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ABSTRACT — The macaw palm, Acrocomia aculeata (Jacq.) Lodd. ex Mart., is a Brazilian native species with
great potential for biofuel production. The aim of this work was to analyze macaw palm genetic diversity to
structure and assist in the definition of sampling strategies for germplasm banks. Forty-six microsatellite markers,
from which seven polymorphic markers were used to evaluate 103 macaw palm individuals collected from different
Brazilian locations. The polymorphic markers were used to generate a dissimilarity matrix by weighted index.
The imaging of genetic variability was realized by 3D projection of matrix dissimilarity. Sixty-seven individuals
had their ITS region sequenced and aligned, and the mutations found were used to generate a haplotype network.
The average genetic distance identified between individuals was 76.2%, ranging from 3.7 to 100%. Genetic variability
structure was not found. I'TS region sequencing of the 67 individuals revealed four polymorphic sites, defining
four haplotypes. The results of this study suggest that historically, macaw populations were strongly connected,
indicating a recent population expansion of the species. The results indicate that macaw genetic variety sampling
should focus on effective collection in selected locations. Areas such as Caatinga and Humid Chaco however,
could present new sources of genetic variability, and should be studied.

Keywords: Microsatellites; ITS region; Biofuel.

DIVERSIDADE E ESTRUTURACAO GENETICA DE MACAUBA:
IMPLICACOES PARA AMOSTRAGEM DA VARIABILIDADE GENETICA

RESUMO — A macauba, Acrocomia aculeata (Jacq.) Lodd. ex Mart.), é uma das espécies nativas brasileiras
com maior potencial para a producdo de biocombustiveis. O objetivo deste trabalho foi analisar a diversidade
e estruturagdo genética de macauba para auxiliar na defini¢do de estratégias de amostragem para bancos
de germoplasma. Quarenta e seis marcadores microssatélites, dos quais sete marcadores polimorficos foram
utilizados para avaliar 103 individuos de macauba coletados em diferentes regides do Brasil. Os marcadores
polimorficos foram utilizados para gerar uma matriz de dissimilaridade pelo indice ponderado. A visualizagdao
da variabilidade genética foi realizada através de uma projecdo 3D da matriz de dissimilaridade. Sessenta
e sete destes individuos tiveram sua regido ITS sequenciada e alinhada, e as mutacées encontradas foram
utilizadas para gerar uma rede de haplotipos. A distdncia genética média identificada entre os individuos
Jfoide 76,2%, variando de 3,7 a 100%. Ndo foi encontrada estruturacdo da variabilidade genética. O sequenciamento
da regido ITS dos 67 individuos revelou quatro sitios polimorficos, definindo quatro haplotipos. Os resultados
obtidos neste estudo sugerem que as popula¢oes de macauiba estiveram fortemente conectadas historicamente,
indicando recente expansdo populacional da espécie. Os resultados indicam que a amostragem da variabilidade
genética de macauiba deve estar focada em coletas mais robustas em poucos locais, mas dreas como Caatinga
e Chaco Umido podem apresentar novas fontes de variabilidade genética, e devem ser melhor estudadas.

Palavras-Chave: Microssatélites; Regido ITS; Biodiesel.
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INTRODUCTION

The macaw palm (Acrocomia Acrocomia aculeata
(Jacq.) Lodd. ex Mart.: Arecaceae) is an arborescent,
tropical, perennial and typically Brazilian palm. It presents
a wide geographical distribution, being found from
Parana State in Brazil to Central America and the south
of the United States. This palm tree has a single straight
trunk (stipe) that can reach 20 meters, and presents
a high incidence of dark thorns, especially in the node
region (characteristic of the genera). The species is
diploid (2n =30) and flowers in August to November,
emitting yellow flowers in inflorescences with pronounced
protogyny (Scariot et al., 1991; Montoya et al., 2015).
Despite favoring cross-fertilization, the macaw palm
is considered to have a mixed mating system (Nucci
et al., 2008; Mengistu et al., 2016). The species has
areas of open vegetation with high solar incidence
as its most common habitat, and it is recognized as
asoil fertility indicator. Its role as a colonizer of deforested
areas is also significant, being commonly found in pasture
areas (Scariotetal., 1991).

The macaw palm can be used in many ways, being
directly connected to familial communities and traditional
customs. Fruits are the most useful portion of the plant,
and mesocarp is consumed in natura or to make candies
and jellies. Mesocarp oil is used to produce soap,
lubricants, cosmetics, liqueurs, ice creams and biofuels
(Lorenzi, 2006; Vianna et al., 2017). The charcoal produced
by carbonization of the endocarp is considered of high
quality to produce raw materials when compared to
eucalyptus charcoal (Silvaetal., 1986; Boas etal., 2010).
The kernel is a nobble compound and can be consumed
in natura or in the form of “pagoca”, and its oil has
high nutritive value, being compared to olive oil (Hiane
etal., 2005; Lanes et al., 2015). Other related uses of
the macaw palm are palm heart extraction from apical
meristem, fabrication of masonry, stakes and walls,
and production of sap wine (Lima et al., 2003; Oliveira
etal., 2015).

An important characteristic of the macaw palm
is its distribution in low rainfall areas, being common
in Cerrado, mainly in Goias, Mato Grosso, Mato Grosso
do Sul, Minas Gerais and Sdo Paulo States. Furthermore,
many studies have highlighted its fitness for consortium
systems. In its initial growth stages, intercropping with
small size crops like soybean and common bean is
recommended. After about two years, the palms are
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bigger and the population is better established, being
able to combine with different food and energy crops
such as corn and sunflower. When the palms reach
the reproductive stage, crop-livestock consortium can
be employed, a cultivation system that has almost zero
carbon balance of the chain (Bhering, 2010).

In 2002, the Brazilian government launched the Brazilian
Program for Biofuels to develop technologies for biodiesel
production. This program has the aim of reducing fossil
fuel consumption, promoting the use of renewable energy
sources and reducing greenhouse gases. Brazilian Federal
Law number 13263/2016 established that from March 2017,
it is mandatory to mix 8% biodiesel with diesel oil in Brazil,
evidencing the strategic importance given to it by the Brazilian
government (BRASIL, 2016). The macaw palm has stood
out as one of the most promising species for biodiesel and
biokerosene production. The pulp oil presents high levels
of oleic acid and reduced levels of polyunsaturated fatty
acids, important features for oil stability (Hiane et al., 2005;
Aguieiras et al., 2014). It is important to mention that the
macaw palm presents potential to produce about 4,500 liters
of’biodiesel per hectare (Lanes et al.,2015). By comparison,
soybean, the main source for biodiesel production in Brazil,
has an average yield below 700 liters per hectare (Companhia
Nacional de Abastecimento, 2017).

The exploitation of macaw palm is historically carried
out through extraction. Genetic improvement is one of the
pillars of domestication and intensive exploitation of crops.
The understanding of genetic variability of the species and
its relationship with the environment is of great importance
to provide a basis for successfully breeding programs, in
order to choose the best methods and locations for sampling
as well as the existence of lineages adapted to different
environmental conditions, helping to select crosses and develop
enhanced cultivars.

Given the potential of the macaw palm as a source
of vegetable oil for the biodiesel industry as well as its
many uses, this study aimed to investigate variability and
genetic structure of the macaw palm to assist in the definition
of strategies for genetic variability sampling for the construction
of germplasm banks and breeding programs.

2. MATERIALS AND METHODS
2.1. Genetic material

In this study, we used 64 macaw palm trees sampled
from different regions of Minas Gerais and Sdo Paulo
States (MACO1 to MAC64), and 39 accesses from Active
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Germplasm Bank of Macauba (BAG—Macauba) at
Universidade Federal de Vigosa (UFV—Brazil), located
at Araponga-MG-Brazil (BAGO1 to BAG39), were used
for genetic diversity analysis. Geographic positions of
each palm tree were determined with a GPS device (except
BAGO1, BAGO02 and BAGO04 accesses, which were not
georeferenced). Leaf samples were collected, stored on
ice and sent to the laboratory of Bioquimica Genética
de Plantas of the Instituto de Biotecnologia Aplicada
aAgropecuaria (BIOAGRO) at the Universidade Federal
de Vigosa, where the samples were stored at -80 °C.

2.2. DNA Extraction

Genomic DNA was extracted following the CTAB
method with modifications (Doyle and Doyle, 1990).
About 10 mg of leaf'tissue was lyophilized and powdered,
homogenized in extraction buffer [1.4 mol.L!' of NaCl;
20 mmol.L' of EDTA; 100 mmol.L! of Tris pH 8.0; 2%
CTAB (v.v'"); 2% PVP (m.v"); 0.2% B-mercaptoetanol
(v.v'1)], shaken and incubated at 65 °C for 1 hour. Then,
the organic phase was removed in a solution of chloroform/
isoamyl alcohol (24:1). The DNA was precipitated in
cold isopropanol, washed in ethanol 70%, incubated
in TE containing RNAse at 37 °C and stored at -20 °C.

2.3. Amplification and microsatellite marker analysis

Thirty-six microsatellite markers developed by Nucci
etal. (2008) were used in the genetic analysis. Due the
small number of polymorphic loci described for the species,
five microsatellite markers described for Astrocaryum
sciophilum by Girod et al. (2009) and five microsatellite
markers described for Bactris gasipaes by Rodrigues
etal. (2004) were added to the study. The amplification
reactions were carried out in 15 pL containing 30 ng
of genomic DNA, 12 mmol.L! of Tris-HCI pH 8.3; 60
mmol.L" of KCI; 1.5-4 mmol.L"! of MgCl,; 100 umol.L-
''of each deoxynucleotide; 0-2% of formamide (v.v'!);
0.33 umol.L! of each primer; and 1 U of 7ag DNA
Polymerase (Phoneutria), using the following conditions:
94 °C for 4 minutes; 35 cycles started at 94 °C for 40
seconds, the specific annealing temperature for each
primer for 40 seconds and 72 °C for 1 minute; and a
final step at 72 °C for 7 minutes. The amplification products
were submitted to electrophoresis on 10% polyacrylamide
gel in TAE buffer at 130V for about 4 hours. The products
were visualized using a silver nitrate protocol as described
by Qu et al. (2005) with modifications. The fragment
length was confirmed using a 50 bp marker (Fermentas).
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The dissimilarity matrix was constructed using
the complement of weighted similarity index (Cruz et
al.,2011). The Mantel test MANTEL 1967) was performed
to verify the presence of a correlation between the
dissimilarity matrix and the geographic distance matrix.
Cluster analysis was performed using 3D projection
(Cruzetal., 2011).

2.4. Amplification, sequencing and ITS region
analysis

The internal transcribed ribosomal 18S-26S spacer
(ITS region) was sequenced in 67 individuals (MACO1
to MAC13,MACI15 to MAC60, BAGO1 to BAGO8) using
universal primers ITS4 and ITSS (White etal., 1990). The
amplification reaction was performed in a total volume
of 20 pL containing 60 ng of genomic DNA, 1X Go-Taq
Buffer, 3.75 mmol.L"' of MgCl,, 250 umol.L"' of each
deoxynucleotide, 0.5 pmol.L! of each primer, 1.25 pL
of DMSO and 1.25 U of Go-Tag DNA Polymerase (Promega),
using the following cycling parameters: initial denaturation
at 72 °C for 45 seconds; 35 cycles started at 94 °C for
1 minute, 62 °C for 1 minute and 72 °C for 45 seconds,
and a final step at 72 °C for 5 minutes. The amplification
products were visualized on 1.2 agarose gel, purified with
PCR Exosap (Affymetrix) and sequenced. The generated
sequences were edited and aligned using Sequencher software
version 4.1.4 (Gene Codes Corporation). A haplotype network
was constructed using Network software version 4.6.1.1
(Fluxus Technology Ltd) through Median Joining method
(Bandelt et al., 1999).

3. RESULTS
3.1. Microsatellite reactions

Among the 46 microsatellite markers used in this
study, only seven (Table 1) were reproducible and
polymorphic between an initial sample of genotypes:
five markers described for 4. aculeata (Nucci et al.,
2008), one marker described for A. sciophilum (Girod
etal., 2009) and one marker described for B. gasipaes
(Rodrigues et al., 2004). The number of alleles ranged
from four (Aacu07) to nine (Aacul2), with an average
of 6.7 alleles per locus.

3.2. Evaluation of genetic diversity by microsatellite
markers

The average genetic distance from the dissimilarity
matrix generated by the complement of weighted similarity
indexes was 76.2%. The MACO05 and MACO6 individuals
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Table 1 — Sequences (F: forward, R: reverse) of seven microsatellite loci analyzed in 103 Acrocomia aculeata individuals,
showing annealing temperature (Tm), bands amplitude, number of alleles and Genbank accession number.

Tabela 1 — Sequéncias (F: forward, R: reverse) de sete locos microssatélites analisados em 103 individuos de Acrocomia
aculeata, mostrando temperatura de anelamento (Tm), amplitude das bandas, numero de alelos e numero de

acesso no Genbank.

Locus Primer sequence (5> ——> 3”) Tm (°C) Amplitude Number Genbank
(bp) of alleles accession

Aacu07 F: ATCGAAGGCCCTCCAATACT 60 135-170 4 BV703504
R: GAAATAAGGGGACCCTCCAA

AaculO F: TGCCACATAGAGTGCTTGCT 58 145-170 6 BV703505
R: CTACCACATCCCCGTGAGTT

Aacul2 F: GAATGTGCGTGCTCAAAATG 58 170-195 9 BV703506
R: AATGCCAAGTGACCAAGTCC

Aacu26 F: ACTTGCAGCCCCATATTCAG 56 250-280 8 BV703508
R: GCAGGAACAGAGGCAAGTTC

Aacu30 F: TTGTGGAAGAAACAGGTCCC 52 70-260 7 BV703509
R: TCGCCTTGAGAAATTATGGC

AsciOl F: TGGACTTACGCTTGCATCAC 56 166-204 7 HMO055514

R: GCAATGAGCATTTTTCTACAGC

Bgas152 F: GCAAATTTTGGAGAGGGGTA 64 118-178 6 AY 629152
R: CCCAGCGTTCTTCACTTTCT

Average 6.7

were identified as the most similar (93.6% similarity), 4. DISCUSSION

while several pairs of individuals presented 100%
dissimilarity (data not shown). The Mantel test showed
a significant correlation between genetic distance and
geographic distance matrices (r=0.34; P=0 for 10,000
permutations).

Cluster analysis by 3D projection method (Figure 1)
showed a correlation of r = 0.52 with the original
dissimilarity matrix. In this 3D projection, information
about haplotype of the individuals (see item 3.3) was
added to check for the presence of structuring between
genetic diversity from microsatellite markers and from
ITS region haplotypes.

3.3. Evaluation of genetic diversity by ITS region

The sequencing of the ITS region of 67 individuals
generated a 667 bp fragment that presents four
polymorphic sites (three base transversions and one
base inversion), of which two showed ambiguity
(intraindividual polymorphism). Evaluation of these
two sites revealed only two parental haplotypes, indicating
that the individuals which showed intraindividual
polymorphism present both 1 and 2 haplotypes. A total
of four haplotypes were generated, differing by at most
two mutations. Figure 2 shows information about the
four haplotypes, and their geographic distribution is
shown in Figure 3.
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The average number of alleles found (6.7) agrees
with other studies involving the macaw palm. Nucci
et al. (2008) found an average of five alleles per locus
in a study using eight microsatellite loci to analyze
forty-three individuals from natural 4. aculeata
populations from Minas Gerais and Sao Paulo States.
Lanes etal. (2015) found an average of nine alleles
per locus using six microsatellite loci in a study with
accesses of a germplasm bank with samples collected
from different regions of Brazil.

Transferability of microsatellite markers between
different species is an alternative in the search for new
sources of genetic variability, mainly in less studied
species. While Barbara et al. (2007) considered low
transferability of microsatellite markers between monocot
genera, other works showed good results in studies
with genetic diversity in palm trees (Mistura etal., 2012;
Ramos et al., 2012). In this study, Asci01 and BACg152
loci (described for A. sciophilum and B. gasipaes,
respectively) showed allele numbers consistent with
the overall mean (seven and six loci, respectively; Table
1), indicating that loci transferability between palm genera
can provide more genetic data for the macaw palm.

Clustering analysis using 3D projection was
performed using the data generated by microsatellite
markers. The generated projection presented a correlation
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Figure 1 — 3D projection grouping of genetic dissimilarity matrix between 103 Acrocomia aculeata individuals, and haplotypes
generated by sequencing ITS region of 67 individuals (see Figures 2 and 3).

Figura 1 — Agrupamento por proje¢do 3D da matriz de dissimilaridade genética entre 103 individuos de Acrocomia aculeata,
e haplotipos gerados pelo sequenciamento da regido ITS de 67 individuos (ver Figuras 2 e 3).
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Figure 2 — Sequence alignment of variable sites in the ITS
region, defining four ITS haplotypes of Acrocomia
aculeata. Each fragment spans 667 bases. Dots
indicate similarity to haplotype 1. Numbers on
the top indicate the nucleotide position. The number
of occurrences of each haplotype in 67 individuals
(N) and the accession number in Genbank are shown.

Figura 2 — Alinhamento de sequéncias de sitios variaveis
na regido ITS, definindo quatro haplotipos ITS
de Acrocomia aculeata. Cada fragmento se estende
por 667 bases. Pontos indicam similaridade ao
haplotipo 1. Numeros no topo indicam a posi¢do
do nucleotideo. O numero de ocorréncias de cada
haplotipo nos 67 individuos (N) e o numero de
acesso no Genbank sdo mostrados.
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of r=0.52 with the original dissimilarity matrix, a value
below the ideal level. In the same way, a dendrogram
generated by UPGMA method (data not shown) showed
regular setting with the genetic dissimilarity matrix.
In these cases, an increase in the number of polymorphic
loci was recommended. Thus, transferability of molecular
markers from genera related to 4. aculeata, as well
as employing other methods to generate genetic data,
like non-specific markers (AFLP, RAPD) and
development of new microsatellite markers, must be
considered for future studies.

The 3D graph projection allows viewing the presence
of genetic diversity according to the region sampled.
However, even though the Mantel test showed a significant
correlation between genetic dissimilarity and geographic
distance matrices (r= 0.34), it was not possible to visualize
a consistent clustering that indicates structuring of genetic
variability according to the geographic distribution. In
the same way, haplotype distribution shown in the 3D
projection (Figure 1) did not show apparent structuring
with microsatellite genetic diversity.

Analysis of ITS sequences of 67 palm trees revealed
only four mutation sites, leading to the formation of
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Figure 3 — Brazilian States map showing the geographic distribution of four haplotypes generated by sequencing the ITS

region of 67 Acrocomia aculeata individuals. (A) Overview of the accesses distribution. (B) Accesses collected
in Para (PA), Paraiba (PB) and Pernambuco (PE) states. (C) Accesses collected in Mato Grosso do Sul (MS),
Minas Gerais (MG) and Sao Paulo (SP) states. The semi filled circle symbol indicates individuals that present
intraindividual polymorphism (combining haplotypes 1 and 2).

Figura 3 — Mapa de estados brasileiros mostrando a distribui¢do geogrdfica de quatro haplotipos gerados pelo sequenciamento
daregido ITS de 67 individuos de Acrocomia aculeata. (A) Visdo geral da distribui¢do dos acessos. (B) Acessos
coletados nos estados do Pard (PA), Paraiba (PB) e Pernambuco (PE). (C) Acessos coletados nos estados de
Mato Grosso do Sul (MS), Minas Gerais (MG) e Sao Paulo (SP). O simbolo circulo semipreenchido indica individuos
que apresentaram polimorfismo intraindividual (combinag¢do dos haplotipos 1 e 2).

four haplotypes (Figure 2), a low level of polymorphism
when compared to similar studies, such as Oliveira
etal. (2010) and Khan et al. (2014). However, studies
of the ITS region in other species from the Arecaceae
family were not found in the literature, making inferences
about this low level of polymorphism difficult. Two
of the four haplotypes occurred in regions of distinct
biomes which are poorly sampled (Figure 3). Haplotype
3 was found in two palm trees from Humid Chaco (BAGO03
and BAGO8). This biome is a mosaic of ecosystems
combining forests with savanna and presents high

Revista Arvore. 2017;41(5):e410508

rainfall and reduced seasonality, characteristics that
distinguish it from other biomes where the macaw palm
is found, mainly in Atlantic Forest and Cerrado (World
Wild Fund, 2017a). Haplotype 4 was found in two palm
trees from Caatinga biome (BAGO01 and BAGO02), a warm
climate and low precipitation region that presents six
to eleven months of drought per year (World Wild
Fund, 2017b). The peculiarities of these two biomes
indicates a possible existence of macaw palm lineages
with particular characteristics, which has implications
both in conservation and genetic variability sampling
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for germplasm banks, aiming at the genetic improvement
of'the species. Therefore, more detailed studies of genetic
variability in these regions are needed.

The low level of polymorphism found in the ITS
region (Figure 2), coupled with the geographic
distribution of the accesses (Figure 3), suggests
agreement with category V of phylogeographic patterns
of Avise et al. (1987). In this category, common lineages
are widely found in all regions, while related lineages
are confined to limited regions. The results in this
study suggest that macaw palm populations were
strongly connected in the past, indicating a recent
population expansion of the species (Avise et al., 1987).
Similar results have been found in studies with tree
species in Brazil (Novaes et al.,2010,2013). Moreover,
recent population expansion of typical Cerrado species
was suggested in a climate modeling study (Bonaccorso
etal., 2006).

According to the results found in this study, the
sampling of genetic variability of the macaw palm should
focus on detailed sampling of a few locations rather
than sampling a large number of regions. However,
more studies should be conducted to better understand
the genetic variability of the macaw palm in Caatinga
and Humid Chaco biomes, as well as in other regions
where the occurrence of Acrocomia genera is reported,
which can lead to new strategies for genetic variability
sampling for the species.

5. CONCLUSION

Acrocomia aculeata presents genetic diversity,
but this diversity apparently shows no geographic
structuring, probably due to some recent population
expansion process in the species. Thus, sampling
strategies for genetic variability should focus on more
detailed sampling of a few locations. However, areas
like Caatinga and Humid Chaco can provide new sources
of genetic variability, and should be better investigated
in future studies.
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