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Abstract

To the Neotropical genus Acrocomia (Arecaceae) is attributed eight species with a wide distribution in America. A. aculeata

and A. totai are the most important species because of their high economic potential for oil production. However, there is no

consensus in their classification as different taxons and their distinctiveness is particularly challenging due to morphological

similarities with large plasticity of the traits. In addition, there is doubt about the occurrence of interspecific hybrids between

both species. In this study, we applied a genetic population approach to assessing the genetic boundaries, diversity and to identify

interspecific hybrids of A. aculeata and A. totai. Thirteen loci of simple sequence repeat (SSR) were employed to analyze twelve

populations representing a wide distribution of species, from Minas Gerais, Brazil to Formosa, Argentina. Based on the Bayesian

analysis (STRUCTURE and NewHybrids) and Discriminant Analysis of Principal Components (DAPC), our study supports the

recognition of A. aculeata and A. totai as two species and the estimates of genetic parameters revealed more genetic diversity

in A. totai (HE=0.551) than in A. aculeata (HE=0.466). We obtained evidence of hybridization between the species and that

admixed individuals were assigned as F2 hybrids. In conclusion, this study showed the usefulness of microsatellite markers to

elucidate the genetic boundaries of A. aculeata and A. totai, supporting their classification as different species and increase our

knowledge about genetic diversity at the level of populations and species. The results are essentials to establish strategies for

the adequate management, conservation, and domestication of both species.
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Abstract

To the Neotropical genus Acrocomia (Arecaceae) is attributed eight species with a wide distribution in Amer-
ica. A. aculeata andA. totai are the most important species because of their high economic potential for oil
production. However, there is no consensus in their classification as different taxons and their distinctiveness
is particularly challenging due to morphological similarities with large plasticity of the traits. In addition,
there is doubt about the occurrence of interspecific hybrids between both species. In this study, we applied
a genetic population approach to assessing the genetic boundaries, diversity and to identify interspecific
hybrids of A. aculeata and A. totai . Thirteen loci of simple sequence repeat (SSR) were employed to ana-
lyze twelve populations representing a wide distribution of species, from Minas Gerais, Brazil to Formosa,
Argentina. Based on the Bayesian analysis (STRUCTURE and NewHybrids) and Discriminant Analysis of
Principal Components (DAPC), our study supports the recognition of A. aculeata and A. totai as two species
and the estimates of genetic parameters revealed more genetic diversity in A. totai (HE=0.551) than in A.
aculeata(HE=0.466). We obtained evidence of hybridization between the species and that admixed individ-
uals were assigned as F2 hybrids. In conclusion, this study showed the usefulness of microsatellite markers
to elucidate the genetic boundaries of A. aculeata and A. totai , supporting their classification as different
species and increase our knowledge about genetic diversity at the level of populations and species. The
results are essentials to establish strategies for the adequate management, conservation, and domestication
of both species.

Keywords: Macauba palm, Microsatellites markers, Domestication, Conservation, Genetic Resources

1. Introduction

The genus Acrocomia belongs to the Arecaceae family, and although it is widely studied, its systematics
are controversial and have implications for the undefinition of its species number. According to Henderson
et al. (1995), more than 35 species and/or synonyms are recognized by several authors within the genus.
However, Henderson et al. (1995) attribute only two species to the genus, A. aculeata (Jacq.) Lodd. ex
Mart. and A. hassleri (Barb. Rodr.) W.J. Hahn. The first species is large, arboreal, and widely distributed
throughout Central and South America, and the second is herbaceous, small, and restricted to areas of the
Cerrado of Brazil and part of Paraguay. However, the most accepted classification today is Lorenzi (2010),
who recognizes seven species for the genus: A. aculeata (Jacq.) Lodd. ex Mart.,A. intumescens Drude, A.
totai Mart., A. crispa(Kunth) C.F. Baker ex Becc., of tree size, and A. hassleri, A. glaucescens Lorenzi and
A. emensis , of small size. In addition, the tree size species A. media , endemic from Puerto Rico and Virgin
Islands, is also recognized by site The Plant List (2020).

A. aculeata and A. totai are the species of greatest economic interest, primarily to produce vegetable oil, food
and feed (Lorenzi et al., 2006). A. aculeata has a wide geographical distribution, occurring in tropical and
subtropical America from Mexico and the Antilles to Argentina, except for Peru and Ecuador (Henderson et
al. 1995; Scariot et al. 1995). A. aculeata is the most common palm in Brazil, being found in the states of
Para, Maranhao, Ceara, Minas Gerais, Goias, Mato Grosso, Mato Grosso do Sul, Sao Paulo, Parana, Santa
Catarina and Rio Grande do Sul, with higher occurrence being observed in Cerrado regions (Scariot et al.,
1991; 1995). A. totai occurs only in South America, northeastern Argentina, eastern Bolivia, and Paraguay.
In Brazil, this species is restricted to the state of Mato Grosso do Sul (Markley, 1956; Lorenzi, et al., 2010;
Rodriguez and Aschero, 2005).

Although A. aculeata and A. totai are classified in different taxa, in many reports, they are treated as a single
species. This discrepancy may be due to the great vegetative similarity and because both have great plasticity
of morphological attributes, exhibit broad variation of characteristics adopted for their differentiation or the
absence of intraspecific morphological patterns (Crocomo and Melo, 1996; Vianna et al., 2017a). Both
species are perennial with a single cylindrical stem and can reach 10 to 15 meters in height (Lorenzi 2006;
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Scariot et al., 1991). Among the morphological characteristics used to differentiate these species are leaf
sheath remnants and spines,A. aculeata has leaf sheath remnants, whereas A. totaidoes not. In relation to
spines, A. aculeata has higher density and longer spines than A. totai . The fruit in both species is globose,
drupe type, varying in size between species, with diameters ranging from 3.5 and 5.0 cm in A. aculeata and
from 2.5 to 3.5 cm in A. totai . (Lorenzi, 2010; Vianna, et al., 2017a, Silva, 2017).

Studies based on morphological characteristics (Lorenzi, 2010, Silva, 20017), leaf anatomy (Vianna et al.,
2017b) and biometric and physicochemical characteristics of the fruit (Machado et al., 2015) support the
hypothesis that A. aculeata and A. totai are from different taxonomic groups. However, some morphological
characters may reveal low capacity for unambiguous separation of species, especially when there is continuous
variation and overlap in the morphology adopted to differentiate them (Minder and Widmer, 2008). In this
case, it is necessary to use alternatives to elucidate a dubious taxonomic relationship between species.

According to Carlos Colombo (Campinas Agronomic Institute, personal communication), intermediate phe-
notypes between A. aculeata andA. totai have been observed in areas of sympatry of these species on the
border between the Brazilian states of Sao Paulo and Mato Grosso do Sul, suggesting the occurrence of
interspecific hybridization and, consequently, further blurring the distinction between A. aculeata and A.
totai .

A. aculeata and A. totai has been identified as an important source for vegetable oil production due to the
large amount of oil rich in oleic acid and lauric acid present in its fruits and the by products generated from
oil extraction with added value and being of great demand from the food, cosmetic and energy industries
(Colombo et al., 2018). In A. aculeata , the estimated yield of pulp-derived oil is approximately 5,000
liters.ha-1, equaling that of palm oil and notably surpassing soybeans, which produce only 500 liters.ha-1

(Coimbra and Jorge, 2011; Cesar et al., 2015).

Due to the advantages of this species, studies mainly in A. aculeata have intensified in recent years. However,
given the significant after-effects that incorrect species recognition may have in actual and future studies, it is
necessary to establish a correct taxonomic delimitation of A. aculeata and A. totai . For breeding purposes,
the elucidation of the genetic relationships betweenA. aculeata and A. totai is crucial for defining specific
breeding strategies. Moreover, proof of interspecific hybridization can represent an important opportunity to
increase genetic diversity and identify genotypes with complementary characteristics of agronomic interest,
as well as representing an important source of variation for adaptation to new environments (Lewontin,
1966).

Microsatellite molecular markers or single sequence repeats (SSRs) are widely used in plant genetics studies
because they have important qualities, such as high polymorphism or multiallelism, being codominant,
reproducible and transferable between related species (Mason, 2015). These markers are also widely used in
closely related taxa phylogeny studies and hybrid identification (Dobrovolskayaa, et al., 2015; Vieira et al.,
2016) and have been successfully used to delimit different palm species: Bactris gasipaes Kunth (Couvreur
et al., 2006),Phoenix atlantic (Henderson et al., 2006), and Euterpe edulis Mart. (Gaiotto et al., 2003).

In Acrocomia, microsatellites have been used to assess the diversity and genetic structure of natural pop-
ulations and most studies have been carried out on A. aculeata (Abreu et al., 2012; Lanes, et al., 2015;
Mengistu 2015; Silva, 2017; Oliveira et al. 2012). To date, only one study addressing the genetic diversity
of A. aculeata andA. totai has been reported (Lima et al., 2020). Thus, in the present study we used a
population genetic approach for elucidate the boundaries between A. aculeata and A. totai and compare
genetic variation within and between populations and species using genomic Simple Sequence Repeats (SSR)
and Expressed Sequence Tags (EST) SSR.

For the purpose of the study, the concept of species metapopulation lineage was adopted, which identifies
species as metapopulation lineages that evolved separately, but that did not necessarily acquire contingent
species properties, that is, phenolic distinction, reproductive isolation, monophilia and divergence ecological
(Queiroz, 2007).
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2. Materials and methods

2.1 Species and population sampling

For the present study, 175 individuals from 12 natural populations were analyzed in a geographical gradient
from Formosa, Argentina to Minas Gerais, Brazil (Table 1). Based on the taxonomic classification of Lorenzi
et al. (2010), six populations from the states of Minas Gerais and Sao Paulo were considered to be A.
aculeata , and three populations from Mato Grosso do Sul and one from Argentina were considered to be
as A. totai. In addition, we included two populations located in the areas where both species converge
(simultaneous occurrence) and considered possible interspecific hybrids between A. aculeata and A. totai
due to their morphological characteristics (Figure 1), as reported by Silva (2017).

Table 1. Description of Acrocomia sp. populations sampled for genetic analyses and their geographic
parameters.

Figure 1. Map of geographic distribution of Acrocomia spp. sampled populations.

2.2 DNA extraction and microsatellite genotyping

Total genomic DNA was isolated from leaf material using the protocol of Doyle & Doyle (1990), and the
DNA quality and quantity were evaluated on a 1% agarose gel and a NanoVue Plus spectrophotometer (GE
Healthcare). The study was performed using 13 microsatellite markers, five from genomic regions or gSSR
(Nucci et al., 2008) and eight from expressed sequence tags EST-SSRs (Bazzo, 2018) (Table 2). Polymerase
chain reaction (PCR) amplifications were performed in 15 μL of total volume containing 20 ng of DNA, 2.0 μL
of each primer forward and reverse at 5 μM, 3 μL of Hot Start PCR Master Mix (2X) and 9 μL of ultrapure
water. The PCR reaction was conducted in a Bio-Rad thermocycler (model T100) under the following
conditions: initial denaturation at 94 °C for 2 minutes followed by 30 cycles at 94 °C for 1 minute, annealing
at 55-58 °C (depending on primer, Table 2) for 1 min, elongation at 72 °C for 1 min and final extension
at 72 °C for 10 min. Amplification products were separated by capillary electrophoresis on an automated
96-Capillary Fragment Analyzer CE system (Advanced Analytical Technologies, Ames, IA, USA) using the
DNF-905 Reagent Kit (Advanced Analytical Technologies, Ames, IA, USA).

2.3 Data analysis

Estimates of genetic diversity parameters as number of alleles (Na), the effective number of alleles (Ne),
Shanon diversity index (I), number of private alleles, observed (Ho) and expected (He) heterozygosity, and
Wright’s F-statistics (Wright, 1922) were estimated using GenAlEx 6.2 software (Peakall and Smouse, 2006).
The allelic richness (Ar) was estimated on the R platform (R Core Team, 2018) with the PopGenKit package
(Paquette, 2012).

Genetic structure was inferred by Discriminant Analysis of Principal Components (DAPC) according to
Jombart et al. (2010) and using the Adegenet statistical package (Jombart & Ahmed, 2011) from R platform
(R Core Team, 2018). To perform the DAPC, each population sampled was considered a distinct genetic
group. In addition, we used the Bayesian method in STRUCTURE 2.3.4 Program (Pritchard et al., 2000)
to infer the genetic structure. The assumed parameters were an admixture model with correlated allele
frequencies and without prior species information.

The number of K clusters was set from 1 to 15. For each number of K clusters considered, 10 independent
runs were performed with a burn-in period of 100,000 iterations followed by 250,000 replicates of the Markov
Monte Carlo chain (MCMC). To determine the most probable number of K clusters, the data were interpreted
by the online tool STRUCTURE HARVESTER (Earl and Von Holdt, 2012), which uses Evanno’s method
(Evanno et al., 2005). To identify pure species and putative interspecific hybrids, the NewHybrids program
version 1.1 beta was used (Anderson and Thompson, 2002). The calculation of the probability of each
individual being a F1, F2, backcross or a parental species was performed with 10 independent MCMC runs
with 500,000 steps and a burn-in period of 100,000 iterations.

3. Results

4
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3.1 Genetic variability in gSSR and EST-SSR microsatellite loci

In the present study, we used genomic microsatellite (gSSR) and expressed region (EST-SSR) molecular
markers. The genetic variability obtained from both markers shows that gSSRs are more variable than EST-
SSRs in terms of number of polymorphic loci, number of alleles per locus and heterozygosity. The five gSSR
markers detected 53 alleles with a mean of 10.6, ranging from six (Aacu 45) to 14 (Aacu26) alleles. EST-SSR
loci detected 48 alleles with a mean of 6 alleles per locus and an allelic variation from two (EST-SSR 278)
to 11 alleles per locus (EST-SSR 64). The PIC values of gSSR ranged from 0.567 to 0. 861 with a mean of
0.752, while the PIC values with the EST-SSR varying from 0.105 to 0.792 with a mean of 0.421. The mean
of private alleles was higher in gSSR than detected with EST-SSR, with 2.60 versus 1.63 private alleles,
respectively. The mean genetic variation revealed by the gSSR was higher (HE=0.777) than that obtained
with microsatellites derived from EST-SSR (HE=0.455) (Table 2).

3. 2 Inter and intraspecific genetic diversity

The inter- and intraspecific genetic diversity analysis was conducted with a total of 13 microsatellite markers
(5 gSSR and 8 EST-SSR). The species A. totai presented a mean of 6.69 alleles (Na) and 3.28 effective alleles
(Ne) per locus, higher allelic diversity values than those obtained for A. aculeata , with an average of 5.38
alleles (Na) and 2.32 effective alleles (Ne) per locus. A higher number of private alleles was found in A. totai
(16 alleles) than inA. aculeata (9 alleles), while in populations with hybrid plants, only two private alleles
were detected (Table 3).

The mean of expected heterozygosity (HE) was higher than that observed (HO) in both species and popula-
tions with hybrid plants, indicating an excess of homozygotes and positive values for the fixation index. A.
totai and populations with hybrid plants exhibited similar values of genetic diversity (HO), 0.287 and 0.331,
respectively, which were higher than those found for A. aculeata (HO = 0.208) (Table 3).

Table 2. Characteristics of the five gSSR and eight EST-SSR primers and summary statistics of the genetic
diversity at each locus.

Table 3. Genetic diversity estimates for Acrocomia taxa using 13 microsatellite loci.

At the population level, the number of alleles per locus (Na) ranged from 2.15 to 5.0, and effective alleles
(Ne) ranged from 1.97 to 2.92 in the population of Itapira (6) and Corumba (11), respectively. The genetic
diversity evaluated was higher in all populations of A. totai and in populations with hybrid plants than in
the population ofA. aculeata when estimated by the number of alleles (Na and Ne), Shanon index (I) and
expected and observed heterozygosity (HE and HO). Brauna and Luz populations presented the highest and
lowest values of genetic diversity, as evidenced by HO=0.347 and 0.158, respectively (Table 4).

The average values of fixation index (f) found for all populations were positive relatively and high, indicating
significant deviation of Hardy–Weinberg equilibrium and deficiency of heterozygosity (Table 4).

Table 4. Genetic diversity estimates at the population level using 13 microsatellite loci.

Genetic differentiation among study taxa was considered moderate according to the FST value obtained
for the pair-wise comparisons (total FST = 0.105, P <0.001). The highest genetic differentiation was found
between A. aculeata andA. totai (FST = 0.09). Lower genetic differentiation was observed for the comparison
between the population with hybrid plants and both species, presenting values of FST = 0.079 for hybrids
x A. aculeata and FST = 0.059 for hybrids x A. totai (Table 5). The estimation of genetic differentiation
at the intrapopulation level was high (total FST = 0.267 P <0.001), ranging from 0.05 between Rifaina and
Itapira populations to 0.80 between Luz and Argentina (Table 6).

Table 5 . Matrix of pairwise FST values (below diagonal) amongA . aculeata A. totai and Hybrids, based
on 13 microsatellites loci.

Table 6. Matrix of pairwise FST values (below diagonal) among populations based on 13 microsatellites.

3.3 Delimitation of species A. aculeata and A. totai.
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The most likely number of groups (ΔΚ) revealed by the Bayesian analysis using the STRUCTURE software
indicated the formation of two genetically distinct groups (K = 2) (Figure 2). Most individuals of the
two genetic groups presented high homogeneity without uncertain assignments. Cluster red grouped most
individuals from populations ascribed as A. aculeata, and cluster green grouped individuals from populations
ascribed as A. totai according to the classification by Lorenzi et al. (2010). Subsequently, a new Bayesian
analysis for the two main genetic groups revealed was performed; however, no genetic substructure was found
(data not shown).

The clustering of individuals in the DAPC was in agreement with the Bayesian results of STRUCTURE and
also identified the formation of two well define groups conformed by the A. aculeata (Cluster red) populations
and by population of A. totai (Cluster green), corroborating the clear separation between species (Figure
3). However, as in the Bayesian analyses in STRUCTURE, it was not possible to observe population-
level structuring within each species. The first two major components explained 44.3% of the total genetic
variation, 34.8% for the first axis and 9.5% for the second axis. The hypothesis of the occurrence of two
genetically distinct species was also confirmed by the NewHybrids program, wherein A. aculeata and A.
totai were clearly recognized as a parental species (Figure 2.)

For the three analyses performed (Bayesians and DAPC, Figures 2 and 3), the populations of Braúna and
Fusquinha were signed to the group ofA. totai (Cluster red). This outcome was unexpected, given that these
populations are currently considered A. aculeata based on its location in Sao Paulo state and the morphology
according to Lorenzi classification (2010).

Figure 2. Results of Bayesian clustering assignment with the software’s a) STRUCTURE (K=2) and b)
NewHybrids. Individuals are represented by vertical bars where the color represents the posterior probability
of assignment to each group.

Figure 3. Discriminant analysis of principal components (DAPC) among populations of A. aculeata and
A. totai based on the microsatellite data set. Only the two-first axes showing the two higher discriminant
eigenvalues are presented.

3.4 Interspecific hybridization

The results of the three analyses (NewHybrids, STRUCTURE and DAPC) for the identification of interspe-
cific hybrids were congruent. The Bayesian analyses using NewHybrids software confirmed the existence of
a hybrid genotype. In the population of Campo Grande, 3 of the 10 plants analyzed (30.0%) and in Braúna,
2 of the 13 plants analyzed (15.3%) were identified as F2 generation hybrids using a value of q=0.5 (Figure
2). Through analyses in the STRUCTURE, the five individuals classified as hybrids by the NewHybrids also
showed signs of admixture (IQ <75) between A. aculeata and A. totai (Figure 2) and were also detected
by DAPC analysis, as shown by the intermediate position of these individuals between the two main groups
(Figure 3).

4. Discussion

4.1 Genetic variability in genomic gSSRs and EST-SSRs

Microsatellite markers have been widely used for plant genotyping because they are highly informative,
codominant, multiallelic, reproducible, and transferable between related species (Mason, 2015). In palm
trees, these markers have been used to delimit closely related species (Couvreur et al., 2006; Henderson et al.
2006; Pintaud et al., 2010). In the present study, microsatellite markers of expressed regions (EST-SSR) and
genomic regions (gSSR) were adopted to elucidate the taxonomic relationship between the most economically
important Acrocomia species (A. aculeata and A. totai ) and to identify possible interspecific hybrids. In the
genus Acrocomia, several genetic studies performed with microsatellite markers were conducted with at most
8 gSSR loci developed for A. aculeata by Nucci et al. (2008), as in Lanes et al. (2015), Lanes et al. (2016),
Mengistu et al. (2016), Neiva et al. (2016), Araújo et al. (2017), Coelho et al., (2018) and Lima et al. (2020).
Thus, this work represents the first study using both EST-SSR and gSSR markers in Acrocomia. Because
these markers access different regions of the genome, the genetic information generated by both markers
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tends to be complementary, and their combination provides more accurate information on the distribution
of genetic diversity and population genetic parameters (Kalinowski 2002).

In the present study, both gSSR and EST-SSR primers developed forA. aculeata showed good amplification
profiles and high polymorphisms at both the population and species levels, thereby confirming their trans-
ferability to A. totai , as previously mentioned by Bazzo et al. (2018), for EST-SSR and Lima et al. (2020),
for gSRR. Comparing the two types of markers, the five gSSR loci presented a higher average number of
alleles per locus, number of private alleles, and polymorphism index than the eight EST-SSR loci (Table 2).

These results are congruent with those reported in other plant species (Hu et al., 2011; Song et al., 2012;
Meyer et al., 2017) and can be attributed to the location of EST-SSRs in transcribed regions of the genome
and therefore be less subject to variation (Ellis and Burke 2007; Varshney et al. 2005). Considering gSSR
and EST-SSR together, the average number of alleles detected in this study, the polymorphism index and
diversity estimates (HE and HO) (Table 2) were higher than those found by Lanes et al. (2016) and Mengistu
et al (2016) and lower than those reported by Lanes et al. (2015) and Araujo et al. (2017) in studies using
only gSSR developed forA. aculeata . The differences in the estimates obtained in comparison with the works
cited may be due to the botanical material analyzed, as well as the number and nature of the markers used.

Although EST-SSRs have lower levels of polymorphism compared to gSSR, they still have a high amount
of polymorphism, demonstrating that the use of both types of microsatellite markers represents a valuable
tool for genetic and evolutionary studies in A. aculeata and related species.

4.2 Inter and intraspecific genetic diversity

For the management of genetic resources through exploration or conservation, it is desirable to understand
the magnitude and structure of the genetic diversity of the species. Most studies on genetic diversity in
Acrocomia have been conducted with A. aculeata(Abreu et al., 2012; Oliveira et al. 2012; Lanes, et al., 2015;
Mengistu 2016; Silva 2013; Araujo et al., 2017).

Studies on the genetic diversity of accessions of populations in Mato Grosso do Sul (Lanes at al. 2015;
Mengsitu 2016) and in the border region between the states of São Paulo and Mato Grosso do Sul (Abreu et
al., 2012; Coelho et al., 2018) considered A. aculeata as study material. A single study was reported on the
genetic diversity ofA. totai through molecular markers with samples only from Brazil (Lima et al., 2020).
Thus, our study presents results on the genetic diversity of A. aculeata and A. totai based on population
data from a wide gradient of geographical distribution of both species, including samples of A. totai from
another country of occurrence.

Genetic-population estimates obtained from microsatellite data were similar between the two species. Ho-
wever, greater genetic diversity was evidenced in A. totai , which presented a higher number of alleles per
locus, allelic richness and higher values in heterozygosities thanA. aculeata (Tables 2). Higher values of gene-
tic diversity were also found in A. totai at the population level. Our results are in line with previous studies
conducted by Lima et al (2020), which also identified higher levels of genetic diversity in A. totai . Likewise,
Lanes et al. (2015) and Mengsitu et al. (2016) reported a higher number of alleles per locus, a greater number
of specific alleles and a higher percentage of polymorphism in populations from Mato Grosso do Sul when
compared to populations from São Paulo and Minas Gerais, considering that populations from Mato Grosso
do Sul were attributed by the authors to the species A. aculeata . Similarly, Coelho et al. (2018) obtained
higher values of heterozygosity observed in populations located in the border of the states of São Paulo and
Mato Grosso do Sul than in the population located in the central region of the state of São Paulo.

The populations of Ibituruna, MG (3) and Corumbá, MS (11), belonging toA. aculeata and A. totai ,
respectively, presented higher genetic diversity estimated by the heterozygosity and Shannon diversity index
and may therefore represent an important source of in situgenetic diversity of these species.

The obtained data also reveal high values for the fixation index (f), indicating heterozygote deficiency in the
populations of both species, with the f values of A. aculeata being higher than those ofA. totai (Tables 3 and
4). The lower values in the genetic diversity parameters and the high fixation rates found for both species
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may be due to the reproductive system of these species. In A. aculeata , several studies have reported the
predominance of mixed reproduction systems, with a preference for allogamy but with a high rate of self-
fertilization (Scariot et al. 1991; Nucci et al., 2008; Abreu et al., 2012) and even apomixis (Brito, 2013), which
may favor the reduction of heterozygotes. Currently, there is no knowledge about theA. totai reproductive
system, but based on the results obtained in the present work, we suggest that this species has a reproductive
system with a higher allogamy rate than A. aculeata . Another hypothesis suggests that differences in the
values of genetic diversity index and fixation index between A. aculeata and A. totaispecies are associated
with different domestication processes.

In other words, in A. totai, the main products of anthropic interest are the yellowish flesh of the fruit
for flour production and the oil extracted from the seed, both characteristics with little variation in the
species (Sanjinez-Argandoña et al., 2011; Ciconini, et al 2013; Conceição et al., 2015). On the other hand,
in A. aculeata, the domestication honored plants with higher oil content in the pulp, a characteristic that,
according to several authors (Conceição et al., 2015; dos Reis et al., 2017), presents a large variation, which
would have caused a positive selection for this characteristic with loss of variability of the individuals with
lower pulp oil content.

High values of genetic diversity were obtained for the population coming from the municipality of Braúna
(SP) and that, based on the Bayesian analysis, their individuals were considered putative interspecific hybrids
between A. aculeata and A. totai . It is widely known that interspecific hybridization in plants may be
responsible for increased levels of genetic diversity (López-Caamal et al., 2014), according to studies in
several plant genera that have reported increased genetic diversity as a result of interspecific hybridization,
such as Ulmus spp. (Zalapa et al., 2009), Quercus spp. (González-Rodŕıguez et al., 2005; Tovar-Sánchez et
al., 2008) andPhoenix spp. (González-Pérez et al., 2004).

4.3 Delimitation of species A. aculeata and A. totai

Species recognition and delimitation represent strategic information for any biological discipline (Queiroz,
2007; Hey, 2006). However, obtaining this information can be a difficult task due to such events as hybridi-
zation, introgression, recent divergence, and low levels of morphological and genetic differentiation between
species (Schönswetter et al. 2009; Lega et al. 2012; Slovák et al. 2012). In the genus Acrocomia, the clas-
sification of species is mainly based on their geographical distribution and morphology. In the case of the
species of greater economic interest, A. aculeata and A. totai both have great morphological similarity and
high polymorphism for many phenotypic characters, which has hindered their taxonomic classification and
generated controversial, which is why many studies with botanical material of areas of occurrence typically
of A. totai have considered the study species to include A. aculeata , as in the works of Gauto et al. (2011),
working with material from Paraguay, Lescano et al. (2015) and Ciconini et al. (2013) with collections from
Campo Grande (state of Mato Grosso do Sul) and Traesel et al. (2014) with collections from Dourados (state
of Mato Grosso do Sul), or Dos Santos et al. (2013), who named individuals collected in Paranaváı, Paraná
with A. aculeata subsp. totai .

In the present work we use a population genetic approach by means of molecular markers to elucidate the
species boundaries between A. aculeata and A. totai and to identify the occurrence of interspecific hybrids
between them. Our results were based on the analysis of a large number of microsatellite loci and expressive
population sampling representing a wide geographical distribution and adopting different statistical analysis
approaches. Thus, it was possible to highlight the differentiation of A. aculeata andA. totai species, which was
strongly supported by the formation of two clusters that were well defined by both Bayesian (STRUCTURE)
and principal component discriminant analysis (DAPC), as shown in Figures 2 and 3.

Corroborating this result, the analysis performed in the NewHybrids program also indicated the existence
of two ”pure” species (Figure 2), supporting the classification of A. aculeata and A. totaias distinct species,
consistent with Lorenzi (2010) and Vianna et al. (2017a) based on morphological characters, Vianna et al.
(2017b) based on leaf anatomy data and Lima et al (2020) based on molecular data generated from SSR
marker.
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Although not treated as different species, but based on their geographic location, other studies have provided
evidence of differentiation ofA. aculeata and A. totai from molecular data. Lanes et al. (2015) analyzed the
genetic diversity of individuals from Acrocomia from different Brazilian localities with microsatellite markers
and identified the formation of two main groups, one formed by individuals from the Pantanal region of
Mato Grosso do Sul with high genetic differentiation according to the FST index. Similarly, the information
generated by the ITS region of 67 A. aculeatagenotypes from the study by Silva et al. (2017) identified
the formation of four haplotypes, two of them shared by genotypes of São Paulo and Minas Gerais, and a
unique haplotype of genotypes collected in Mato Grosso do Sul near the Paraguay border, also suggesting
the occurrence of different species of Acrocomia.

Some phenotypic characteristics have been used to distinguish species from the genus Acrocomia (Lorenzi
2010). In the case of A. aculeata and A. totai , fruit characteristics are highly informative for this purpose,
with A. aculeata presenting fruits between 3.5 and 5.0 cM, while A. totai has smaller fruits between 2.5
and 3.5 cM (Lorenzi 2010, Vianna et al., 2017a and Silva 2017). Machato et al. (2015) compared the fruit
size of the Brazilian municipalities of Contagem (state of Minas Gerais) and Umuarama (state of Paraná);
therefore, A. aculeata and A. totai had mean diameters of 5.03 and 3.42 cM, respectively. In addition to
the morphological differences, there is also variation in the oil content of the fruits. Fruits of A. totai from
populations of the Pantanal region of the state of Mato Grosso do Sul showed oil content in the pulp ranging
from 26 to 33% (Vianna et al. 2015, Hiane et al. 2005), while fruits of A. aculeata collected in the states of
São Paulo and Minas Gerais presented higher oil content, ranging from 30 to 76% (Conceição et al., 2015).

The detection of a high number of private alleles in A. aculeataand A. totai species (Table 2) indicates
probable independent evolution of both species and the emergence of their own adaptation mechanisms
to their respective environments. A higher number of private alleles in A. totai than A. aculeata can be
explained by the diversification of habitats in which the species occurs from temporarily flooded wetland
and seasonal floodplains, as well as in dry areas (Herrera-MacBryde et al., 2000; Lorenzi, 2010), in addition
to being the only species of the genus Acrocomia to occur in temperate zones (Markley, 1956). In the case
of A. aculeata , this species occurs preferentially in cerrado areas (Lorenzi, 2010) in large and continuous
population arrangements.

Currently, one of the parameters adopted to define the classification of Acrocomia species is the geographical
distribution of the species, whereas A. totai was not observed in the state of São Paulo (Lorenzi, 2010).
However, our results reveal that the populations of Braúna and Fusquinha, previously considered A. aculeata
, due to their geographical location in the state of São Paulo, were grouped between A. totai samples from
Argentina and the state of. Mato Grosso do Sul (Figures 2 and 3). These results are identical to those obtained
by Abreu et al. (2012) in a study on the structuring of genetic diversity of A. aculeata samples from different
origins of the states of São Paulo and Minas Gerais. In this work, samples from the locality of Piquerobi
(region near the Fusquinha collections of our study) were genetically distanced from the samples from other
locations, possibly because they were representative of A. totai and not ofA. aculeata , as suggested at that
time.

The origin of the genus Acrocomia is unknown. Pintaud et al. (2008) suggest as a possible center of origin
the northern region of South America, given that the progressive shrinkage of the humid tropical rainforest
in South America during the Eocene resulted in drier and more open environments that favored the process
of diversification of Acrocomia. The oldest fossil records of A. aculeata found in Santarém, Pará, northern
Brazil, dating from 11,200 years (Morcote-Ŕıos and Bernal, 2001) suggest that the center of origin of the
genus Acrocomia may be the northern region of Brazil. This hypothesis is also be supported by the finding
that with the exception of A. crispaand A. media , the other species of the genus occur in Brazil, with A.
emensis , A. glaucescens and A. intumescensbeing endemic from Brazil (Lorenzi et al (2010; Henderson,
1995).

Based on these data, it can be assumed that the beginning of domestication of the species Acrocomia aculeata
occurred in northern South America and was subsequently exposed to distinct patterns of local anthropic
interest. The dispersal of human groups towards the western side of South America, particularly in the

9



P
os

te
d

on
A

u
th

or
ea

9
O

ct
20

20
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
60

22
57

51
.1

58
87

52
9/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

countries of Bolivia, Paraguay and northern Argentina and part of the western region of Brazil bordering
these countries, could explain the diffusion and emergence of a new botanical group represented by the
species A. totai . Thus,A. aculeata would have taken other paths, spreading through central Brazil from
Pará to the north of Paraná state (Lorenzi et al., 2010). In this case, these species would have gone through
a process of allopatric speciation, geographical isolation, limiting contact and gene flow between them.

Another argument to argue for a possible genetic differentiation betweenA. aculeata and A. totai species
associated with anthropic use and, consequently, by different domestication processes and different selective
pressures due to the preferences of various indigenous groups are based on historical and ethnographic
accounts. which documented different popular uses of A. aculeata (Welch et al., 2013, Nascimento et al.,
2010; Balée, 2013; Hill et al., 1984) andA. totai (Steward, 1946; Patiño 2002).

The hypothesis of dispersion of Acrocomia spp is based on reports by several authors. In South America, both
A. aculeata and A. totai have been strongly associated with human dispersions (Seemann, 1856; Janzen,
1983; Kahn and Moussa 1995; Piperno and Pearsall 1998; Morcote-Rios and Bernal 2001). Specifically,
Barbosa Rodrigues (1891) reported that Bocayauba (A. totai ) accompanied North-South Indian migrations
and was always associated with the interests of indigenous tribes.

More recently, the dispersal of A. aculeata and A. totaiseeds was observed to be performed by cattle herds,
which are considered contemporary dispersers (Scariot, 1998, Donatti et al., 2011). In the specific case of A.
aculeata , the expansion of the agricultural frontier in the Brazilian Cerrado in search of new areas for cattle
pasture may have favored events of rapid and wide dispersal of the species.

4.4 Interspecific hybridization

Another objective of the study was to investigate the occurrence of hybrids between A. aculeata and A. totai
. This hypothesis arose from visual field observations of individuals with intermediate morphology between
both species, as well as from previous reports describing possible natural hybridization between these species
(Abreu et al., 2012).

In Arecaceae, interspecific hybridization has been reported in several genera: Attalea (Henderson et al. 1995),
CalyptrogyneH.Wendl. (Henderson 2005), Caryota L. (Hahn and Sytsma, 1999),Copernicia Mart. (Henderson
et al. 1995), Desmoncus Mart. (Henderson et al. 1995), Hyospathe Mart. (Henderson 2004),Phoenix L.
(Gonzalez-Perez et al. 2004; Pintaud et al., 2010),Syagrus Mart. (Henderson et al. 1995; Ramı́rez-Rodŕıguez
et al., 2011). However, in the genus Acrocomia, there are no reports of studies on natural hybridization
among its species to date.

Thus, based on genetic data and Bayesian analysis performed in the NewHybrids program, our results
suggest the occurrence of interspecific hybrids in the populations of Braúna and Campo Grande, which have
been attributed to generation class F2 (Figure 2). This result is also supported by the Bayesian analyses in
STRUCTURE and DAPC (Figures 2 and 3).

Furthermore, we add that the flowering period of A. aculeata andA. totai species overlap in the sympathetic
region of these species, favoring the possible occurrence of natural hybridization (Salis 2009; Scariot et al.,
1995; Lorenzi 2006). Therefore, we are reporting unprecedented evidence of the occurrence of natural hybrids
between species of the genus Acrocomia through molecular data. A previous study, based on the SSR marker,
verified connectivity and admixture in a population of A. totai located geographically close to the population
of A. aculeata (Lima et al., 2020).

Morphological data from previous studies also suggest a possible interspecific hybridization between A.
aculeata and A. totai by revealing intermediate values for fruit characteristics. Ciconinni et al. (2013),
studying fruits collected in Campo Grande (MS) and Sanjinez-Aragandoña and Machado (2011) in fruits
collected in Presidente Epitácio, reported averages of 3.3 cm and 3.6 cm for vertical diameter and 3.4 cm
and 3.1 cm for horizontal diameter, respectively.

Interspecific hybridization is more frequent in closely related species or those that are not sufficiently di-
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vergent to develop complete reproductive isolation mechanisms (Taylor et al. 2015). Hybridization may be
promoted by secondary contact after allopatric divergence, as has been reported in several studies (Petitet
al. 2002; Fussi et al. 2010). Hybridization between A. aculeata and A. totai may have been the result of
secondary contact after more recent species expansion across South America, as corroborated by the close
genetic relationship between species, as low FST values (0.09) (Table 5), and maintenance of interspecific
reproductive compatibility and formation of viable hybrids. The presence of only F2 hybrids and the low
number of private alleles present in populations chosen to represent interspecific hybrids (Table 3) suggest
that cross-species hybridization is recent without sufficient time for backcrossing or to accumulate mutations
over many generations.

Currently, A. aculeata can be widely found throughout the state of Sao Paulo. However, according to the
report of Hoehen (1944), the floristic surveys conducted in the nineteenth century by Saint-Hilaire do not cite
the presence of the species A. aculeata in the state of Sao Paulo. However, the state of São Paulo presented a
rapid process of occupation of its territory, primarily from the late nineteenth and early twentieth centuries,
with the opening of several rail routes to the north, west and southwest of the state, reaching the border
with the state of Mato Grosso do Sul (Oliveira and Marquis, 2002), where the species A. totai is observed
in large massifs. Therefore, it can be assumed that the emergence of natural hybrids between A. aculeata
and A. totai may have been facilitated by the dispersal of A. aculeata in the state of São Paulo during this
state colonization process, enabling the sympatric coexistence of both species.

Finally, we emphasize that the interspecific hybrids identified betweenA. aculeata and A totai are at low
frequency. This low number of hybrids detected may be due to the reduced number of plants analyzed
in the Braúna (13 plants) and Campo Grande (10 plants) populations, suggesting that additional studies
sampling more populations and plants by populations and using a multidisciplinary approach are needed to
corroborate our results.

5. Conclusions

Our study represents a significant step towards understanding the systematics of the genus Acrocomia. The
results show that A. aculeata and A. totai are genetically distinct species with strong evidence of possible
interspecific hybridization. The occurrence of interspecific hybrids represents an opportunity to increase
genetic diversity both for the appearance of genotypes with complementary characteristics of agronomic
interest, as well as for representing an important source of variation for adaptation to new environments,
especially in function of current climate changes. Additionally, this study is the first to assess the genetic
diversity of A. totai from another country besides Brazil and to show that the genetic diversity in A. totai
is superior to that found in A. aculeata . Our results contribute to the choice of better strategies for in
situ and ex situ management of germplasm, as well as to guide selection criteria for the purposes of genetic
conservation or domestication of both species.
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Table 1. Description of Acrocomia sp. populations sampled for genetic analyses and their
geographic parameters.

ID Population Estate* Country No. Plants Geographical coordinates Geographical coordinates

1 Luz MG Brazil 16 -19.773972 W -45.864639 S
2 Patos de Minas MG Brazil 15 -18.591389 W -46.455111 S
3 Ibituruna MG Brazil 12 -21.343028 W -44.739736 S
4 Rifaina MG Brazil 12 -19.986278 W -47.508472 S
5 Brotas SP Brazil 10 -22.276083 W -48.11850 S
6 Itapira SP Brazil 17 -22.433333 W -46.821667 S
7 Braúna SP Brazil 13 -21.482306 W -50.212278 S
8 Fusquinha SP Brazil 18 -22.11100 W -52.252472 S
9 Campo Grande MS Brazil 10 -20.469056 W -54.777361 S
10 Dourados MS Brazil 20 -22.26276 W -54.837889 S
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ID Population Estate* Country No. Plants Geographical coordinates Geographical coordinates

11 Corumbá MS Brazil 22 -19.351261 W -57.563611 S
12 Formosa FMS Argentina 11 -25.232972 W -58.256639 S

*States: MG= Minas Gerais, SP= São Paulo, MS= Mato Grosso do Sul, FMS= Formosa

Table 2. Characteristics of the five gSSR and eight EST-SSR primers and summary statistics
of the genetic diversity at each locus.

Primer Name Primer sequence (5´-3´) Motif TA (°C) Amplicon size Na Pa PIC HE HO

Aacu10 F: TGCCACATAGAGTGCTTGCT (AG)16 56 168–186 10 3 0.795 0.821 0.361
R: CTACCACATCCCCGTGAGTT

Aacu12 F: GAATGTGCGTGCTCAAAATG (TC)20 56 190–202 12 3 0.734 0.760 0.382
R: AATGCCAAGTGACCAAGTCC

Aacu26 F: ACTTGCAGCCCCATATTCAG (AC)13(AG)14 56 273–316 14 4 0.861 0.877 0.253
R: CAGGAACAGAGGCAAGTTC

Aacu38 F: TTCTCAGTTTCGTGCGTGAG (TC)15 56 316–346 11 2 0.803 0.827 0.212
R: GGGAGGCATGAGGAATACAA

Aacu45 F: CAGACTACCAGGCTTCCAGC (CGAC)5 56 260–284 6 1 0.567 0.603 0.204
R: TCATCATCGCAGCTTGACTC

gSSR mean 10.60 2.60 0.752 0.778 0.282
Acro16 F: GTCATATGGCTGGTGAGATT (GCC)8 55 270 7 3 0.467 0.565 0.994

R: GTTCCTTCTCTTGGTGGAAT
Acro20 F: CCACCCTTAAGTTCATCTTCT (CCT)8 55 294 5 1 0.500 0.575 0.048

R: GACTGTTGGTGTTAAGGTTCA
Acro46 F: CAGATTATAGCACAGCTGGAG (ATC)5 55 398 11 2 0.792 0.818 0.415

R: AGTGACTTGAAGCTCATGTTG
Acro64 F: GTATGGATGTCGTCGTTGAT (CTG)12 55 168 10 2 0.783 0.808 0.464

R: GACTATGGTAATGGACCAACA
Acro102 F: GGCTAAGATCATTAATGGGAC (CCA)5 55 268 3 0 0.244 0.261 0.006

R: GGACCATACCAATTTCCTTAG
Acro246 F: GAGAAGGTAAGGTAGACGAGG (GGC)9 57 275 7 3 0.267 0.280 0

R: ATGGATCAAGAACCCGAC
Acro280 F: ATCTGAGACTGAAGCTGATGA (GAA)5 55 204 3 2 0.211 0.227 0

R: GATCTGCATACATCCATCTGT
Acro278 F: GAAGAGTTTTCCTCTCTGCTC (CCG)6 55 311 2 0 0.105 0.112 0

R: AGATGCCCTATTGCTCAAG
EST-SSR mean 6.0 1.63 0.421 0.456 0.241

Na=number of alleles per locus; Pa= Private alleles; PIC = polymorphic information content; HE = expected
heterozygosity; HO = observed heterozygosity

Table 3. Genetic diversity estimates for Acrocomia taxa using 13 microsatellite loci.

Specie N Na Ne I Ar HO HE f PA

A. aculeata 74.385 5.308 2.329 0.943 3.880 0.208 0.466 0.650 9
Hybrids 19.923 4.846 2.711 1.083 4.290 0.331 0.538 0.420 2
A. totai 65.077 6.692 3.288 1.211 5.070 0.287 0.551 0.583 16
Total 53.128 5.615 2.776 1.079 4.413 0.275 0.518 0.558
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Mean of different alleles (Na), mean of effective allele (Ne), allelic richness (Ar), Shannon’s Index (I), Ob-
served (HO) and Expected (HE) Heterozygosity, Fixation index (f) and total number of private alleles (PA).

Table 4. Genetic diversity estimates at the population level using 13 microsatellite loci.

Species Population N Na Ne I Ar HO HE f

A. aculeata Luz 15.000 2.692 1.628 0.570 2.110 0.158 0.316 0.659
Patos Minas 14.154 2.846 1.807 0.682 2.350 0.273 0.401 0.392
Ibituruna 11.538 3.077 2.144 0.805 2.580 0.244 0.457 0.537
Rifaina 8.615 2.538 1.954 0.640 2.280 0.203 0.368 0.466
Brotas 11.154 2.769 1.848 0.636 2.260 0.204 0.361 0.465
Itapira 13.923 2.154 1.574 0.483 1.840 0.162 0.291 0.561

Hybrids Braúna 11.385 3.923 2.384 0.931 3.090 0.347 0.482 0.306
Campo Grande 8.538 2.846 2.059 0.719 2.440 0.295 0.406 0.369

A. totai Fusquinha 15.769 4.308 2.328 0.924 2.960 0.274 0.460 0.474
Dourados 19.000 3.923 2.407 0.891 2.970 0.299 0.464 0.487
Corumbá 20.923 5.000 2.928 1.088 3.450 0.316 0.545 0.516
Argentina 9.385 3.615 2.880 0.916 2.880 0.222 0.455 0.576
All populations 13.282 3.308 2.162 0.774 2.601 0.250 0.417 0.485

Mean of different alleles (Na), mean of effective allele (Ne), allelic richness (Ar), Shannon’s Index (I), Ob-
served (HO) and Expected (HE) Heterozygosity and Fixation index (f).

Table 5. Matrix of pairwise FST values (below diagonal) among A. aculeata A. totai and
Hybrids, based on 13 microsatellites loci.

A. aculeata Hybrids A. totai

A. aculeata 0.000
Hybrids 0.079 0.000
A. totai 0.099 0.059 0.000

Table 6. Matrix of pairwise FST values (below diagonal) among populations based on 13
microsatellites.

Luz Patos Minas Ibituruna Rifaina Brotas Itapira Braúna Fusquinha Campo Grande Dourados Corumbá Argentina

Luz 0.000
Patos Minas 0.148 0.000
Ibituruna 0.116 0.119 0.000
Rifaina 0.142 0.120 0.088 0.000
Brotas 0.117 0.102 0.076 0.067 0.000
Itapira 0.167 0.150 0.111 0.056 0.077 0.000
Braúna 0.194 0.146 0.119 0.128 0.125 0.162 0.000
Fusquinha 0.226 0.168 0.146 0.141 0.161 0.203 0.081 0.000
Campo Grande 0.235 0.220 0.165 0.203 0.183 0.235 0.154 0.164 0.000
Dourados 0.187 0.180 0.127 0.140 0.132 0.175 0.090 0.056 0.126 0.000
Corumbá 0.172 0.176 0.119 0.131 0.148 0.175 0.109 0.064 0.123 0.056 0.000
Argentina 0.287 0.210 0.213 0.240 0.235 0.283 0.134 0.093 0.212 0.113 0.136 0.000
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