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Abstract

Acrocomia aculeata is a native palm distributed widely throughout Brazil that is used in a diverse array of products from
the food industry to biodiesel oil production. This study uses nine microsatellite loci to assess the genetic diversity, spatial
genetic structure (SGS), and mating system of A. aculeata. A total of 200 samples were collected from four populations
(Fusquinha—FU, Padre Josimo—PJ, Gleba XV-GB, and Amparo—AM), in S@o Paulo State, Brazil. We also collected fruits
from 20 randomly selected seed trees in the FU population to assess mating patterns, for a total of 246 genotyped embryos.
We identified a total of 103 alleles and all loci were polymorphic. The average observed heterozygosity (H,) ranged from
0.410 (AM) to 0.531 (FU) and expected heterozygosity (H,) ranged from 0.547 (PJ) to 0.615 (GB). The average fixation
index (F) ranged from 0.043 to 0.254 for FU and AM populations, respectively. The coancestry coefficient (6,,) was signifi-
cant up to 38 m in PJ the population and 71 m in AM. Individual palm outcrossing rates were predominantly high (z,,=0.985)

and the paternity correlation (rp( = 0.02) was significantly low, indicating a high probability of the occurrence of half-sibs.

Compared to other palm species, the studied populations show high levels of genetic diversity. Our results confirm that A.
aculeata is primarily allogamous, with no significant paternity correlation, and seeds should be harvested from at least 40
trees to ensure high levels of genetic diversity in seed collection programs.

Keywords Brazilian Atlantic forest - Conservation genetics - Microsatellite markers - Population genetics - Tropical palm
species

Introduction
Natélia Helena Pesso Coelho and Evandro Vagner Tambarussi Around the world, natural forests have been deforested
have contributed equally to this work. extensively due to agriculture, silviculture, and urban devel-

opment, resulting in spatially isolated fragments or individu-
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one of the most devastated regions in the State due to land
conversion and human occupation (Leite 1999; Ditt 2002).
According to the Forest Institute of Sao Paulo, only 8.5% of
the native vegetation remains in the region today (SIFESP
2009). The region also has the second worst Human Devel-
opment Index (HDI) in the State and has been affected by
social conflict over land ownership and occupation that
occurred in the 1980s, leading to the settlement of approxi-
mately 6000 families (Leite 1999).

Human intervention has a destabilizing effect on natural
ecosystems by disturbing their dynamic equilibrium. Forest
fragmentation reduces the size of populations and increases
the distance between populations; these processes result in
the loss of alleles, reduced heterozygosity, and reproduc-
tively isolated populations, thereby reducing gene flow,
increasing inbreeding and genetic differentiation between
populations, and reducing effective population size (Kag-
eyama et al. 2003; Tambarussi et al. 2016). The main con-
sequence of inbreeding is inbreeding depression, leading
to decreased productivity (Charlesworth and Charlesworth
1999; Tambarussi et al. 2017).

Acrocomia aculeata (Jacq.) Lood. Ex Mart. is a perennial,
tropical forest, palm tree species with a wide distribution
throughout Central and South America. In Brazil, it occurs
mainly in the states of Bahia, Cear4, Sao Paulo, Minas Ger-
ais, Mato Grosso, and Mato Grosso do Sul (Leitman et al.
2015). The species occurs at high densities in abandoned
pastures, where it can develop into a dominant tree species
forming spontaneous clusters (Scariot et al. 1991, 1995).
The species can reach up to 15 m in height and is character-
ized by spines on the stems, leaves, and petioles. The leaves
are pinnate and spread across multiple planes. The species is
monoecious, and beetle and wind-pollinated. Inflorescences
consist of female flowers at the base and male flowers toward
the top of the structure. It is a protogynous species and it
blooms from October to December. The fruit is a yellow
drupe that matures from September to January (Scariot et al.
1991). In S@o Paulo State, and particularly in the Pontal do
Paranapanema region, the species occurs in large clusters
in rural settlements, and its economic potential is increas-
ing, especially for biodiesel. A better understanding of the
species could help to improve the management of natural
populations and their use in agroforestry systems, thus
stimulating socio-economic development in the region and
benefitting local rural families.

Previous studies have described the genetic diversity and
mating system of the A. aculeata. Oliveira et al. (2012),
studying five A. aculeata populations, showed high levels
of genetic diversity within populations. According to Abreu
et al. (2012), the species is self-compatible and presents a
mixed mating system with a predominance of outcrossing.
Lanes et al. (2016) studied the genetic diversity and mat-
ing system in two developmental stages of A.aculeata and
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observed high levels of genetic diversity in adults and juve-
niles, as well as a low observed heterozygosity and high
positive fixation index, suggesting endogamy and selec-
tion against homozygotes. Their study further indicates
that the A. aculeata mating system is primarily outcrossing
(allogamous). However, genetic information about the over-
exploited populations of A. aculeata that occur in Pontal
do Paranapanema are lacking despite the fact that there are
thousands of hectares of clustered populations of this spe-
cies, interspersed among a vast array of rural settlements,
that could be used as a sustainable resource. Therefore, the
evaluation of the genetic variation among and within these
natural populations, and a more in depth understanding of its
mating system, can inform strategies for its use in manage-
ment plans, conservation projects, and genetic improvement
of the species without compromising the species’ genetic
diversity.

Thus, the current study was carried out in Legal Reserves
(areas protected by Brazilian law for the preservation and
conservation of biodiversity within rural properties that
can be used sustainably) of rural settlements focusing on
subpopulations ranging in size from 150 to 480 ha and a
3 ha private property, all of which are located in Sdo Paulo
State, Brazil. Specifically, we investigate the genetic diver-
sity and intrapopulation spatial genetic structure (SGS) in
four A. aculeata populations and the mating system in one
population.

Materials and methods
Study sites and sampling

The four natural A. aculeata populations used in this study
include three populations located in rural settlements in
Pontal do Paranapanema (Fusquinha-FU, Gleba XV de
novembro-GB, and Padre Josimo-PJ) and one in a privately-
owned area in the municipality of Amparo (AM), Sao Paulo
State, Brazil. The FU and PJ populations are located in the
municipality of Teodoro Sampaio, and GB population is
located in the municipality of Rosana. FU has a total area
of 1081.77 ha and 46 families live in the settlement. PJ has
a total area of 2290.19 ha and 96 families live in the settle-
ment. GB has a total area of 13,309.76 ha with 571 families.
The AM population is unpopulated and has a total area of
3.0 ha (Fig. 1). In the four study sites, A. aculeata occurs
as aggregate clusters with a high density of individuals per
hectare (on average 300 palms ha~!, personal observation)
forming continuous forests of the species.

From each population, we sampled and GPS georef-
erenced (Garmin: GPSMAP 76CXS) 50 reproductive A.
aculeata individuals for a total of 200 samples. For genetic
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Fig. 1 Location of Acrocomia aculeata sample populations, three in Pontal do Paranapanema (FU, PJ, and GB) and one in Amparo (AM), Sdo
Paulo State, Brazil. The spatial distribution of the collected genotypes are indicated by yellow dots. (Color figure online)

analyses, leaf samples were collected, stored in containers
with silica gel, and transported to the laboratory.

To study the mating system at the population level, 600
fruits were harvested directly from the canopy of 20 ran-
domly selected seed trees in the FU population in August
2015. After harvesting, the fruits were packed in polystyrene
boxes and transported to the laboratory. The fruits were kept
refrigerated until in vitro inoculation. The in vitro procedure
was necessary due to previous difficulties in seed germina-
tion. Seeds were removed from fruits and then the embryo
was removed from the seeds and disinfected. For disinfec-
tion, we placed the embryos in 2.5% chlorine for 5 min and
then rinsed with distilled and sterilized water. The embryos
were subsequently inoculated in MS medium (Murashige
and Skoog 1962), supplemented with 30 g L™! of sucrose,
adjusted to pH 5.8, and then semi-solidified with 2.3 g L™!
of Phytagel™. The culture medium was placed in 300 mL
flasks with 50 mL of medium, which were then autoclaved
for 20 min at 121 °C with 1 kgf cm™2 pressure. Embryo
germination was carried out under light conditions, with a
temperature of 25 +2 °C, irradiance of 23 umol m~2 s~ !, and
a 16 h photoperiod using cool white fluorescent bulbs (Gen-
eral Electric® 40w Super daylight). A total of 600 embryos
were inoculated and separated by seed tree. After seed

germination, 246 embryos were genotyped. The number of
genotyped progeny ranged from three to 22 per seed tree.

DNA extraction and microsatellite genotyping

Genomic DNA extraction was performed using CTAB
(Doyle and Doyle 1990), with PVP 40 2% and mercaptoe-
thanol 3%. After extraction, electrophoresis amplification
reactions and fragment analysis were performed using the
same criteria as described in Da Silva et al. (2016). We used
nine microsatellite loci: four developed and described by
Nucci et al. (2008)—Aacu30, Aacu26, Aacu07, Aacul2; and
five unpublished markers—MAC245, MAC115, MAC201,
MAC240, MAC23 (M. Moretzsohn, Embrapa, unpublished).

Analyses of linkage disequilibrium, genetic
diversity, genetic differentiation and structure

Linkage disequilibrium between pairs of loci were tested to
verify the allelic association of different loci. We assessed
statistical significance using Monte Carlo permutations of
alleles among individuals, followed by a Bonferroni cor-
rection (a¢=0.05). Allelic frequencies and intrapopula-
tion genetic diversity were assessed for adult individuals
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using the means of number of alleles per locus (A), and
observed (H,) and expected heterozygosity (H,) accord-
ing to Hardy—Weinberg equilibrium (H, = 1 — ¥ p?). The
statistical significance was tested using the permutation
method (1000 replicates). We performed all estimates using
the FSTAT program (Goudet 2001). The F statistics (Fg, Fp
and F ;) were used as a parameter of genetic differentiation
between and within subpopulations (Wright 1951). We used
the program Micro-Checker 2.2.3 to estimate the frequencies
of null alleles for each locus (Van Oosterhout et al. 2006)
and the Structure software (Pritchard et al. 2000) to estimate
the most probable number of clusters in the sampled popula-
tions. Fifteen independent simulations were performed for
each value of K (from one to eight). For each simulation,
we used 1,000,000 iterations of MCMC with an initial dis-
posal (burn-in) of 250,000. We used the mixed ancestry and
correlated allelic frequency models. The number of K was
determined according to the AK criteria proposed by Evanno
et al. (2005).

Mating system analysis

Mating system analysis was based on the mixed mating and
correlated mating models implemented in the MLTR pro-
gram (Ritland 2002). The analyses were estimated at the
population level and for each seed tree for the FU popu-
lation. The numerical method used was the Expectation
Maximization (EM) maximum likelihood for seed trees and
Newton—Raphson at the population level.

The estimated parameters were: multilocus outcrossing
rate (¢,,); single-locus outcrossing rate (z,); outcrossing rate
among relatives (¢,, — ¢,); multilocus correlation of self-
ing (ry); and multilocus paternity correlation (r,,). The
estimates of the 95% confidence interval (95% CI) at the
population level were obtained using 1000 re-sampling boot-
straps, with progeny as the unit of resampling. To estimate
the standard error at the progeny level, the unit of resam-
pling was also individuals within progenies. These param-
eters were used to estimate other genetic and demographic
parameters, including effective number of pollen donors
(ﬁep =1/7,,) and average coancestry coefficient within
progenies: 6 = 0.125 (1 + F,)[45 + (i, +57,,7) (1 + 7, )],
where F), is the parental inbreeding coefficient (Ritland
1989).

The frequency of pairwise self-sibs (Pgg), half-sibs
(Pyy), full-sibs (Ppg), and self-half-sibs (Pgg) within prog-
enies were estimated as: Pgg = 5%, Pyg =17 (1 —7,,),
Ppg= tfnrp(m), and P, = 2st,, respectively (Sebbenn 2006).
The effective size within progeny was estimated as described
by Tambarussi et al. (2016).

We estimated the number of seed trees necessary for seed
collection using a reference effective size of 150 (Lacerda
et al. 2008) in the total progeny array: 1 = N, oference) /ﬁe(v)
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(Sebbenn 2003). This estimate is based on three assump-
tions: (i) the seed trees are not related; (ii) the seed trees
do not have an overlapping pollen pool (i.e., each seed
tree mated with a different set of pollen donors); and (iii)
the selected seed trees did not mate with each other. Thus,
related individuals in the progeny array will occur only
within progeny but not among different sampled progeny.

Spatial genetic structure

We analyzed the intrapopulation SGS in adult trees of all
populations using the software SPAGEDI version 1.3 (Hardy
and Vekemans 2002). The mean multilocus coancestry coef-
ficient 0, was calculated for 10 different distance classes for
each population, using the estimator described by Loiselle
et al. (1995). The number of pairs of individuals ranged from
121 to 124 within each distance class. To test whether the
mean values were significantly different from zero, a con-
fidence interval of 95% probability was estimated for each
value observed in any distance class, using 1000 permuta-
tions per individual between different distance classes; from
this, the correlogram was constructed for each population.

Results

Linkage disequilibrium, genetic diversity, genetic
differentiation and structure

Our analysis of linkage equilibrium after Bonferroni cor-
rection (x=0.05), showed five pairs of loci (MAC245x-
MAC202; MAC115xMAC201; MACI115xMAC240;
MAC201xMAC240; and MAC201xMAC23) with a low
degree of linkage disequilibrium (3.48%). Because this link-
age was only observed in AM population, we assumed that
there is no linkage between loci. High levels of polymor-
phism were detected in all A. aculeata populations, with a
total of 103 identified alleles. Considering all analyzed loci,
the population with the greatest number of alleles was GB
with 67 alleles, followed by AM with 59, PJ with 58, and FU
with 56 alleles (Table 1).

We found 76 rare alleles distributed across the four stud-
ied populations, with 14, 20, 18, and 24, rare alleles in FU,
PJ, GB, and AM populations, respectively. Of the 76 rare
alleles, 34 were rare and private (A,,) and were identified in
all populations: FU=8; PJ=7; GB=11; and AM =8. Only
three common and private alleles were found in GB (1) and
AM (2), while FU and PJ populations did not present this
type of allele (Table 1).

Considering all populations, the number of alleles per
locus (A) varied from 2 to 15, with an average of 6.2,
6.4, 7.4, and 6.5 for FU, PJ, GB, and AM populations,
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Table 1 Microsatellite loci

. Locus A Populations

analyzed for Acrocomia

aculeata in the populations FU PJ GB AM

Fusquinha (FU), Padre Josimo

(PI), Gleba XV (GB), and A A A, A A4, A A A, 4 A A4, 4

g;;fﬁm (AM), Sdo Paulo State, -, 130 7 4 1.0 4 2 0 6 1 0 1 4 1 0 0
Aacu26 9 4 1 0 5 0 1 6 2 1 0 5 1 0 1
Aacu07 4 2 0 0 3 1 1 2 1 0 o0 2 1 0 1
Aacul? 19 11 5 2 10 3 2 11 2 4 0 6 1 2 0
MAC245 17 7 1 0 8 30 12 4 1 0 15 5 4 0
MAC115 12 5 30 7 3 1 8 2 1 0 8 4 0 0
MAC201 8 5 1 1 7 2 2 2 0 o 3 1 0 0
MAC240 18 10 1 2 8 3.0 13 4 3.0 11 8 0 0
MAC23 9 8 1 3 6 3.0 4 0 0o 0 5 2 0 0
Total 103 56 14 8 58 20 7 67 18 10 1 59 24 6 2

Total number of alleles per locus for entire sample (A;), number alleles per locus within each population
(A), rare alleles (A,), rare and private alleles (A, and private alleles (A)

respectively. The average values for H, were 0.531, 0.482,
0.508, and 0.410 for FU, PJ, GB, and AM, respectively. The
average for H, were 0.554, 0.547, 0.615, and 0.567 for FU,
PJ, GB, and AM, respectively. The GB population presented
an H, higher than H, for almost all loci, except for Aacu(7,
for which the values were equal (H,=H,=0.020), and
MAC?23 which showed almost equal values (H,=0.700 and
H,=0.696). We found a positive and significant mean fixa-
tion index (F) in the PJ (0.127), GB (0.170), and AM (0.254)
populations. The presence of null alleles was detected in
three loci for PJ, GB, and AM populations. For the FU popu-
lation, we did not detect null alleles and the mean fixation
index was 0.043, while loci Aacu30, Aacu07, Aacul2, and
MAC240 presented a negative fixation index, suggesting an
excess of heterozygotes (Table 2).

The values for Wright statistics were 0.144, 0.168, and
0.288 for Fg, Fgr, and F;p, respectively. The results show
genetic differentiation of 16.8% among the populations,
meaning that 83.2% of diversity is distributed within popu-
lations (data not shown).

The STRUCTURE analysis revealed that the most prob-
able number of real populations was two (K =2). The two
clusters coincided with the two regions included in the study,
one in Pontal do Paranapanema (FU, PJ, and GB) and other
in Amparo (AM) (Fig. 2).

Mating system

Estimates at the population level showed the following
results: multilocus outcrossing rate (¢, =0.985); single
locus outcrossing rate (¢,=0.946); outcrossing rate among
relatives (f,, — t,=0.039); and selfing rate (s=0.015). The
multilocus correlation of selfing (r,) was 0.106, multilocus

paternity correlation (r,,,,)) was 0.02, and the effective num-
ber of pollen donors (N,,) was approximately 50.

The percentage of pairwise half-sibs (Pg) was 95%,
full-sibs (Pgg) was 1.94%, and self-half-sibs (Pgys) Was
2.96%. Coancestry within progeny (®) was 0.131, effec-
tive size (N,) was 3.75, and number of seed trees required
for seed collection (m) was 40 (Table 3). We estimated the
multilocus outcrossing (#,,) rate based on our analysis of
20 sampled progeny (Table 4). For individual analyses, the
multilocus outcrossing (z,,) rate ranged from 0.10 to 1.00,
outcrossing rate between related individuals (¢,, — t,) ranged
from —0.21 to 0.14, and the multilocus paternity correlation
among progeny (r,,,) was low, ranging from (0.01 to 0.1).
The effective number of pollen donors ranged from 10 to
100 (Table 4).

Spatial genetic structure

Only the FU population presented no significant SGS
(Fig. 3a). In the PJ population, the SGS was significant up
to 810 m with a coancestry (OW) of 0.0211 (Fig. 3b). In
the GB population, SGS was significant up to 38 m with a
coancestry (6,,) ranging from 0.0182 to 0.0418 (Fig. 3¢).
In the AM population, SGS was observed up to 71 m, with
coancestry values from 0.0213 to 0.0934 (Fig. 3d).

Discussion
Linkage disequilibrium, genetic diversity,
fixation index, and genetic differentiation

between and within populations

The low linkage disequilibrium (3.48%) concentrated in AM
population likely does not reflect linkage between loci, but
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Fig.2 Genetic structure of A
Acrocomia aculeata populations

in Sao Paulo State, Brazil. a 5000 |
Plot based on delta-K calcu-
lated according to Evanno

et al. (2005) to estimate the
actual number of clusters for
the 200 sampled individuals. b
Assignment of 200 A. aculeata
individuals from four popula-
tions into two (K =2) clusters 3000 -
using a Bayesian-based popula-
tion genetic structure analysis
and the software STRUCTU
RE (Pritchard et al. 2000). Each
solid bar represents a single
individual, while colored areas
correspond to distinct genetic
clusters. Bars with two colors 1000
denote admixed genomes. The
populations are: Fusquinha
(FU), Padre Josimo (PJ), Gleba

4000 |-

Delta K

2000

Deltak = mean(|L"(K}|) / sd(L(K))

XV (GB), and Amparo (AM). Of .
(Color figure online)

1.00
0.80
0.60
0.40

0.20
0.00

FU

rather the influence of other factors, such as mating between
related individuals, founders effect, or genetic bottlenecks.
All these factors are plausible because the linkage occurs in
the AM population which has the least number of individu-
als, occupies the smallest area (3.0 ha), and has the highest
fixation index and coancestry compared to the other study
populations. Similar results in tropical tree species were
found by Forti et al. (2014) and Tambarussi et al. (2016) for
tropical tree species. Therefore, we assume that the loci are
not linked and are suitable for use in this study.
Considering the genetic diversity parameters, the studied
A. aculeata populations show high levels of polymorphism.
The number of alleles (A) found in this study was higher
than that found in other studies on the species by Nucci et al.
(2008), Oliveira et al. (2012), and Lanes et al. (2016). For
other palm species, such as Cocos nucifera L. (Ribeiro et al.
2010) and Euterpe edulis (Gaiotto et al. 2003), the authors
found a lower average number of alleles per locus than the
current study. Meanwhile, the average values of H,and H, in

PJ GB AM

our study were higher than the values found by Nucci et al.
(2008) and similar to those found by Lanes et al. (2016) for
the same species. The results reported for A. aculeata by
Gaiotto et al. (2003), Ribeiro et al. (2010), and Ibanes et al.
(2015) were also similar to those presented herein (Table 5).

The GB and AM populations showed the greatest differ-
ences between the means of H, and H, (0.157 and 0.107,
respectively), and we observed a positive and significant
fixation index for the two populations (Table 2). The positive
and significant fixation index (F') for the means of three pop-
ulations (PJ, GB, and AM) are likely biased by the presence
of null alleles which results in the absence of amplification
of some alleles and increases the estimates of homozygosis
in populations (Pompanon et al. 2005). This deviation from
the Hardy—Weinberg equilibrium is likely occurring as result
of inbreeding in these populations due to gene flow via pol-
len and seeds. A similar result was found by Lanes et al.
(2016) who reported an excess of homozygotes.
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Table 3 Mating system parameters of Acrocomia aculeata for the
Fusquinha (FU) population, Pontal do Paranapanema, Sdo Paulo
State, Brazil (CI is the 95% confidence interval calculated using 1000
bootstraps)

Parameters Average for FU (95% CI)
Multilocus outcrossing rate: 7, 0.985 (0.984-0.989)
Single-locus outcrossing rate: 0.946 (0.946-0.954)
Outcrossing among relatives: t,, — 0.039 (0.037-0.04)
Selfing rate: s 0.015

Multilocus correlation of selfing: r; 0.106 (0-0.106)
Multilocus paternity correlation: T o 0.02 (0.01-0.02)
Effective number of pollen donors: N, 50 (48-50)
Self-sibs: Pgq (%) 0 (0-0.0002)
Half-sibs: Pyg(%) (95-98)

Full-sibs: Ppg (%) 1.94 (0.5-2)
Self-half-sibs: Pgyg (%) 2.96 (2.895-3.1)
Coancestry within progenies: ® 0.131 (0.128-0.14)
Effective size: N, 3.75 (3.09-3.85)

Number of seed trees for seed collection: 40 (39—40)
m

Table4 Mating system parameters for open-pollinated progeny
arrays from Acrocomia aculeata palm trees obtained from the Fus-
quinha (FU) population, Sdo Paulo State, Brazil

Progeny n t,+SE tw—t,*SE 1, =SE N

ep

FU-1 15 094+0.01 -0.02+0.01 0.10+0.00 10.00
FU-2 18 1.00+0.00 0.07£0.02 0.02+0.01  50.00

FU-3 8 0.97+0.03 0.10£0.03 0.07+£0.02 1429
FU-4 15 082+0.10 -0.02+0.07 0.08+0.03  12.50
FU-5 6 063+0.13 -021+0.11 0.10£0.01 10.00
FU-6 10 1.00+0.00 0.10£0.01 0.04+0.02 25.00
FU-7 8 0.92+0.07 0.04+0.06 0.10+0.02 10.00

FU-8 13 091+0.07 0.01+0.06 0.04+0.02  25.00
FU-9 15 1.00+0.00 0.04+0.01 0.01+0.01 100.00
FU-10 11 0.10+0.00 0.14+0.02 0.07+0.02  14.29
FU-11 8 0.88+0.09 -0.03+0.07 0.08+0.02 12.50
FU-12 21  0.88+0.09 -0.02+0.07 0.02+0.02  50.00
FU-13 3 0.97+0.00 0.06+0.01 0.09+0.00 11.11
FU-14 15  0.92+0.07 0.01+0.06 0.04+0.02  25.00
FU-15 22 1.00+0.00 0.06+0.01 0.02+0.02  50.00
FU-16 19  1.00+0.00 0.04+0.01 0.02+0.02  50.00
FU-17 14 097+0.04 0.04+0.04 0.02+0.01  50.00
FU-18 9 0.89+0.09 0.03+0.06 0.04+0.01 25.00
FU-19 12 1.00+0.00 0.08+0.02 0.03+0.01 33.33
FU-20 21 1.00+0.00 0.05+0.01 0.03+0.03 33.33

n—sample size; t,—multilocus outcrossing rate; ¢,, — t,: rate of mat-
ing among relatives; r,,—multilocus paternity correlation; N,,—
effective number of pollen donors; +SE—standard error
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Fig.3 Correlograms of the average coancestry coefficient (6,,) of Acrocomia
aculeata from the FU (A), PJ (B), GB (C), and AM (D) populations in Sao
Paulo State, Brazil. The solid line represents the estimate of average ¢, and
the dotted lines represent the two-tailed 95% confidence interval of the aver-
age 0, distribution calculated by 1000 permutations of spatial distance among
pairwise adult individuals. The number of pairs of individuals range from 121
to 124 within each distance class
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The STRUCTURE analysis grouped the individuals into
well-defined clusters (1 =FU, PJ, and GB; 2=AM) corre-
sponding to the two study areas. This grouping indicates that
there is population structure (Pritchard et al. 2000) although
there is no single pool in the studied populations. This struc-
ture may be caused by limited pollination and seed dispersal,
which can contribute to differentiation. Abreu et al. (2012)
suggest that because of the aggregated distribution of A.
aculeata, pollinators tend to visit closely spaced groups of
individuals, while Lanes et al. (2016) suggest that the behav-
ior of the pollinators, which systematically visit the same
inflorescence, contribute to divergence between populations.

Mating system

The outcrossing rate (¢,,) and the single locus outcrossing
rate (,) are high and significant in comparison with values
expected for allogamous species (z,,> 0.80, based on Good-
willie et al. 2005). These values are related to pollination
vectors (beetles) and the protogyny observed in the species,
which facilitate cross-pollination. However, our results con-
tradict the assertion by Scariot et al. (1991) that the species
has a mixed mating system. The "o value (0.02) suggests

that the probability that two crossbred individuals share the
same parent is low and not significant; therefore, the studied
population does not deviate from random mating (Ritland
1989). The observed percentage of half-sibs (Pys=95%)
was high and percentages of self-sibs, full-sibs, and self-
half-sibs were low (Pgy=0%, Ppg=1.94%, and
Pgys=2.96%). The effective number of pollen donors (N,,)
ranges from 10 to 100, indicating that there are a large num-
ber of trees donating pollen and a low incidence of corre-
lated crosses (Table 4).

The results for outcrossing among relatives
(t,, —t,=0.039) suggest that mating between related indi-
viduals is uncommon in these populations. This is sup-
ported by the mean coancestry within progeny (=0.131),
a value similar to that expected in panmictic populations
(©=0.125), indicating that there are low rates of mating
among related individuals.

The mating system of A. aculeata was also studied by
Abreu et al. (2012) with 77 seedlings from nine mother trees,
divided into three populations (Amparo—AM: n=53; Ibi-
runa—IB: n=13; and Turvo—TR: n=10). The mean values
across the studied populations reported by the authors
(t,=0.65;t,=0.44; 1, —t,=0.21; and rp(m)=0.29) suggest

that the species has a mixed mating system. Lanes et al.
(2016) also studied the mating system of this species by
sampling 19 mother trees located in natural populations from
southeastern Brazil and 157 juveniles located at “Macauba
Active Germplasm Bank” in Minas Gerais State. Their
results showed a multilocus outcrossing rate of 0.986,
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single-locus outcrossing rate of 0.603, outcrossing among
relatives of 0.383, and multilocus paternity correlation of
0.564. Thus, we can conclude that the mating system of A.
aculeata is predominantly outcrossing with individual vari-
ation for self-incompatibility which may be a survival strat-
egy in isolated or fragmented habitats and can vary between
and within populations.

The results discussed by Abreu et al. (2012) were differ-
ent from those found in the present study. First, the authors
note that estimating outcrossing rates using established seed-
lings may bias the results due to inbreeding depression that
can occur between seed development and seedling establish-
ment (Abreu et al. 2012). Second, the mean ¢,, is much lower
than the results found for two of the three populations: IB
and TR (7, =1.0). This could be influenced by the sample
size (n="77) and strategy, which included a greater number
of individuals from the population with a lower multilocus
outcrossing rate (AM: n=57, 7, =0.73) than the populations
with a higher multilocus outcrossing rate (IB: =13 and TR:
n=10and 7,=1.0).

Another reason for the differences between these two
studies is that the mating system may be influenced by
environmental factors that can affect the foraging behavior
of pollinators (Eckert et al. 2010). According to Sebbenn
(2006) and Tambarussi et al. (2016), the rate of crossing
between plants can vary widely among populations, between
reproductive events of the same population, and even
between flowers on the same tree. We must consider that
crossings between relatives is associated with the SGS of a
population (Ritland and Jain 1981; Moraes et al. 2004). In
our analysis of genetic diversity, the population used herein
(FU population) did not present significant fixation index
and was the only population that did not present significant
SGS, which could explain the low rate of crossing between
relatives. The AM population studied by Abreu et al. (2012)
is the same AM population used herein (Table 4) and the
results show a significant fixation index, which may also be
associated with the low multilocus outcrossing rate found
by the authors.

For other palm species, such as E. edulis (Gaiotto et al.
2003; Conte et al. 2008), the analysis of the mating system
suggests that the species is allogamous. In both previous
studies, the results showed mating between relatives and
biparental inbreeding. In these cases, the authors argue that
the phenology of the species favors the occurrence of non-
random mating. For progenies of A. aculeatum, Ramos et al.
(2011) reported that the species is allogamous with a low
rate of mating between relatives and low correlation between
crosses. For Butia eriospatha, Nazareno and Reis (2012)
argue that the species is predominately outcrossing with a
certain level of mating between related individuals and a
high level of parental correlation, demonstrating that mating
for this palm is not random.
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In the present study, the N,=3.75 was high and similar to
the expected maximum for panmictic populations (N,x4).
This difference among the expected and observed (N,) can
be due to the occurrence of mating between relatives. Con-
sidering a reference effective size (N,=150) for short-term
conservation, the number of seed trees necessary for seed
collection in the study region is 40.

Spatial genetic structure

SGS is influenced by mating system, gene flow, population
density caused by the dispersal of seeds and pollen near to
the mother tree, and overlapping generations (Sebbenn et al.
2011; Silva et al. 2011). As A. aculeata is pollinated by bee-
tles and small bees that tend to have short flight distances,
there is likely limited gene flow across these populations.
Meanwhile, seeds are dispersed primarily by barochory and
secondarily by large animals, such as Tapirus terrestris (Pott
and Pott 1994; Scariot 1998), a threatened species due to
habitat loss, illegal hunting, and competition with livestock
(Naveda et al. 2008).

Our results show that only the FU population presents no
significant SGS (Fig. 3a), suggesting that in this population,
pollinators and seed dispersers can be effective in promoting
gene flow and avoiding the structuring of populations. This
result is likely related to the lower number of rural families
living in the area; therefore, the subsistence activities (farm-
ing and livestock) of these families may not affect the A.
aculeata population. Furthermore, the population has a high
density of individuals per hectare (average 300 palms ha™!)
which can support the presence of seed dispersers. As such,
the FU population can be included in seed collection pro-
grams since individuals are unlikely to be correlated, even
if they do occur within short distances. The FU population
also showed no null alleles and significant fixation index
(F), which supports the result of an absence of coancestry
found through the analysis of SGS. In PJ, the occurrence of
SGS in distance classes longer than the other populations
(810 m) may indicate that large dispersers are present and
may be carrying the seeds further away from the mother tree,
which may also be occurring in the FU population (Fig. 3b).
Similar to the FU population, the rural families settled in PJ
may not inhibit the presence of seed dispersers (Pott and Pott
1994; Ibanes et al. 2015).

In the GB and AM populations, we found significant SGS
(Fig. 3c, d), suggesting that palm trees occurring within cer-
tain distances may be related. In GB, the SGS indicates that
individuals up to 38 m are second cousins (8,,=0.03125)
and can be the result of short distance pollination in a small
population and the absence of seed dispersers. In the AM
population, SGS was observed up to 71 m with values simi-
lar to first cousins (6,,=0.0625) (Lindgren et al. 1997) and
half-sibs (6,,=0.125) (Weir and Cockerham 1984). This

result can be explained by the degree of isolation of this
population and the levels of inbreeding, as indicated by
the fixation index. The shorter distances of SGS may be
related to an absence of long distance seed dispersers and
short distance pollen flow. Similar results were found for
O. phalerata, a palm pollinated by beetles and wind, and
dispersed by barochory and rodents, in which SGS occurs
from 40 to 60 m (Oxy=0.0217 to 0.0345; Ibanes et al. 2015).

The coancestry observed for the FU and PJ populations
are relatively low compared to the coancestry found for the
GB and AM populations, which is consistent with the fixa-
tion index for these two populations. The AM and GB popu-
lations are more disturbed environments than the others due
to their size and isolation. The AM population is located in
a small area (approximately 3.0 ha) adjacent to an urban area
and GB is a fragment within one of the main settlements of
Pontal do Paranapanema.

According to Nucci et al. (2008), the genetic structure of
A. aculeata can be explained by the degree of anthropogenic
disturbance in the study region, which results in a reduction
in genetic variability and gene flow among populations and
changes the foraging behavior of pollinators (Eckert et al.
2010), as mentioned above.

Conclusions and recommendations
for conservation

An increased understanding of genetic diversity among and
within natural populations can contribute to the conservation
of protected areas and regional development. Our results
show that the species studied herein has a high genetic diver-
sity in the Pontal do Paranapanema region. As with most
tropical, outcrossing, wind pollinated species, and similar to
most of the arboreal forest taxa in the Northern Hemisphere,
the majority of the species diversity is concentrated within
populations. A. aculeata is allogamous, presents low levels
of mating between related individuals and does not present
significant paternity correlation. In the Pontal do Paran-
apanema region, the Fusquinha (FU) population showed a
non-significant fixation index and an absence of SGS. Thus,
FU population could be managed as a sustainable resource
and could be used as sources for seed collection programs.
The Gleba XV (GB) and Amparo (AM) populations have
short distance SGS and inbreeding may be occurring in both.
Therefore, we recommend harvesting seeds from seed trees
located at distances of at least 38 and 71 m, respectively,
to avoid collecting seeds from related individuals in these
populations. In order to reach the N, of 150, at least 40
palm trees should be included in seed collection strategies
to maintain high levels of genetic diversity.

@ Springer
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