicdo ex situ exibe alto nimero de sementes que compartilham as mesmas
doadoras de polen, sendo que na condicao in situ esse numero foi maior ainda, o que
indica baixo nimero de doadoras de polen por arvore nas populacées estudadas;

e A distancia de dispersao de p6len mostra que na condigdo in situ os polinizadores
estdo atingindo grandes distancias de dispersdo, quando comparadas a condi¢do ex
situ;

e A inclusdo das caracteristicas da paisagem trouxe um ganho de explicacdo para a
estrutura genética em escala local na populacao de D. alata estudada;

e Tanto nos individuos adultos quanto nos juvenis, foram detectados dois grupos
genéticos com maior parentesco dentro deles;

e A composicao da paisagem que mais contribui para a existéncia de descontinuidade
genética nos individuos adultos foi a agricultura, enquanto nos juvenis tanto a
pastagem quanto a agricultura estéo interferindo. Estes resultados séo relevantes para

a conservacdo da espécie D. alata.

92



6 REFERENCIAS

ALMEIDA, S. P. DE; PROENCA, C. E. B.; SANO, S. M.; RIBEIRO, J. F. Cerrado:
especies vegetais uteis. Planaltina: Embrapa-CPAC, v. 464, 1998.

BALKENHOL, N.; CUSHMAN, S. A.; STORFER, A.; WAITS, L. P. Landscape
Genetics: concepts, methods, aplications. 2015.

BARLUENGA, M.; AUSTERLITZ, F.; ELZINGA, J. A.; TEIXEIRA, S.; GOUDET, J.;
BERNASCONI, G. Fine-scale spatial genetic structure and gene dispersal in Silene
latifolia. Heredity, v. 106, n. 1, p. 13-24, 2011.

BATISTA, A. C. F.; RODRIGUES, H. DE S.; PEREIRA, N. R.; HERNANDEZ-
TERRONES, M. G.; VIEIRA, A. T.; OLIVEIRA, M. F. DE. Use of baru oil (Dipteryx
alata vog.) to produce biodiesel and study of the physical and chemical characteristics
of biodiesel/petroleum diesel fuel blends. Chemistry and Technology of Fuels and
Oils, v. 48,n. 1, p. 11-13, 2012.

CANUTO, D.S.DE O.; ZARUMA, D. U. G.; MORAES, M. A. DE; SILVA, A. M. DA;
MARIO, L. T. DE M.; FREITAS, M. L. F. Caracterizagdo genética de um teste de
progénies de Dipteryx alata VVog. proveniente de remanescente florestal da Estacdo
Ecoldgica de Paulo de Faria, SP, Brasil. Hoehnea, v. 42, n. 2, p. 641-648, 2015.

COLLEVATTI R. G.; LIMA, J. S.; SOARES, T. N.; TELLES, M. P. DE C. Spatial
genetic structure and life history traits in Cerrado tree species: inferences for
conservation. Natureza & Conservacdao, v. 8, n. 1, p. 54-59, 2010.

COLLEVATTI, R. G.; TELLES, M. P. DE C,; LIMA, J. S.; GOUVEIA, F. O;;
SOARES, T. N. Contrasting spatial genetic structure in Annona crassiflora populations
from fragmented and pristine savannas. Plant Systematics and Evolution, v. 300, n. 7,
p. 1719-1727, 2014.

COLLEVATTI, R. G.; TELLES, M. P. DE C.; NABOUT, J. C.; CHAVES, L. J;
SOARES, T. N. Demographic history and the low genetic diversity in Dipteryx alata
(Fabaceae) from Brazilian Neotropical savannas. Heredity, v. 111, n. 2, p. 97-105,
2013.

CORREA, G. DE C.; ROCHA, M. R. DA; NAVES, R. V. Germinagéo de sementes e
emergéncia de plantulas de Baru (Dipteryx alata VVog.) nos Cerrados do estado de
Goias. Pesquisa Agropecuaria Tropical, v. 30, n. 2, p. 17-23, 2000.

COSTA, C. F.; COLLEVATTI, R. G.; CHAVES, L. J.; LIMA, J. D. S.; SOARES, T.
N.; TELLES, M. P. DE C. Genetic diversity and fi ne-scale genetic structure in
Hancornia (Apocynaceae). Biochemical Systematics and Ecology journal, v. 72, n.
Supplement C, p. 63-67, 2017.

CUSHMAN, S. A.; LANDGUTH, E. L. Scale dependent inference in landscape
genetics. Landscape Ecology, v. 25, n. 6, p. 967-979, 2010b.

CUSHMAN, S. A.; LANDGUTH, E. L. Spurious correlations and inference in
landscape genetics. Molecular Ecology, v. 19, n. 17, p. 3592-3602, 2010a.

93



CZEDER, L. P.; FERNANDES, D. C.; FREITAS, J. B.; NAVES, M. M. V. Baru
almonds from different regions of the Brazilian Savanna: Implications on physical and
nutritional characteristics. Agricultural Sciences, v. 3, n. 5, p. 745-754, 2012,

DINIZ-FILHO, J.A.F.; MELO, D.B.; OLIVEIRA, G.; COLLEVATTI, R.G.; SOARES,
T.N.; NABOUT, J.C.; LIMA, J.D.S. ET AL. Planning for optimal conservation of
geographical genetic variability within species. Conservation Genetics, v. 13, n. 4, p.
1085-1093, 2012.

ELLSTRAND, N. C. Is gene flow the most important evolutionary force in plants?
American Journal of Botany, v. 101, n. 5, p. 737-753, 2014.

EPPERSON, B. K. Geographical genetics. Princeton University Press, 2003.

FERREIRA, R. Q. DE S.; CAMARGO, M. O.; TEIXEIRA, P.R.; SOUZA, P. B. DE;
VIANA, R. H. O. Uso potencial e sindromes de dispersdo das espécies de trés areas de
cerrado sensu stricto, Tocantins. Global Science and Technology, v. 9, n. 3, p. 73-86,
2017.

FRAGUAS, R. M.; SIMAO, A. A.; LEAL, R. S.; SANTOS, C. M. DOS; ROCHA, D.
A.; TAVARES, T. S.; MARQUES, T. R.; ET AL. Chemical composition of processed
baru (Dipteryx alata Vog.) almonds: Lyophilization and roasting. African Journal of
Agricultural Research, v. 9, n. 53, p. 3838-3852, 2014

HAVENS, K.; VITT, P.; MAUNDER, M.; GUERRANT, E. O.; DIXON, K. Ex situ
plant conservation and beyond. BioScience, v. 56, n. 6, p. 525, 2006.

HOBAN, S.; SCHLARBAUM, S. Optimal sampling of seeds from plant populations for
ex-situ conservation of genetic biodiversity, considering realistic population structure.
Biological Conservation, v. 177, p. 90-99, 2014.

KIEREPKA, E. M.; LATCH, E. K. Performance of partial statistics in individual-based
landscape genetics. Molecular Ecology Resources, v. 15, n. 3, p. 512-525, 2015.

LEMOS, M. R. B.; SIQUEIRA, E. M. DE A.; ARRUDA, S. F.; ZAMBIAZI, R. C. The
effect of roasting on the phenolic compounds and antioxidant potential of baru nuts
[Dipteryx alata VVog.]. Food Research International, v. 48, n. 2, p. 592-597, 2012

MANEL, S.; JOOST, S.; EPPERSON, B. K.; HOLDEREGGER, R.; STORFER, A;
ROSENBERG, M. S.; SCRIBNER, K. T.; ET AL. Perspectives on the use of landscape
genetics to detect genetic adaptive variation in the field. Molecular Ecology, v. 19, p.
3760-3772, 2010.

MANEL, S.; SCHWARTZ, M. K.; LUIKART, G.; TABERLET, P. Landscape genetics:
Combining landscape ecology and population genetics. Trends in Ecology and
Evolution, v. 18, n. 4, p. 189-197, 2003.

MAXTED, N.; FORD-LLOYD, B. V; HAWKES, J. G. Plant genetic conservation:
the in situ approach. Springer Science & Business Media, 2013.

MELO, D. B.; DINIZ-FILHO, J. A. F.; OLIVEIRA, G.; SANTANA, L. L.; SOARES,
T.N.; CHAVES, L. J.; NAVES, R. V. ET AL. Optimizing sampling efforts for ex situ
conservation of genetic variability of Dipteryx alata Vogel. BMC Proceedings, v. 5, n.
Suppl 7, p. P18, 2011.

MONTEIRO, S. M.; PINTO, A. M.; BARBOSA, A.P.; CNPQ-INPA, B.P.; CPST, O.

94



I.; CPST, C. I. Fenologia de Dipteryx alata VVogel (Fabaceae) na Reserva Florestal
Adolpho Ducke (Rfad) e Estacdo Experimental de Silvicultura Tropical (Eest) nos
altimos dez anos. 2013.

MOTA, E. E. S. Caracterizacao fenotipica e variacédo genética quantitativa em
Dipteryx alata Vog . ( Barueiro ) do Cerrado., 2013. UFG.

NABOUT, J. C.; SOARES, T.N.; DINIZ-FILHO, J. A.F.; MARCO JUNIOR, P.;
TELLES, M. P.C.; NAVES, R. V.; CHAVES, L. J. Combining multiple models to
predict the geographical distribution of the Baru tree (Dipteryx alata VVogel) in the
Brazilian Cerrado. Brazilian journal of biology, v. 70, n. 4, p. 911-919, 2010.

PEREIRA, S. R.; LAURA, V. A.; SOUZA, A. L. T. Establishment of Fabaceae tree
species in a tropical pasture: influence of seed size and weeding methods. Restoration
Ecology, v. 21, n. 1, p. 67-74, 2013.

PINELI, L.D. L. DE O.; CARVALHO, M. V. DE; AGUIAR, L. DE A.; OLIVEIRA, G.
T.; CELESTINO, S. M. C.; BOTELHO, R. B. A.; CHIARELLO, M. D. Use of baru (
Brazilian almond ) waste from physical extraction of oil to produce flour and cookies.
LWT - Food Science and Technology, v. 60, p. 50-55, 2015.

ROCHA, L. S.; SANTIAGO, A. C. Implicagdes nutricionais e sensoriais da polpa e
casca de baru (Dipteryx Alata vog .) na elaboracéo de pdes. Ciéncia e Tecnologia de
Alimentos, v. 29, n. 4, p. 820-825, 2009.

SANO, S. M. Critérios de sele¢cdo de baru para producédo de améndoas e
recomposicdo ambiental. Circular técnica. Planaltina, DF, Embrapa. 2016.

SANO, S. M.; BRITO, M. APARECIDA DE; RIBEIRO, J. F. Baru. In: R. F. Vieira; J.
Camillo; L. Coradin (Orgs.); Espécies Nativas da Flora Brasileira de Valor
Econdmico Atual ou Potencial Plantas para o Futuro - Regido Centro-Oeste. p.1-
1160, 2016. MMA Brasilia - DF: Ministério do Meio Ambiente.

SANO, S. M.; RIBEIRO, J. F.; BRITO, M. A. Baru: biologia e uso. Embrapa cerrados
-Brasilia DF, 2004.

SANTOS, A. M.; ROSADO, S. C. DA S.; OLIVEIRA, A. N. Estimation of genetic
parameters and verification of early selection efficiency in baru (Dipteryx alata). Crop
Breeding and Applied Biotechnology, v. 14, n. 4, p. 238-243, 2014.

SCARIOT, A. O.; SERVILHA, A. C. Conservacdo in situ de recursos genéticos
vegetais. In: L. L. Nass (Org.); Recursos genéticos vegetais. laed., v. 1, p.473-502,
2007. Brasilia, DF: Nass, Luciano Lourenco.

SEGELBACHER, G.; CUSHMAN, S. A.; EPPERSON, B. K.; FORTIN, M. J.;
FRANCOIS, O.; HARDY, O. J.; HOLDEREGGER, R. ET AL. Applications of
landscape genetics in conservation biology: Concepts and challenges. Conservation
Genetics, v. 11, n. 2, p. 375-385, 2010.

SILVA, D. S. N.; VENTURIN, N.; RODAS, C. L.; MACEDO, R. L. G.; VENTURIN,
R. P.; MELO, L. A. DE. Growth and mineral nutrition of baru (Dipteryx alata VVogel) in
nutrient solution. Revista Brasileira de Engenharia Agricola e Ambiental, v. 20, n.
12, p. 1101-1106, 2016.

SIQUEIRA, E. M.DE A.; MARIN, A. M. F.; CUNHA, M. DE S. B. DA; FUSTINONI,
A.M.; SANT’ANA, L. P.DE; ARRUDA, S. F. Consumption of baru seeds [Dipteryx

95



alata VVog.], a Brazilian savanna nut, prevents iron-induced oxidative stress in rats.
Food Research International, v. 45, n. 1, p. 427-433, 2012

SOARES, T. N.; CHAVES, L. J.; TELLES, M. P. DE C.; DINIZ-FILHO, J. A. F.;
RESENDE, L.V. Distribuico espacial da variabilidade genética intrapopulacional de
Dipteryx alata. Pesquisa Agropecuaria Brasileira, v. 43, n. 9, p. 1151-1158, 2008.

SOARES, T.N.; DINIZ-FILHO, J.A.F.; NABOUT, J.C.; CAMPOS TELLES, M.P. DE;
TERRIBILE, L.C.; CHAVES, L.J. Patterns of genetic variability in central and
peripheral populations of Dipteryx alata (Fabaceae) in the Brazilian Cerrado. Plant
Systematics and Evolution, v. 301, n. 5, p. 1315-1324, 2015.

TAKEMOTO, E.; OKADA, I. A.; GARBELOTTI, M. L.; TAVARES, M.; AUED-
PIMENTEL, S. Composicdo quimica da semente e do 0leo de baru ( Dipteryx alata
Vog.) nativo do Municipio de Pirendpolis, Estado de Goiés. Revista Instituto Adolfo
Lutz, v. 2, n. 60, p. 113-117, 2001.

TAMBARUSSI, E. V, SEBBENN, A. M.; ALVES-PEREIRA, A.; VENCOVSKY, R,;
CAMBUIM, J.; SILVA, A. M. DA; DE MORAES, M.A.; MORAES, M. L.T. DE.
Dipteryx alata Vogel (Fabaceae), a Neotropical tree with high levels of selfing :
implications for conservation and breeding programs. Annals of Forest Research, v.
60, n. 2, 2017.

TARAZI, R.; MORENO, M. A.; GANDARA, F. B.; FERRAZ, E. M.; MORAES, M. L.
T.; VINSON, C. C.; CIAMPI, A. Y.; ET AL. High levels of genetic differentiation and
selfing in the Brazilian cerrado fruit tree Dipteryx alata VVog. (Fabaceae). Genetics and
molecular biology, v. 33, n. 1, p. 78-85, 2010.

TELLES, M. P. DE C.; DOBROVOLSKI, R.; SOUZA, K. DAS.E.; LIMA, J. DE S;;
COLLEVATTI, R. G.; SOARES, T. N.; CHAVES, L. J.; DINIZ-FILHO, J. A. F.
Disentangling landscape effects on population genetic structure of a Neotropical
savanna tree. Natureza & Conservagéo, v. 12, n. 1, p. 65-70, 2014.

UNAMBA, C. I. N.; NAG, A.; SHARMA, R. K. Next Generation Sequencing
Technologies: the doorway to the unexplored genomics of non-model plants. Frontiers
in Plant Science, v. 6, n. December, 2015.

WOLF, M. J. Roedores como agentes secundarios na remocéo de endocarpos de
baru” (Dipteryx alata Vogel) em borda e interior de fragmentos de cerrado. 2015.
Universidade Federal de Mato Grosso do Sul.

ZALAPA, J. E.; CUEVAS, H.; ZHU, H.; STEFFAN, S.; SENALIK, D.; ZELDIN, E.;
MCCOWN, B.; ET AL. Using next-generation sequencing approaches to isolate simple
sequence repeat (SSR) loci in the plant sciences. American Journal of Botany, v. 99,
n. 2, p. 193-208, 2012.

96



