Genet Resour Crop Evol
https://doi.org/10.1007/s10722-022-01501-8

RESEARCH ARTICLE

q

Check for
updates

Genetic diversity and structure of Acrocomia aculeata
(Jacq.) Lodd. ex Mart. (Arecaceae) using microsatellite

DNA markers in Costa Rica

Valeria Navarro-Cascante
Ileana Moreira Gonzalez
Elemer Briceno-Elizondo
Jesiis Antonio Oviedo-Ulate

Received: 14 March 2022 / Accepted: 20 November 2022

- Elizabeth Arnaez-Serrano
+ Guillermo Vargas-Hernandez
- Jonathan Morales-Marroquin
- Emanuel Araya-Valverde

- Moénica Rojas-Gomez
 Nelson A. Zamora
- Pamela Sevilla-Cortés(® -

© The Author(s), under exclusive licence to Springer Nature B.V. 2022

Abstract Acrocomia aculeata is a tree palm spe-
cies widely distributed throughout the Neotropics,
from Mexico to Argentina including some Carib-
bean islands. The oil from the fruit is used for bio-
diesel production, human consumption, and bio-
mass fuel. Despite the need to better understand its
genetic diversity for commercial use and conser-
vation, genetic diversity and structure knowledge
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of this species is scarce in Mesoamerica. We used
microsatellite markers to analyze 185 samples of A.
aculeata, from 18 sampling sites, that essentially cov-
ered geographic distribution of this species in Costa
Rica. We found low genetic diversity across sampling
sites, with He values below 0.50 which, is lower than
diversity levels found in South America. Interest-
ingly, samples collected in the national parks Santa
Rosa and Rincon de la Vieja National exhibited the
highest genetic diversity (He=0.42 and He=0.50,
respectively). The 18 sampling sites were structured
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in three clusters. Cluster A contains samples collected
in the lower northwestern Pacific, Central Pacific, and
Central Region of Costa Rica. Cluster B consisted of
samples from sites in the upper northwestern Pacific.
Cluster C contains samples from the southeastern
Pacific region, being largely separated from Clusters
A and B which was supported by the highest differ-
entiation coefficients. This is the first large genetic
diversity study of A. aculeata in Mesoamerica; there-
fore, our results serve as reference for future studies
on germplasm diversity studies in this region and a
baseline for future conservation and management
efforts of A. aculeata.

Keywords Coyol - Multiplex PCR - Mesoamerica -
Conservation - Differentiation genetic resources -
Discontinuous populations

Introduction

Acrocomia aculeata is widely distributed in the Neo-
tropics from Mexico to Argentina, Bolivia, and Par-
aguay and also in the Caribbean (Henderson et al.
1995; Grayum 2003; Dransfield et al. 2008). Its
center of origin is presumed to be in South America
and the highest diversity appears to be in southeastern
Brazil (Scariot et al. 1995; Lanes et al. 2015; de Lima
et al. 2018). This conclusion is also supported by
Diaz et al. (2021) that found the highest genetic diver-
sity of A. aculeata in Brazil and the lowest diversity
in samples from Central America. Moreover, fos-
sil records demonstrated that human introduction of
this palm tree to Central America came from South
America (Morcote-Rios and Bernal 2001).

In Costa Rica, A. aculeata frequently inhabits the
Pacific lowlands, mostly from northwestern Guan-
acaste to the central Pacific slope and occasionally
to the Osa Peninsula and Punta Burica. It also occurs
in the Guatuso plains in the northern Caribbean
slope (Janzen 1983; Grayum 2003; Cornejo et al.
2012). Particularly, the occurrence of this species
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was studied in the Guanacaste where individuals are
dispersed in the dry forest and pasturelands (Hender-
son et al. 1995; Esquivel-Mimenza et al. 2011). Cat-
tle movement through pasturelands may facilitated
dispersion in Costa Rica (Scariot 1998; Harvey et al.
2011).

The province of Guanacaste suffered accelerated
deforestation during some 170 years, converting for-
est into livestock pastures. This land usage, in turn,
promoted pastureland management that inhibited A.
aculeata regeneration (Harvey et al. 2011; Calvo-
Alvarado et al. 2009). In addition, the long-time prac-
tice of cutting down adult palm trees to obtain the
sap, and fermenting into a beverage, also threatens
the species. This practice primarily occurs through-
out Central American, including Costa Rica with
prevalence in Guanacaste (Janzen 1983; Balick 1990;
Chizmar-Fernandez 2009; Diaz et al. 2021).

The A. aculeata fruit contains high oil content and
good quality vegetable oil (Navarro-Diaz et al. 2014;
Da Conceigao et al. 2015; Lescano et al. 2015; Lieb
et al. 2019) used to produce biodiesel, edible vegeta-
ble oil, and pharmaceutical products for the cosmetics
industry. It also serves as a novel sustainable biomass
feedstock and the post-fruit processing residues can
be used as biomass fuel (Evaristo et al. 2016; Plath
et al. 2016; Falasca et al. 2017). It has the potential to
become a new commercial oilseed crop similar to that
of oil palm if managed and bred properly (Colombo
et al. 2018).

Studies in Costa Rica have quantified carotenoid
and tocopherol content in fruits (Schex et al. 2018),
oil content and fatty acid profile (Lieb et al. 2019),
and variability of fruit morphology and oil compo-
sition in three locations (Alfaro-Solis et al. 2020).
Despite these efforts, there are no studies yet that
describe the genetic diversity of A. aculeata at large
scale in Costa Rica. Molecular markers such as
microsatellites and SNPs have played an important
role in describing genetic diversity, structure and
mating system of natural populations and germplasm
collections of A. aculeata (Abreu et al. 2012; Lanes
et al. 2015, 2016; Mengistu et al. 2016b; Silva et al.
2017; Coelho et al. 2018; Diaz et al. 2021; Laviola
et al. 2022). Therefore, the aim of this study is to
estimate the genetic diversity and to determine the
structure of A. aculeata from samples collected in
the range of geographic occurrence in Costa Rica,
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using microsatellite markers to generate a baseline for
future use and conservation of this promising species
in Costa Rica.

Materials and methods
Biological material and study area

The study area comprised four regions in Costa Rica
i.e. Brunca, Central, Chorotega, and Huetar Norte
with a total of 18 sampling sites (Supplementary
Table 1). We collected 185 samples in the following
18 sites: (1) La Cruz, (2) Guanacaste National Park
(hereinafter referred as Guanacaste), (3) Santa Rosa
National Park (hereinafter referred as Santa Rosa), (4)
Liberia, (5) Rincon de la Vieja National Park (herein-
after referred as Rincon de la Vieja), (6) Cafio Negro
National Wildlife Refuge (hereinafter referred as
Cafio Negro), (7) Santa Cruz, (8) Nicoya, (9) Barra
Honda, (10) Cafas, (11) Tilaran, (12) Abangares,
(13) Chomes, (14) Orotina, (15) Atenas, (16) Tur-
rubares, (17) Paso Real, and (18) Peninsula de Osa

Fig. 1 Distribution of 18 -86
sampled sites of Acrocomia
aculeata, representing three
clusters obtained thorough
Structure. Sampled sites 1:
La Cruz, 2: Guanacaste, 3:
Santa Rosa, 4: Liberia, 5:
Rincon de la Vieja, 6: Cafio
Negro, 7: Santa Cruz, 8:
Nicoya, 9: Barra Honda,
10: Caiias, 11: Tilaran, 12:
Abangares, 13: Chomes,
14: Orotina, 15: Atenas, 16: 10
Turrubares, 17: Paso Real,

18: Peninsula de Osa. Green

squares, red triangles and

blue circles represent Clus-

ter A, Cluster B and Cluster

C, respectively

11

(Fig. 1). This sampling essentially covered almost all
of Costa Rica’s current geographic occurrence of A.
aculeata. The number of collected individuals per site
is displayed in the Supplementary Table 1.

Each sampling site consisted of arecas where
mature reproductive trees (either flowering or fruit-
ing) were growing relatively dispersed. The minimum
distance between trees in each site was ca. 40-100 m,
depending on the total number of trees. A leaflet lam-
ina fragment of about 20 cm in length from each palm
tree sample was collected in conical plastic tubes of
50 mL containing table salt to avoid sample degra-
dation. Upon arrival at the laboratory, the table salt
was carefully removed, and samples were lyophi-
lized (CHRIST BETA 1-8LD plus, Germany) prior to
DNA extraction.

DNA isolation and microsatellite genotyping using
multiplex PCR

For DNA isolation, 50 mg of dried leaflet lamina were

ground in a homogenizer Fastprep-24 (MP Biomedi-
cals, USA) using lysing matrix A (MP Biomedical,

Nicaragua
8 Cluster A

A ClusterB
® ClusterC

Panama
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USA). A CTAB-based method was employed for
DNA isolation (Quirds-Guerrero et al. 2019). The
DNA concentration was measured with a spectropho-
tometer (NanoDrop, Thermo Scientific, USA) and
diluted (~30 ng/uL) for PCR amplification.

Twelve microsatellite markers previously devel-
oped for A. aculeata (Nucci 2007; Nucci et al. 2008)
and Astrocaryum aculeatum G.Mey. (Ramos et al.
2012) were used. The selection criteria of micros-
atellites included the level of polymorphism, infor-
mativeness previously reported (Lanes et al. 2015,
2016; Mengistu et al. 2016b; Coelho et al. 2018)
and expected allele size. The forward primer of each
microsatellite was labeled with any of four fluorescent
dye labels, i.e., 6-FAM, VIC, NED, and PET for mul-
tiplex PCR assays. Several primer combinations and
concentrations were iteratively performed to obtain
three PCR multiplexes (Table 1). Each multiplex PCR
reaction (final volume 25 pL) contained PCR Mas-
ter Mix (1X DreamTaq Master Mix, ThermoFisher

Scientific, USA), bovine serum albumin (0.01 mg,
Sigma, USA), DMSO (2%, Sigma, USA), and DNA
(~60 ng). Additionally, MgCl, (0.5 mM, Thermo Sci-
entific, USA) and DNA Taq polimerase (1 Unit, Ther-
moFisher Scientific, USA) were added. The primer
concentrations varied according to the optimized
multiplexes (Table 1).

The amplification was performed in a thermal
cycler (Veriti™, Applied Biosystems, USA) with the
following profile: one cycle at 95 °C for 5 min fol-
lowed by 35 cycles at 95 °C for 30 s, 55 °C for 30 s,
72 °C for 1 min, with a final extension at 72 °C for
8 min. Multiplex PCR products were visualized by
capillary electrophoresis in the ABI 3130x1 Genetic
Analyzer (Applied Biosystems, USA) with the com-
bination of 1.5 pL of the multiplex PCR product,
0.4 uL of GeneScan 600LIZ™ (Applied Biosystems,
USA), and 8.5 pL of Hi-Di Formamide (Applied Bio-
systems, USA). After capillary electrophoresis, allele
binning and genotyping were manually inspected

Table 1 Primer sequences with its respective fluorescent dye label of 12 microsatellites and the final concentration used for the mul-

tiplex PCR amplification in DNA of A. aculeata

Microsatel-  Fluorescent dye-Sequence of for- Sequence of reverse primer (5'-3") Final con- Mul- References

lite name ward primer (5'-3") centration tiplex

(SSR) (LM) PCR

Aacul0 NED-TGCCACATAGAGTGC CTACCACATCCCCGTGAGTT 0.15 1 Nucci et al. (2008)
TTGCT

Aacu45 6FAM-CAGACTACCAGGCTT TCATCATCGCAGCTTGACTC  0.20 1 Nucci (2007)
CCAGC

Aacu74 VIC-TACTGTTGTGCCAAGTCC GAGCACAAGGGGGATATCAA 0.20 1 Nucci (2007)
CA

Aacu07 VIC- ATCGAAGGCCCTCCA AAATAAGGGGACCCTCCAA  0.19 2 Nucci et al. (2008)
ATACT

Aacul2 NED- GAATGTGCGTGCTCA AATGCCAAGTGACCAAGTCC 0.13 2 Nucci et al. (2008)
AAATG

Aacu26 6FAM- ACTTGCAGCCCCATA CAGGAACAGAGGCAAGTTC  0.19 2 Nucci et al. (2008)
TTCAG

Aacu30 6FAM- TGTGGAAGAAACAGG TCGCCTTGAGAAATTATGGC 0.19 2 Nucci et al. (2008)
TCCC

Aac09 VIC- AGCGTAATAGCATCCCTT AGTCCAGTGTTCTTCCCCTG  0.13 2 Ramos et al. (2012)
GC

Aac06 6FAM-TCTGATCCATCTGGT TGCATGGTGCTAGAGTAATCC 0.20 3 Ramos et al. (2012)
TGTCTAA

Aacl4 6FAM-GGCCAGTTGTGTTGA TTAAGCCCCTGGTGAAAACA 0.20 3 Ramos et al. (2012)
TGAAA

Aac04 VIC-GCATTGTCATCTGCAACC GCAGGGGCCATAAGTCATAA 0.20 3 Ramos et al. (2012)
AC

Aacl2 NED-GCTCTGTAATCTCGGCTT TCCAGTTCAAGCTCTCTCAGC 0.20 3 Ramos et al. (2012)
CCT

@ Springer
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with GeneMapper™ v4.0 software (Applied Biosys-
tems, USA) for further data analysis.

Microsatellite informativeness, genetic diversity and
structure of A. aculeata

Genotyping data matrix was run in the R package
adegenet (Jombart 2008) version 2.1.2 to create a
genind class object with the data organized accord-
ing to sampling sites. Each sampling site was con-
sidered a putative population. Further, the R package
hierfstat (Goudet 2005) version 0.04-22 was used to
analyze the genetic diversity through the estimation
of number of alleles per population, He, Ho, num-
ber of effective alleles (Ne), and private alleles (Np).
With the aid of the R package pegas (Paradis 2010)
version 0.12, the inbreeding coefficient through F
Statistic (Fst) was estimated (Wright 1965). Finally,
the Polymorphic Information Content (PIC) was esti-
mated using the R package polysat (Clark and Jasie-
niuk 2011) version 1.7. The intra- and interpopulation
differentiation were also examined with an AMOVA
using poppr (Kamvar et al. 2014) version 2.8.3 and
ade4 (Dray and Dufour 2007) version 1.7-13.

In order to study the genetic structure, the genotyp-
ing table was used in the software Structure version
2.3.4 (Pritchard and Matthew 2000) configured with
eight repetitions for each possible number of groups
(K from 1 to 8), burn-in of 50,000 and 100,000 rep-
etitions of the Markov Chain Monte Carlo. The Struc-
ture results were used as input to estimate the best K
number with Structure Harvester (Earl and von Holdt
2012) according to Evanno et al. (2005). This repre-
sents the most probable number of populations based
on the inferred ancestry of each individual.

The genetic distance matrix of Nei was obtained
with the R package mmod (Winter 2012) version
1.3.3. Besides, the genetic distance matrix was used
in a UPGMA analysis to construct dendrograms
in MEGA6 (Tamura et al. 2013) and DAPC using
adegenet (Jombart 2008) to identify the separation
between clusters. Finally, the Mantel test was per-
formed using the package ade4 (Dray and Dufour
2007) to study the correlation between the matrix
of genetic distances and geographic distances which
results were visualized with an isolation by distance
figure made with MASS (Venables and Ripley 2002)
version 7.3-51.5.

Results
Microsatellite informativeness

Three of 12 SSRs were monomorphic (Aacl2,
Aacu45, and Aacu74). Table 2 displays the param-
eter of informativeness for nine polymorphic SSRs
that accounted for a total of 39 different alleles. The
number of alleles at each locus ranged from 3 to 7
with an average of 4.33 alleles per locus. Three SSRs
(Aac04, AaculO, and Aacl4) exhibited the highest
number of alleles (Na) and expected heterozygoc-
ity (He). The least number of different alleles was
observed in Aacu07, Aacul2, and Aacu26. Five SSRs
(Aac04, Aacl4, Aac09, Aac06, and Aacu26) were
highly informative (PIC>0.5), while the remaining
four (AaculO, Aacul2, AacuO7, and Aacu30) were
reasonably informative (0.5>PIC>0.25) (Botstein
et al. 1980) (Table 2). On the other hand, Fst values
(Table 2) indicate that there is moderate to high levels

Table 2 Genetic diversity

: Microsatellite Allele range (bp) Na He Ho PIC Fst

parameters for nine

polymorphic microsatellites Aac04 199-217 7 0.47 0.38 0.71 0.33

amplified 185 DNA Aac06 130-136 4 0.29 0.29 0.53 0.47

samples of A. aculeata

samples. NA: number Aac09 329-335 4 0.37 0.29 0.53 0.34

of alleles, He: expected Aacl4 336-353 5 0.33 0.33 0.54 0.41

hiterozydgﬁsﬂya Ho: Aacu07 132-138 3 0.25 0.35 0.36 0.18

observed helerozygosity. Aacul0 147-166 6 0.33 0.37 0.43 0.10

PIC: Polymorphic

Information Content and Aacul2 168-172 3 0.19 0.26 0.35 0.26

Fst as genetic differentiation Aacu26 264-268 3 0.27 0.23 0.50 0.41

coefficients Aacu30 247-252 4 0.15 0.15 0.40 0.50
Average 4.33 0.29 0.29 0.48 0.33

@ Springer
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of differentiation among populations. However, typi-
cally, a Fst=0.334, is considered high for most tropi-
cal plants.

Genetic diversity and structure of A. aculeata

The average number of alleles per population was
18.89. The lowest genetic diversity (He<0.19) was
found in samples collected in Peninsula de Osa, Oro-
tina and Abangares, which also had a low number of
effective alleles (Table 3). La Cruz, Atenas, Tilaran,
Barra Honda, Chomes, Santa Cruz, and Nicoya reg-
istered an intermediate diversity (He ranging 0.23-
0.28). The sites with the highest diversity (He >0.30)
were observed in samples from Guanacaste, Libe-
ria, Cafias, Cafio Negro, Turrubares, Paso Real,
Santa Rosa and Rincon de la Vieja. Santa Rosa and
Rincon de la Vieja also displayed a high number of
alleles when compared with other sites (Table 3). We
only found five private alleles of 147 bp (Aacul0),
136 bp (Aac06), 250 bp (Aacu30), 331 bp (Aac09),
and 264 bp (Aacu26), which amplified in samples of

Table 3 Genetic diversity parameters estimated in the 18
sampling sites of A. aculeata in Costa Rica. He: expected
heterozygosity, Ho: observed heterozygosity, Na: number of
alleles, Ne: number of effective alleles, Np: number of private
alleles

Site of collection N, N, H, H, N,
Abangares 16 1.30  0.19 0.17 0
Atenas 20 135 024 022 O
Barra Honda 18 1.42 0.26 0.30 0
Caiias 19 .55 032 027 O
Caio Negro 17 1.59  0.33 0.36 1
Chomes 19 142 026 022 1
Guanacaste 18 1.59 0.31 040 O
La Cruz 15 1.34 023 031 0
Liberia 25 1.62 032 0.28 1
Nicoya 24 152 028 024 O
Orotina 14 126 0.18 020 O
Paso Real 17 1.75 035 041 0
Peninsula de Osa 19 123 017 009 O
Rincon de la Vieja 24 196 050 048 O
Santa Cruz 20 1.50 028 0.24 1
Santa Rosa 20 1.84 0.42 0.43 0
Tilaran 16 1.50 026 0.28 1
Turrubares 19 1.65 033 030 O
Average 1889 152 029 0.29

@ Springer

Caiio Negro, Chomes, Liberia, Santa Cruz, and Tila-
ran, respectively (Table 3).

The AMOVA indicated that 20.82% of the total
genetic variation was explained between regions
(Brunca, Central, Huetar Norte, and Chorotega) and
20.39% was explained between sampling sites within
regions. The least variation (3.13%) was observed
between samples within each site and the greatest dif-
ferentiation (55.65%) occurred within samples (Sup-
plementary Table 2). Bayesian analysis revealed that
the genetic structure among A. aculeata populations
is best described by three distinct clusters according
to the highest AK value (182.86) (Supplementary
Fig. 1). Cluster A is comprised of samples collected
at Barra Honda, Nicoya, Santa Cruz, Caias, Tilaran,
Bagaces, Chomes, Orotina, Atenas, and Turrubares.
Cluster B comprised samples from La Cruz, Guan-
acaste, Santa Rosa, Liberia, Rincon de la Vieja, and
Cafio Negro. Cluster C grouped samples of Paso Real
and Peninsula de Osa (Fig. 2). The assignment of
each individual within each of the clusters in Fig. 2 is
supported by the percentage assignment given by the
Structure software (Supplementary Table 3). Figure 1
also shows the clustering observed in the structure
analysis.

The clustering obtained with Structure was the
same with that found with DPCA analysis (Supple-
mentary Fig. 2). Cluster C largely separated into Pen-
insula de Osa and Paso Real from the remaining sites
(Supplementary Fig. 2A). This result is also consist-
ent with the UPGMA that showed a separated branch
for Peninsula de Osa and Paso Real with a high boot-
strap value (Fig. 3) and observed Fst values. Cluster C
registered an Fst value of 0.128 compared to Clusters
A and B. The differentiation of Peninsula de Osa was
moderate to high with Fst values between 0.104 and
0.198, with an average of 0.145. The differentiation
of Paso Real was low to moderate (mean Fst=0.111)
(Supplementary Tables 4 and 5).

When Cluster C was not included in the DPCA
analysis, a clearer separation of Clusters A and B was
observed (Supplementary Fig. 2B). The UPGMA
(Fig. 3) also shows a clear separation of Clusters A
and B (bootstrap=98) consistent with the DPCA
and structure analyses. This clustering pattern was
also supported by a moderate differentiation in both
clusters with average Fst values of 0.065 and 0.076,
respectively (Supplementary Tables 4 and 5). In Clus-
ter A, a subcluster with samples from Barra Honda,
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Fig. 2 Population structure of the 185 samples of A. aculeata collected in Costa Rica. Clusters assignment of samples (k=3) is
based on the Bayesian analysis on Structure Software using microsatellite markers genotyping

Fig. 3 UPGMA dendro-
gram of Acrocomia acu-
leata, estimated according
to Nei’s genetic distance.
The dendrogram reflects
the same distribution of 18
sampled sites represented
in Fig. 1. Sampled sites 1:
La Cruz, 2: Guanacaste, 3:
Santa Rosa, 4: Liberia, 5:

17 Abangares
Chomes
Canas
Turrubares
Atenas

39 Cluster A
Orotina

63 Tilaran

Rincon de la Vieja, 6: Cafio
Negro, 7: Santa Cruz, 8:
Nicoya, 9: Barra Honda,
10: Canas, 11: Tilaran, 12:
Abangares, 13: Chomes,
14: Orotina, 15: Atenas, 16:
Turrubares, 17: Paso Real,
18: Peninsula de Osa

98

Barra Honda
55 Santa Cruz
Liberia

33

0.050

Nicoya, and Santa Cruz was observed (Fig. 3). These
sampling sites are geographically close together
(Fig. 1). Inside Cluster B a separation of samples
from Cafio Negro was resolved with the DPCA and
the UPGMA; this site is relatively closer to Liberia
(Fig. 3). This proximity was supported with the low-
est Fst value (0.035) between Cafio Negro and Libe-
ria (Supplementary Table 4). Also, inside Cluster B,
samples collected in three national parks (Santa Rosa,
Guanacaste, and Rincon de la Vieja) seem to group

| 64 Santa Rosa
L Clster
Guanacaste
51 64 . -
Rincon de la Vieja
La Cruz
| Paso Real
| Cluster C
%8 Peninsula de Osa

into a subcluster. Interestingly, in the UPGMA this
subcluster also yields a bootstrap value of 64.

The correlation of genetic distances and geograph-
ical locations was explored with an isolation by dis-
tance (IBD) analysis (Supplementary Fig. 3). A posi-
tive and significant correlation (r=0.398; p <0.05)
was obtained when all 185 samples were included
in the analysis. Similarly, we found a significant but
weak positive correlation (r=0.200; p<0.05) when
samples from Peninsula de Osa and Paso Real were

@ Springer
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excluded. In both cases, genetic and geographical dis-
tances displayed dependency on each other suggest-
ing IBD of samples collected in this study (Supple-
mentary Fig. 3B).

Discussion
Genetic diversity of A. aculeata

The observed values of parameters such as He, Ne,
and Ho in our study suggest that the genetic diver-
sity of A. aculeata in Costa Rica is relatively low
(Table 3). Studies of samples from an ex situ germ-
plasm bank have shown higher genetic diversity, with
almost the same set of SSRs as our work did. Lanes
et al. (2015) found that with six SSRs the genetic
diversity was between 0.55 and 0.74, while Mengistu
et al. (2016a) reported a diversity range of 0.49-0.63
with ten SSRs. Comparison of our study results with
those of A. aculeata studied in natural Brazilian pop-
ulations support the conclusion that Costa Rica has
low genetic diversity of A. aculeata. Higher levels of
genetic diversity (He>0.50) have been reported in
natural populations in Brazil (Coelho et al. 2018; de
Lima et al. 2020).

Recently, Diaz et al. (2021) observed that with
SNPs markers, samples from Brazil had the high-
est genetic diversity when compared with samples
from Central America. They also found two groups
of A. aculeata. The northern group included samples
from Costa Rica, Trinidad and Tobago, Puerto Rico,
Mexico, and Colombia which had the lowest genetic
diversity. Despite using microsatellite markers, our
results agree with those of Diaz et al. (2021).

Some researchers have proposed that the center of
origin and diversification of A. aculeata is in South
America (Lanes et al. 2015). Based on A. aculeata
remains found from Brazil to Mexico (Morcote-
Rios and Bernal 2001), and consistent with Janzen’s
(1983) hypothesis that pre-Columbian Indians intro-
duced A. aculeata into Costa Rica, humans may
indeed have facilitated dispersion of this species from
South to Central America. A. aculeata may also have
been dispersed from the Caribbean islands, where
some samples have been collected to estimate genetic
diversity (Diaz et al. 2021). The low genetic diversity
found in our study supports this south to northward
dispersion hypothesis.

@ Springer

A factor that may further explain the low genetic
diversity is that this species has not been found to
grow naturally in any other specific habitats other
than human-disturbed areas such as paddocks, aban-
doned land, along roadsides, and pasturelands (Janzen
1983; Harvey et al. 2011). Despite that, A. aculeata
is essentially the most abundant tree palm species in
the Guanacaste area, where several samples were col-
lected, its density remain very low (0.75 individuals
ha™!) (Harvey et al. 2011), This contrasts strongly
with the 300 individuals ha~' found naturally in
Brazil, where A. aculeata grows as aggregated clus-
ters forming continuous forests stands (Coelho et al.
2018). In fact during the field trips, it proved difficult
to locate sampling sites with groups of palm trees that
met the selection criteria. This low density and frag-
mented distribution of A. aculeata, may restrict gene
flow among dispersed individuals which may then
explain the decreasing genetic diversity and differen-
tiation among studied sites.

Since intense cattleranching and timber extraction
in Guanacaste were princpal drivers of deforestation
in this region (Calvo-Alvarado et al. 2009), it is inter-
esting to note that both Santa Rosa and Rincon de
la Vieja recorded the highest genetic diversity. Both
these national parks were established in Guanacaste
since 1970 when cattleraising and forest clearing
were prohibited. More sampling would be required to
corroborate this interesting hypothesis.

Genetic structure of A. aculeata

The structure analysis revealed three clusters (Fig. 2)
supported by the observed groupings in the UPGMA
(Fig. 3) and DPCA (Supplementary Fig. 2). This
structure had a moderate differentiation for Cluster
A and Cluster B while for Cluster C the differentia-
tion was higher. Furthermore, a significant IBD was
observed between the three clusters (Supplementary
Fig. 3A). The observed structure in this study may
be explained by the dispersion pattern of A. aculeata
associated with cattle ranching in Costa Rica (Har-
vey et al. 2011). This anthropogenic activity does not
favor a continuous distribution of A. aculeata which
probably limits gene flow.

Cluster A includes sampling sites in the lower
northwestern Pacific in the Nicoya Peninsula area,
Central Pacific and, Central Region of Costa Rica.
Although there are mountainous areas and river
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basins that delimit these regions (Gabb 2007), no dif-
ferentiation was observed within sampling sites of
Cluster A. Despite this, in the UPGMA (Fig. 3) a sub-
cluster containing Barra Honda, Nicoya, and Santa
Cruz was identified. These three sites are located in
the lower northwestern Pacific region of Nicoya Pen-
insula, while sites of Central Pacific are separated
by the Guanacaste Mountain Range foothills and the
Tilaran Mountain Range (Solano-Quintero 2001).

As shown in Figs. 2 and 3, Cluster A and Cluster
B are clearly separated. Sampling sites of Cluster B
such as Liberia, Santa Rosa, Guanacaste, Rincon de
la Vieja, and La Cruz are located in upper northwest-
ern Pacific. This region is geographically located
in the subregion of the Tempisque River Northeast
Basin (Solano-Quintero 2001; Arroyo-Mora et al.
2005; Calvo-Alvarado et al. 2009). The first Spanish
colonizers discovered that soil fertility was favorable
for livestock raising in this basin. On the contrary,
they found that soil characteristics and topology in
the Nicoya Peninsula were not suitable for this activ-
ity (Calvo-Alvarado et al. 2009).

During the 1800s, in fact, landowners established
large farms (>5000 ha) used for livestock intensifi-
cation until 1972 (Hall 1984; Calvo-Alvarado et al.
2009). In the 1970s, most forests in Guanacaste were
cleared due to the accelerated deforestation and con-
verted into pastures for livestock, rice and sugar cane
crops and some timberwood forestry. Therefore, the
land use of these activities favored a discontinuos
occurrence of A. aculeata which may explain the sep-
aration of both Cluster A and B.

It is interesting to note, moreover, that the DPCA
(Supplementary Fig. 2) displayed a separation of
Cailo Negro from other sites inside this cluster. Cafio
Negro is located on the Caribbean slope in the low-
land northern zone of Guatusos plains far enough
from the rest of the sites which possibly explain
genetic separation or differences between them.
Finally, Cluster C (Peninsula de Osa and Paso Real)
was largely separated from the remaining sites, an
observation supported by the highest differention
coefficients (Supplementary Table 4). Even when
more sampling is needed to clearly elucidate Clus-
ter C’s genetic structure, it is important to mention
that the cultural use of A. aculeata in this region is
traditionally much less than that in the northwestern
Pacific region; this results in the species becoming

less common and individuals more restricted or scat-
tered across the region.

Need for A. aculeata genetic characterization for uses
and conservation uses

Our results are consistent with those of Diaz et al.
(2021) that demonstrate low genetic diversity of A.
aculeata in Costa Rica and other countries in Central
America relative to genetic diversity in Brazil. Our
study, therefore, serves as a useful input to conser-
vation efforts in Costa Rica, as well as in other Mes-
oamerican countries. For example, in Costa Rica a
germplasm bank is being established by our research
group with seedlings found close to mature trees
(when available) in our sampling sites. New seed and
seedlings collections should consider our results to
increase the number of accessions in germplasm bank
collections. Once palm trees reach reproductive age,
the genetic diversity impact of future outcrossings
among different accessions should be estimated.

Acrocomia aculeata has tremendous potential for
the biofuel and food industries as well as for other
products. More understanding is needed in Mesoa-
merica, nonetheless, to develop commercial and con-
servation strategies for this species. This increased
understanding depends on molecular, phenotypic,
and biochemical description. For the latter to occur,
traits related to oil content and the fatty acids pro-
file require further study. Our results also contribute
to future genetic diversity studies of oil-related traits
in A. aculeata fruits in Costa Rica, similar to those
studies by Da Conceicao et al. (2015). A much deeper
understanding of A. aculeata germplasm diversity
will greatly enhance the species’s future conservation
and management.
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