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Abstract

Acrocomia aculeata (Arecaceae), a palm endemic to South and Central America, is a potential 
oil crop. Knowledge of the mating system of this species is limited to its reproductive biology 
and to studies using molecular markers. The present study analyzed genetic diversity between its 
developmental stages and determined its prevailing mating system in order to support genetic 
conservation and breeding programs. We tested 9 microsatellite markers in 27 mother trees (adult 
plants) and 157 offspring (juvenile plants) from the southeastern region of Brazil. Heterozygosity 
levels differed between the 2 studied life stages, as indicated by the fixation index of adult and 
juvenile trees, suggesting that selection against homozygotes occurs during the plant life cycle. 
The mating system parameters analyzed indicate that A. aculeata is predominantly outcrossing 
(allogamous). However, its low levels of selfing suggest that there is individual variation with 
regard to self-incompatibility, which can be a survival strategy in isolated or fragmented habitats. 
Deviations in variance effective size were detected because of high mating rates among relatives 
and correlated matings. These findings indicate that the main source of inbreeding results from 
biparental inbreeding in the population and that the progenies are predominantly composed of 
full-sibs. The information provided by this study on the ecology and reproduction dynamics of 
A. aculeata should be useful to both breeding and genetic conservation programs, allowing the 
development of more precise mathematical models and the estimation of the appropriate number 
of mother trees for seed collection.
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Introduction

Palms are a key element of the structure and functioning of tropi-
cal terrestrial ecosystems (Zona and Henderson 1989; Galetti et al. 
1999; Salm et  al. 2005; Genini 2009; Barfod et  al. 2011). The 
Arecaceae family has approximately 2450 species (Barfod et  al. 
2011), including Acrocomia aculeata (Jacq.) Lodd. ex Martius,  
an endemic plant of South and Central America (Henderson et al. 
1995) commonly known as the macaw palm or macauba. Being one 
of the most widespread palm in the Neotropics, this palm is of eco-
logical importance as a pioneer in secondary succession and as food 
source for the vertebrate fauna. This species has also inspired much 
interest of the industry, as an alternative renewable energy source 
(Pires et al. 2013).

The high productivity potential of A. aculeata (over 6200 kg oil 
ha−1, Wandeck and Justo 1988), added to its dispersion throughout 
tropical America, put this species in a strategic position as the pri-
mary alternative to oil palm (Elaeis guineensis), which is currently 
the world’s only oil-producing palm. Additionally, the oils extracted 
from the pulp and kernel of A. aculeata meet the prerequirements 
of both the biofuel and pharmaceutical industries (Bora and Rocha 
2004; Hiane et al. 2005; Coimbra and Jorge 2012; Ciconini et al. 
2013; Berton et  al. 2014). Lastly, its fruit processing generates a 
variety of solid residues that can yield co-products useful in other 
energy sectors, including charcoal, second-generation ethanol, and 
bio-kerosene (Silva et al. 1986; Gonçalves et al. 2013; Lanes et al. 
2014). Thus, A. aculeata has the potential to become a mainstay of 
sustainable tropical agriculture. However, to fulfill its potential, the 
species must be domesticated.

Because of its phenotypic plasticity, A. aculeata often thrives in 
areas with adverse edaphoclimatic conditions, including those with 
low water supply, high irradiance, and low fertile soils (Motoike 
and Kuki 2009; Abreu et al. 2011). This innate resilience foretells 
that A. aculeata can be cultivated in degraded pasture or abandoned 
croplands, which reduce the need for acquiring new agricultural 
lands. Additionally, future plantations of the palm can be set up 
under various agricultural systems, including intercrops or silvopas-
toral practices (Ciconini et al. 2013). These sensible cultivation mod-
els of A. aculeata may promote forest protection, CO2 sequestration, 
and biodiversity in degraded areas (Lanes et al. 2014).

Acrocomia aculeata (2n = 30, Abreu et al. 2011) is a monoecious 
species, with numerous male and female flowers gathered in a spadix 
inflorescence and marked protogyny (Scariot et  al. 1991). Although 
protogyny is a reproductive mechanism that favors cross-pollination, 
the presence of several inflorescences in a single individual enables self-
ing. This fertilization mode may represent an adaptive strategy that 
allows this species to persist in new habitats, especially in the absence 
of pollinators or in isolated small populations. Therefore, under limited 
circumstances, A. aculeata may produce offspring that comprise vari-
ous degrees of relatedness. The downside is that successive generations 
of inbreeding increases homozygosity leading to inbreeding depression, 
that is, decline in the mean value of phenotype that is generally fitness 
related (Falconer 1989). As a result, the ability of the population to 
thrive under environmental pressures, such as the loss and fragmenta-
tion of its habitat, is compromised (Scariot et al. 1991; Dudash and 
Fenster 2000; Markert et al. 2010; Nazareno and Reis 2012).

The type of mating system and its variations within a species 
are determined by reproductive and ecological factors (Henderson 
1986; Murawski and Hamrick 1991; Núñez-Avellaneda et al. 2005; 
Fuchs and Hamrick 2011; Khanduri et  al. 2013) or by inherent 
genetic factors such as self-incompatibility (Goodwillie et al. 2005). 

Several hermaphroditic tree species are self-incompatible or partially 
self-incompatible (Bawa 1974; Zapata and Arroyo 1978; Bullock 
1985), and variations in the self-incompatibility system are common 
among Arecaceae species, as has been shown with Euterpe edulis 
(Gaiotto et al. 2003), Astrocaryum aculeatum (Ramos et al. 2011), 
Oenocarpus bataua (Ottewell et  al. 2012), and Butia eriospatha 
(Nazareno and Reis 2012).

The mating system plays an important role in the genetic com-
position of a population, ultimately dictating the degree of genetic 
recombination in the next generation. To date, research on the mating 
system of A. aculeata has been limited to studies of its reproductive 
biology (Scariot et al. 1991) and the application of Microsatellites, or 
simple sequence repeats (SSR) molecular markers in natural popula-
tions (Nucci et al. 2008; Abreu et al. 2012). Studies of inbreeding and 
genetic structure parameters as well as estimates of heterozygosity in 
the life stages of A. aculeata would be useful in elucidating its repro-
ductive strategies, ecology, and diversity.

In this study, we determined whether heterozygosity levels differ 
between the juvenile and adult stages and whether mixed mating or 
outcrossing predominates in this species. Additionally, we estimated 
mating system parameters that might be used to support decision mak-
ing in conservation and breeding programs. To our knowledge, this 
is the most comprehensive work on the mating system of A. aculeata 
and the first to report differences in heterozygosity between life stages.

Materials and Methods

Germplasm Bank Description and Sample 
Collection
The Macauba Active Germplasm Bank (BAG–Macauba) is located on 
the Araponga Experimental Farm in the municipality of Araponga, 
State of Minas Gerais, in the southeastern region of Brazil (latitude 
20°40′1″S; longitude 42°31′15″W; altitude of ~1000 m). The climate 
of the region is characterized by rainy summers and dry winters and 
has a Köppen classification of Cwb. BAG–Macauba is an official 
repository registered by the Brazilian Board of Genetic Heritage 
(# 084/2013-SECEX/CEGEN) and is one of the largest collections 
of A. aculeata germplasm in South America. The maintenance and 
improvement of the germplasm collection are performed by the 
Macaw Palm Breeding Program at the Plant Science Department of 
the Universidade Federal de Viçosa (UFV—Brazil).

Currently, the repository holds a total of 253 maternal families, 
representing almost all Brazilian regions. New plants are continu-
ously added to the collection and are all from seed propagation. Past 
and future maternal adult plants (referred to as mother trees) are geo-
referenced using a GPS with ±7 m accuracy (Garmin, Atchison, KS) 
in their native habitats. During A. aculeata fruiting season, mature 
fruits are collected for seeds, which are extracted and pregerminated 
using a protocol developed specifically for the species (Motoike et al. 
2007). The plantlets are grown in the nursery house, and when they 
reach at least 10 months old they are added to the germplasm bank. 
In the BAG–Macauba the juvenile plants (referred to as offspring or 
progeny) are managed according to established field practices (Pires 
et al. 2013). The offspring that come from the same mother tree are 
referred to as a “maternal family.”

Plant Material, Genomic DNA Extraction, and 
Microsatellites Analysis
The study examined 19 georeferenced A.  aculeata mother trees 
(adult plants) and 157 of their offspring (juvenile plants) growing 
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at BAG–Macauba (an average of 8.3 offspring per mother tree). 
In addition, 8 nonrelated adult plants, also georeferenced, were 
included in the analysis. All 27 adult plants were from natural 
populations in southeast Brazil (Figure 1). DNA samples of adult 
plants were obtained from stipe tissue, whereas those of juvenile 
plants were from leaflets. In both cases, DNA extraction was per-
formed following the modified hexadecyltrimethylammonium bro-
mide (CTAB) protocol of Lanes et al. (2013). Microsatellite analysis 
was performed on 9 microsatellite loci, 6 A. aculeata loci (Aacu07, 
Aacu10, Aacu12, Aacu26, Aacu30, and Aacu45) developed by Nucci 
et  al. (2008) and 3 E.  guineensis loci: P1T14 (Singh et  al. 2007), 
mEgCIR3365 and mEgCIR0840 (Billotte et al. 2005).

Polymerase chain reaction (PCR) was carried out in a Veriti™ 
thermal cycler (Applied Biosystems). Each reaction had a total vol-
ume of 20 μL and contained 30 ng genomic DNA, 100 μM dNTPs, 
0.1 μM SSR primer, 0.5 U Taq polymerase, and 1X PCR buffer. The 
thermocycler was programed for one initial predenaturation step 
of 5 min at 94  °C followed by 30 cycles of 1 min at 94  °C, 1 min 
at 55  °C, and 1 min at 72  °C, and with a final extension step of 
8 min at 72  °C. The resulting DNA amplicons were separated by 
electrophoresis on a 6.0% (w/v) denaturing polyacrylamide gel (19:1 
acrylamide:bis-acrylamide, 7.5 M urea, 5.0× TBE) using the Sequi-
Gen GT electrophoresis system (Bio-Rad). The gels were visualized 
by silver nitrate staining.

Genetic Diversity Between Developmental Stages of 
A. aculeata
To compare the genetic diversity between adult (n = 27) and juve-
nile (n  =  157) plants, the total and average number of alleles per 
locus (k), the effective number of alleles per locus (Ne), the observed 

heterozygosity (Ho), and the unbiased expected heterozygosity 
(He) were estimated for each individual SSR locus tested, using the 
GenAlEx 6.5 software (Peakall and Smouse 2006). To compare the 
average values of k, Ho, and He between the life stages, their 95% con-
fidence intervals (CIs) were calculated using the standard error (mean 
± 1.96 × SE). The allelic richness (Ar), a measure of the number of 
alleles irrespective of sample size, was calculated using the rarefaction 
technique implemented in FSTAT 2.9.3.2 software (Goudet 1995). 
Inbreeding between adult and juvenile plants was estimated by the 
fixation index (F) and its significance (i.e., F ≠ 0). The significance of 
the F values was tested with 10.000 permutations (alleles among indi-
viduals) using Bonferroni’s correction (95%, α = 0.05). For juvenile 
plants, inbreeding was estimated by the intra-individual F, using as 
reference allelic frequencies those values determined for adult plants 
by the SPAGeDI 1.4 software (Hardy and Vekemans 2002).

Mating System Analysis
The mating system parameters of A.  aculeata were calculated for 
each maternal family (n = 19, Figure 1) and at the population level 
based on mixed and correlated mating models (Ritland and Jain 
1981; Ritland 1989) using the MLTR 3.4 software (Ritland 2002). 
The estimated parameters were: multilocus outcrossing rate (tm), 
single-locus outcrossing rate (ts), mating among relatives (tm − ts), 
correlation of selfing (rs), multilocus paternity correlation (rp(m)), 
and the inbreeding coefficient of maternal parents ( ˆ ).Fm The 95% 
CI based on standard error was estimated by the bootstrap method 
based on 1000 replications. The expectation–maximization method 
(Ritland 2002) was used to solve the likelihood equation, which is 
recommended for data sets with missing data and when assuming 
the presence of undetected null alleles. Subsequently, based on the 

Figure  1.  Geographical location in southeastern Brazil of: (▲) 19 Acrocomia aculeata mother trees and 157 of their progeny grown at the Macauba Active 
Germplasm Bank and used in the mating system study; and (□) 8 adult mother trees incorporated in the genetic diversity analysis. For more details of geographic 
locations and accessions codes, see Lanes et al. (2015).
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determined mating system parameters, other genetic parameters were 
estimated as follows: the effective number of pollen donors contrib-
uting to each family (Nep  = 1/rp(m)), following Ritland (1989). The 

average proportions of self-sibs ( ˆ ˆ ),P sss = 2  half-sibs ( ˆ ˆ ( ˆ )),( )P t rhs m p m= 2 1
full-sibs ( ˆ ˆ ˆ ),( )P t rfs m p m= 2  and self-half-sibs ( ˆ ˆ ˆ ),P stshs m= 2  was estimated 
within families, where ˆ ( ˆ )s tm

2 1= −  is the selfing rate (Feres et  al. 
2012). For these additional estimates, the 95% CIs were measured 
based on both upper and lower confidence limits calculated from 
the mating system parameters. The mathematical expressions used 
to determine the average proportions of relatedness within families, 
are conceptualized as:

(a)	Self-sibs ( ˆ )Pss  = Descendants originating from selfing;
(b)	Half-sibs ( ˆ )Phs  = Descendants have the mother in common, but 

fathers are different.
(c)	 Full-sibs ( ˆ )Pfs   =  Descendants have both parents (mother and 

father) in common.
(d)	Self-half-sibs ( ˆ )Pshs  = Descendants have the mother in common; 

however some progenies originate from selfing, while others 
from outcrossing.

We also estimated the average coancestry coefficient ( ˆ )Θxy  among 
plants within progenies using the correlation coefficient of related-
ness among plants within progenies (ˆ ).rxy The coancestry coefficient 
for diploid species corresponds to half of the coefficient of related-
ness within progenies ( ˆ ˆ / )Θxy xyr= 2  (Ritland 1989)

ˆ . ( ˆ )[ ˆ (ˆ ˆ ˆ ˆ )( ˆ )]( )r F s t t sr rxy m m m s p m= + + + +0 25 1 4 12

Next, the ancestry coefficient was used to estimate variance effective 
size, ˆ . / ˆ

( )Ne v xy= 0 5 Θ  (Cockerham 1969). Although the minimum 
coancestry coefficient expected for half-sibs is 0.125, different lev-
els of relatedness are expected within families (self-sibs, half-sibs, 
full-sibs, and self-half-sibs). Therefore, the Θ̂xy  values may range 
between 0.125 and 1.0, which correspond to open-pollinated prog-
enies. Those progenies often incorporate different kinds of relatives. 
In addition, the coefficient of coancestry (fij) for mother trees was 
calculated using Nason’s estimator (Loiselle et al. 1995) using the 
SPAGeDi 1.4 software (Hardy and Vekemans 2002).

The coefficient of inbreeding in the progenies ( ˆ )Fo  was inferred 
by calculating the fixation index using the GDA software (Lewis and 
Zaykin 2001). The fixation index and its CI were estimated by the 
bootstrap method based on 30 000 replications. The contributions 
of both self-fertilization and mating among relatives to inbreeding 
were also calculated, as ˆ . ˆ( ˆ )F s Fs m= +0 5 1  (Barrett and Kohn 1991) 
and ˆ ˆ ˆ

ˆ ˆF F F  t om − = −t ss
(Sebbenn 2006), respectively. Subsequently, 

the total coefficient of inbreeding in the progenies was estimated 
as ˆ ˆ ˆ ,ˆ ˆF F Fo s t tm s

= + −  and Wright’s equilibrium inbreeding coefficient 
was estimated as ˆ ( ) / ( ),Feq = − +1 1t tm m  where tm is the multilocus 
outcrossing rate (Fyfe and Bailey 1951). The number of mother 
tree seed donors necessary to retain a reference effective popula-
tion size (Ne(reference)) of 150 (Nunney and Campbell 1993), was esti-
mated following the method of Sebbenn (2006) and based on the 
relationship between the effective population number goal of the 
breeding program (Ne(reference)) and the effective population size of 
the average variance estimated for plants within progenies ˆ :( )Ne v

ˆ / ˆ .( ) ( )m N Ne reference e v=  It is noteworthy that this estimate was based 
on 2 assumptions about the mother trees: 1) that they are not related 
and do not mate with each other, and 2) that they receive pollen from 
a different gene pool, that is, there is no overlapping. It is important 
to note that the (Ne(reference)) is related to genetic size representation 

rather than the physical size. Thus, this parameter will allow scale 
and specify the optimal sample size to be collected, in order to retain 
given level of genetic variability.

To find the allelic frequency (ωaf )  retained in the reference pop-
ulation (Ne(reference)), we followed Resende (2002)

ωaf p p Ne= ± −p z0 0 0{[ ( )] / [ ]}1 2 0.5  

where p0 is the parametric frequency of the allele in the original pop-
ulation; Z is the tabulated value of the normal distribution, equal to 
1.96 for a 95% CI; and Ne is value of the effective population size. 
If the CI lower limit is different from zero, it can be inferred that 
the allelic frequency (arbitrary test) was captured in the population.

In fulfillment of data archiving guidelines (Baker 2013), we have 
deposited the primary data underlying these analyses in Dryad.

Results

Genetic Diversity
Juvenile plants exhibited a total number of alleles higher than 
that of adult plants (k  =  55 versus k  =  48) for all 9 microsatel-
lite loci tested, which corresponds to an average of 6.1 and 5.3 
alleles, respectively. The Ar per locus ranged between 2 and 8 
alleles for both life stages accessed, whereas the average effective 
number of alleles was of 3.8 and 3.4 for adult and juvenile plants, 
respectively. However, the observed mean heterozygosity in adult 
plants (Ho  =  0.527) was higher than that observed in juveniles 
(Ho = 0.441). In juvenile plants, the P1T14 locus showed levels of 
observed heterozygosity (Ho) higher than expected (He), whereas in 
adult plants, both the P1T14 and mEgCIR3365 loci showed higher 
than expected levels of Ho. The analysis detected unique alleles 
(k = 7) only in juvenile trees. For juvenile plants, the fixation index 
(F) was positive and significantly different from zero for 8 of the 
9 loci tested (Aacu07, Aacu45, Aacu12, Aacu26, Aacu10, Aacu30, 
mEgCIR3365, and mEgCIR0840) and for the overall juvenile plant 
average (Fof = 0.433). For adult trees, F was not significantly differ-
ent from zero except for mEgCIR3365 and P1T14, for which it was 
negative and significant.

Outcrossing Rate and Mating System Parameters
The multilocus outcrossing rate for A. aculeata was high (t̂m  = 0.986), 
and the population estimates did not differ statistically from unity 
(Table 2). The single-locus outcrossing rate was significantly differ-
ent from unity ( t̂s   =  0.603, P  <  0.05), as shown by the CI. The 
difference between the multilocus and single-locus outcrossing rates 
was high and significantly different from zero ( ˆ ˆt tm s−   =  0.383), 
indicating the occurrence of mating among relatives. The correlation 
of selfing was significantly different from zero, yet low (r̂s  = 0.046), 
indicating low individual variation in outcrossing rate; however, the 
estimated multilocus paternity correlation was significantly higher 
than zero (ˆ ( )rp m  = 0.564, P < 0.05) in the population. This finding 
is compatible with the restricted effective number of pollen-donor 
trees (N̂ep  = 1.773). Estimates of the inbreeding coefficient of mater-
nal parents ( F̂m  = 0.309) and of progeny (F̂o  = 0.154) were high 
and positive, which indicates the occurrence of endogamy, although 
only the former was significantly different from zero (P < 0.05). The 
prominent fraction of endogamy observed in the progeny is due to 
mating among relatives (F̂t tm − s

 = 0.145). This fact is supported by 
the lower value of the inbreeding coefficient in Wright’s equilibrium 
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(F̂eq  = 0.007) in comparison to the inbreeding coefficient of progeny 
(F̂o   =  0.154). The Nason’s estimator of coancestry coefficient for 
maternal trees was f̂ij  = 0.229, and the 95% CI after 10 000 permu-
tations ranged from 0.136 to 0.324. The mean coancestry coefficient 
within progeny (Θ̂xy  = 0.258) was greater than expected for half-sib 
families (0.125), suggesting that families comprise a variety of dif-
ferent types of relatedness. The progenies of A. aculeata were pre-
dominantly composed of full-sibs (54.83%) and half-sibs (42.39%). 
The variance effective size (Ne(v) = 1.9) was lower than expected for 
panmictic populations (Ne(v) = 4). In order to have an effective popu-
lation size of 150 and also capture of alleles (ωaf )  with a frequency 
greater or equal to 2% in the original population, the required num-
ber of mother trees ( ˆ )m  for seed collection was estimated to be at 
least 77 palm trees (Table 2).

The multilocus outcrossing rates (ˆ )tm  among families were vari-
able, ranging from 0.835 to 1.000. Estimates for t̂m  were signifi-
cantly different from unity (P < 0.05) in 15 out of the 19 assessed 
families. There were notable differences among families in regards 
to: 1) mating among relatives ( ˆ ˆt tm s−  = 0.064–0.538), 2) the mul-
tilocus paternity correlation rates ( ˆ ( )rp m = 0.035–0.998), and 3) the 
effective number of pollen-donor trees ( N̂ep = 1.0–28.6).

Discussion

In this study, we asked whether the levels of heterozygosity differ 
between the juvenile and adult stages of A. aculeata. We also asked 
whether the mating system of this species can be characterized as 
being predominantly a mixed mating or an outcrossing system. We 
found that observed heterozygosity levels varied between the juve-
nile and adult stages and were higher in the latter, indicating that 
selection against homozygosis takes place during the course of the 
plant life cycle. The A.  aculeata mating system is predominantly 
outcrossing, which confers high genetic variability on the species. 
Estimates for its mating system parameters suggest that there is 
individual variation for self-incompatibility, which can be a survival 
strategy adopted in isolated or fragmented habitats.

Table 1.  Estimates of genetic diversity and fixation index of Acrocomia aculeata adult and juvenile plants

Adults (n = 27) Juveniles (n = 157)

Locus k Ar Ne Ho He F k Ar Ne Ho He Fof

Aacu07 8 7.9 4.7 0.577 0.801 0.285 8 8.0 4.1 0.532 0.757 0.327*
Aacu45 4 3.9 1.9 0.481 0.494 0.026 4 4.0 2.2 0.329 0.557 0.475*
Aacu12 6 6.0 3.5 0.360 0.725 0.514 7 7.0 3.4 0.278 0.709 0.651*
Aacu26 7 7.0 4.0 0.407 0.762 0.474 8 8.0 4.4 0.367 0.775 0.558*
Aacu10 7 6.9 3.9 0.593 0.760 0.224 7 7.0 5.1 0.631 0.808 0.278*
Aacu30 5 5.0 3.7 0.519 0.744 0.308 7 7.0 3.6 0.306 0.728 0.608*
mEgCIR3365 2 2.0 1.9 0.667 0.492 −0.362* 2 2.0 1.8 0.399 0.453 0.126*
mEgCIR0840 6 6.0 4.2 0.211 0.741 0.795 7 7.0 6.0 0.353 0.837 0.751*
P1T14 3 3.0 2.4 0.926 0.586 −0.590* 5 5.0 3.1 0.771 0.677 −0.049*
Mean 5.3 5.3 3.4 0.527 0.678 0.219 6.1 6.1 3.8 0.441 0.700 0.433*
CI [Class-inf] 4.0 — 2.9 0.389 0.597 0.141 4.8 — 2.7 0.331 0.619 0.402
CI [Class-Sup] 6.6 — 4.6 0.664 0.759 0.297 7.4 — 4.0 0.550 0.781 0.464
Total 48 — — — — — 55 — — — — —

k, number of alleles per locus; Ar, allelic richness; Ne, effective number of alleles per locus; Ho and He, observed and expected heterozygosity, respectively; F 
and Fof, fixation index for adult (mother trees) and juvenile (offspring) plants, respectively; Fof, intra-individual fixation index calculated with the reference allele 
frequencies obtained for the adult tree using the SPAGeDI program; CI, confidence interval (95%, α = 0.05).
*P < 0.05 following Bonferroni correction.

Table 2.  Mating system parameters, estimates of inbreeding, and 
relatedness of Acrocomia aculeata

Estimate 95% CI

Mating system
  Multilocus outcrossing rate: t̂m 0.986 0.961–1.000
  Single-locus outcrossing rate: t̂s 0.603 0.534–0.672
  Selfing rate: ˆ ˆs tm= −1 0.014 0.000–0.039
  Mating among relatives: ˆ ˆt tm s− 0.383 0.312–0.454
  Correlation of selfing: r̂s 0.046 0.011–0.081
  Multilocus paternity correlation: ˆ ( )rp m 0.564 0.272–0.856
  Effective number of pollen donors: N̂ep 1.773 1.168–3.677
Inbreeding and genetic structure
 � Inbreeding coefficient of maternal  

parents: F̂m

0.309 0.240–0.378

  Inbreeding coefficient of progeny: F̂o 0.154 0.000–0.298
  Inbreeding in progeny from selfing: F̂s 0.009 0.000–0.024
 � Inbreeding in progeny from mating among 

relatives: F̂tm s−t

0.145 0.000–0.274

 � Wright’s equilibrium inbreeding  
coefficient: F̂eq

0.007 0.000–0.020

  Proportion (%) of self-sibs pairs: P̂ss 0.020 0.000–0.156
  Proportion (%) of half-sibs pairs: P̂hs 42.388 14.396–67.169
  Proportion (%) of full-sibs pairs: P̂fs 54.832 25.091–85.604
  Proportion (%) of self-half-sibs pairs: P̂shs 2.761 0.000–7.584
  Coancestry within offspring: Θ̂xy 0.256 0.218–0.304
  Nason’s estimator of kinship coefficient: f̂ij 0.229 0.136–0.324
  Variance effective size: ˆ

( )Ne v 1.937 1.646–2.294
 � Number of seed-trees for seed  

collection: m̂
77 65–91

  Allelic frequency retained: ωaf 0.02 0.004–0.036a

Sample size
  Number of mothers trees 19
 � Average number of offspring for  

mothers trees
8.3

CI, confidence interval calculated by 1000 bootstraps.
aConfidence interval calculated for the allelic frequency of 2%  

(arbitrary test).
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Genetic Diversity
Our results reaffirm the great genetic variability of A.  aculeata 
present in southeastern Brazil, as reported by Lanes et  al. (2015). 
Furthermore, the present study reveals that the 2 life stages, that is, 
the juvenile and adult plants, exhibited very similar and high levels 
of genetic diversity (allelic richness and effective number of alleles), 
despite the widespread heterozygous deficiency for all SSR loci tested 
(F and Fof). The unique alleles (k = 7) found exclusively in the juve-
nile plants are likely the result of unsampled adult individuals in 
the population, new allelic forms introduced by neighboring popula-
tions, or even by gene flow from other localities. Similar observa-
tions were also reported for B. eriospatha (Areacaceae) by Nazareno 
and Reis (2014).

The low observed heterozygosity values and the high positive 
estimates of the fixation index attained by the juvenile plants in 
comparison to adult plants suggest a higher degree of endogamy in 
the younger stage and, consequently, selection against homozygotes. 
When comparing the initial phases of the plant life cycle (seed, seed-
ling, and juvenile) with the adult stage, selection against homozy-
gotes is also observed in other plant species (Eguiarte et al. 1992; 
Gaiotto et al. 2003; Carneiro et al. 2011). The high level of heterozy-
gosity for the P1T14 locus in both juvenile and adult A. aculeata 
plants suggests that this locus is inserted into a genic region, or even 
linked to a gene, that is under selection pressure, a possibility also 
advanced for a single microsatellite locus in Theobroma cacao (Silva 
et al. 2011).

The excess homozygosis indicated by the fixation index in the 
juvenile stage of A. aculeata suggests that inbreeding is recurrent, 
probably due to mating among relatives and/or by selfing. This infor-
mation is relevant, because the inbreeding depression is caused by 
increased homozygosity, which, in turn, has a strong negative effect 
on survival and reproduction of the progeny, contributing to their 
gradual loss throughout the plant life cycle.

Mating System of A. aculeata
The mating system parameters that were determined on the basis 
of mixed and correlated mating models (Ritland and Jain 1981; 
Ritland 1989) reveal high levels of outcrossing (t̂m  > 0.98) at the 
population level, with a selfing rate of ŝ  < 5% based on a 95% CI 
(Table 2). Furthermore, high estimates of outcrossing (t̂m  > 95%) 
were also observed in 16 families (84%). These results indicate that 
A. aculeata is predominantly outcrossing (allogamous) according to 
the selfing rate for hermaphrodite plants species (ŝ  < 20%) classi-
fied by Schemske and Lande’s (1985), and accepted by many authors 
(Goodwillie et  al. 2005; Escobar et  al. 2011; Winn et  al. 2011).  
Our finding contrasts with previous studies showing a greater selfing 
rate (20 < ŝ  < 80%) for A. aculeata, which would characterize this 
species as having a mixed mating system (Scariot et al. 1991; Nucci 
et al. 2008; Abreu et al. 2012).

Acrocomia aculeata showed a low number of progenies by selfing 
( ŝ  = 0.014). One of the possible causes for this result is the existence 
of an excessive mutational load. This condition is strongly associated 
with high rates of early fruit abortion and elimination of endogamic 
individuals in their early phase of development, when environmental 
stressors are a real danger (Husband and Schemske 1996; Wilcock 
and Neiland 2002). Inbreeding depression in the early stages of the 
life cycle is characteristic of allogamous plants, and it is associated 
with the presence of highly deleterious recessive alleles (Husband 
and Schemske 1996; Mustajärvi et al. 2005; Thiele et al. 2010). In 
addition to common postzygotic risk factors due to inbreeding (fruit 
abortion, low viability of the seed, and seedling mortality), it is likely 
that A. aculeata has developed another type of self-incompatibility 
system (Abreu et al. 2012). As an exemple, the occurrence of late-act-
ing self-incompatibility (LSI), poorly understood phenomenon, but 
very common in woody cerrado species (Oliveira and Gibbs 2000). 
This hypothesis is further strengthened if we apply the “index of 
self-genetic incompatibility” (ISI) proposed by Zapata and Arroyo 

Table 3.  Mating system and within-family genetic parameters for Acrocomia aculeata

Family / [n] t̂m  (SE) ˆ ˆt tm s− (SE) ˆ ( )rp m (SE) N̂ep Θ̂xy
ˆ

( )Ne v
m̂

BGP11 [09] 0.979 (0.009)* 0.200 (0.059)* 0.086 (0.022)* 11.6 0.184 2.71 55
BGP13 [09] 0.996 (0.000)* 0.246 (0.054)* 0.690 (0.115)* 1.4 0.277 1.80 83
BGP15 [10] 1.000 (0.000) 0.233 (0.044)* 0.880 (0.095) 1.1 0.308 1.63 92
BGP16 [09] 0.998 (0.002) 0.300 (0.040)* 0.227 (0.038)* 4.4 0.201 2.48 60
BGP27 [10] 0.990 (0.004)* 0.309 (0.047)* 0.071 (0.037) 14.1 0.178 2.80 54
BGP29 [08] 0.900 (0.000)* 0.162 (0.059)* 0.100 (0.001)* 10.0 0.213 2.35 64
BGP31 [09] 1.000 (0.000) 0.538 (0.042)* 0.998 (0.012) 1.0 0.327 1.53 98
BGP33 [08] 0.900 (0.000)* 0.064 (0.026)* 0.100 (0.001)* 10.0 0.213 2.35 64
BGP36 [10] 0.835 (0.001)* 0.198 (0.035)* 0.173 (0.095) 5.8 0.243 2.06 73
BGP37 [10] 1.000 (0.003) 0.331 (0.036)* 0.675 (0.158)* 1.5 0.274 1.82 82
BGP40 [09] 0.999 (0.000)* 0.192 (0.038)* 0.184 (0.062)* 5.4 0.194 2.58 58
BGP47 [06] 0.990 (0.004)* 0.463 (0.038)* 0.705 (0.117)* 1.4 0.280 1.78 84
BGP48 [04] 0.990 (0.004)* 0.246 (0.039)* 0.682 (0.121)* 1.5 0.277 1.81 83
BGP50 [10] 0.990 (0.004)* 0.503 (0.041)* 0.512 (0.146)* 2.0 0.249 2.01 75
BGP63 [04] 0.990 (0.004)* 0.210 (0.050)* 0.035 (0.013)* 28.6 0.173 2.90 52
BGP65 [08] 0.953 (0.016)* 0.409 (0.059)* 0.100 (0.001)* 10.0 0.195 2.56 59
BGP74 [10] 0.953 (0.016)* 0.225 (0.038)* 0.100 (0.001)* 10.0 0.195 2.56 59
BGP78 [08] 0.979 (0.009)* 0.427 (0.032)* 0.381 (0.161)* 2.6 0.231 2.17 69
BGP87 [06] 0.979 (0.009)* 0.507 (0.031)* 0.302 (0.128)* 3.3 0.218 2.29 66

n, number of progeny per family; ˆ ,tm  multilocus outcrossing rate; ˆ ˆt tm s− , outcrossing rate among relatives; ˆ ,( )rp m  multilocus paternity correlation; N̂ep,  
effective number of pollen donors; ˆ ,Θxy  coefficient of coancestry within families; ˆ ,( )Ne v  variance effective size within family; ˆ ,m  number of mother trees neces-
sary for seed collection. The selfing correlation coefficient, ˆ ,rs  ranged from 0.029 to 0.117. Numbers in brackets refer to the standard error calculated from 1000 
bootstraps.

*P < 0.05.
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(1978) and Bullock (1985) to the percentage of A.  aculeata fruit 
obtained from controlled pollination in a previous study (Scariot 
et al. 1991). The obtained value (ISI = 0.26) suggests that this species 
is partially self-incompatible.

Nevertheless, there is a chance that some families produced more 
progenies by selfing than others, as indicated by differences in the 
selfing correlation coefficient among families (0.029 ≤ r̂s  ≤ 0.117, 
Table 3), possibly because of variation in the self-incompatibility sys-
tem among trees within populations or certain groups. According to 
Del Castillo and Trujillo (2008), the true range of variation of mat-
ing systems within species is difficult to ascertain.

Mating among Relatives and Correlated Mating
The high and significant levels of biparental inbreeding 
( ˆ ˆt tm s−  = 0.383) portray a high degree of relatedness between par-
ents involved in the reproductive process, which can have a strong 
impact on population viability as a result of the presence of recessive 
deleterious alleles fixed in the homozygous state (Keller and Waller 
2002). In addition, the high multilocus paternity correlation rate 
( ˆ ( )rp m  = 0.564) indicates that a large proportion of the progeny were 
generated by the same maternal and paternal plant (biparental out-
crossing), suggesting that cross-pollination is not a random event.

Correlated matings imply that a small number of trees contrib-
uted to the effective pollination. This constraint on the number of 
paternal contributors was confirmed by the extremely low effective 
number of pollen donors ( ˆ )Nep , which presented an average of 2 
individuals per tree (Table  2). A  similar finding was reported for 
the palm B. eriospatha (Nazareno and Reis 2012). These results are 
possibly linked to the existence of intrapopulation spatial genetic 
structure, since A. aculeata has a gregarious habit and is often found 
in large groves in the wild. Species that form these large popula-
tion clusters usually have a high degree of relatedness (Smouse and 
Sork 2004). Thus, the spatial genetic structure favors biparental 
inbreeding in the offspring, which in this study was confirmed by 
the estimates of inbreeding in the progeny from mating among rela-
tives ( ˆ ).Ft tm − s

 In fact, for A. aculeata, mating among relatives was 
the main cause of inbreeding, when compared with the endogamous 
component of selfing ( ˆ ).Fs

One characteristic that favors the formation of intrapopulation 
spatial genetic structure in A. aculeata, and consequently the high 
level of endogamy in its progeny, is that fruit dispersion is primar-
ily barochoric, which limits the distance that fruit travels from the 
mother plant (Abreu et  al. 2012; Lanes et  al. 2015). This type of 
limitation is also observed in other palms, such as Attalea phalerata 
and Astrocaryum mexicanum, where most seeds are found within 
30 m from the mother tree (Eguiarte et al. 1993; Choo et al. 2012). 
Although zoochory also occurs in A. aculeata, this process depends 
on synchronized occurrence of vertebrates and fruits (Pott and Pott 
1994; Scariot 1998; Eiserhardt et al. 2011).

Another cause of inbreeding in A. aculeata would be the asso-
ciation between its androgynous inflorescence and the behavior of 
pollinators systematically visiting the same inflorescence or inflores-
cences of neighboring trees. The mean distance traveled by the pollen 
dispersed by entomophily or anemophily in some palm trees species 
is relatively short, 303 m for O. bataua (Ottewell et al. 2012), 71 m 
for Phoenix canariensis (Saro et al. 2014), 200 m for Iriartea del-
toidea (Sezen et al. 2007), and 20 m for Astrocaryum mexicanum 
(Eguiarte et al. 1993). For A. aculeata, beetles are the main pollina-
tors (Scariot et al. 1991), and their limited flight range would restrict 
gene flow (Lanes et al. 2015).

In this study, 3 maternal families of A. aculeata (BGP29, BGP33, 
and BGP36) showed relatively high rates of selfing (ŝ = 10–16.5%), 
possibly because their mother trees were isolated due to anthropiza-
tion pressure upon the original habitats, which are located in the 
vicinity of densely populated urban areas (IBGE 2010). The fragmen-
tation of tropical forests has resulted in a decrease in the number of 
pollinators and floral visitors (Bergsdorf 2006; Nayak and Davidar 
2010), reducing gene flow and causing loss of genetic diversity. In 
addition to favoring inbreeding, habitat fragmentation increases the 
rate of inflorescence abortion and nonviable seeds in various species 
of palms, including Astrocaryum mexicanum, Oenocarpus bacaba, 
Mauritia flexuosa, and B.  eriospatha (Lepsch-Cunha et  al. 2003; 
Aguirre and Dirzo 2008; Federman et al. 2014; Nazareno and Reis 
2014). Moreover, seed dispersers such as primates, small marsupi-
als, and birds are also sensitive to habitat fragmentation (Laurance 
et  al. 2002). According to Portela and Santos (2014), such frag-
mentation has led to a lack of seed-dispersing animals for the palm 
Astrocaryum aculeatissimum, which has contributed to the reduc-
tion of populations of this species in southeastern Brazil.

The estimate of coancestry within the progenies of A. aculeata 
(Table 2) indicates a probability of 25.6% that 2 alleles sampled in 
2 plants of the same progeny are identical by descent. This result 
suggests that the analyzed progenies comprise mixtures of differ-
ent kinds of relatedness. In fact, this mix of relatedness between the 
progenies is supported by the variance effective size ( ˆ

( )Ne v = 1.9), 
indicating that the largest fraction of the progenies are full-sibs. The 
genetic representativeness in the progenies of A.  aculeata is 52% 
lower than that expected in random mating progenies for an ideal-
ized perfectly panmictic population where the variance effective size 
equals 4.0 ( 0.5 / 0.125ˆ . / ˆ )( )Ne v xy= =0 5 Θ  and corresponds to half-
sib progenies. Thus, in A. aculeata, mating among relatives and cor-
related matings were responsible for deviations from the assumptions 
that characterize an idealized population, which caused a decrease in 
the variance effective size. These deviations imply the need to collect 
larger samples to guarantee the maintenance of genetic variability 
in in situ and ex situ genetic conservation programs. According to 
Namoff et al. (2010), the ex situ genetic conservation of a total of 
15 individuals (seeds) collected from 3 mother trees (half-sib fami-
lies) of Leucothrinax morrisii palm ensures the capture of more than 
80% of the allelic diversity of the original population. However, in 
families with many full-sibs a greater number of mother-trees will 
be necessary.

Implications for Breeding and Genetic Conservation
Many breeding programs assume that the progenies of allogamous 
species, like A. aculeata, originate from random mating. However, 
the mating system analysis for A. aculeata reveals deviations from 
the assumption of panmixia, indicating that most of the progenies 
are full-sibs. This information has important implications for breed-
ing, because if open-pollinated progenies of A. aculeata are assumed 
to be half-sibs, the additive genetic variance, heritability coeffi-
cient, and genetic gains from selection would be overestimated. For 
instance, if open-pollinated progenies are collected from nonrelated 
populations with no inbreeding, genetic correlation among plants 
within families, that is, the coefficient of relatedness (ˆ ),rxy  would be 
1/4 (0.25) of additive genetic variance (Namkoong 1966). Since r̂xy  
among plants within the progenies doubles the coancestry coefficient 
(ˆ ˆ )rxy xy= 2Θ  in diploid species (Lynch and Walsh 1998), the actual 
estimate of the coefficient of relatedness of A. aculeata would equal 
0.512 of additive genetic variance ( )0 51 2. .2σ A
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Deviations from the assumptions that characterize an idealized 
population also have implications for the ex situ genetic conserva-
tion and seed collection of A. aculeata. To retain an effective popula-
tion size of 150, it will be necessary to collect seeds from at least 77 
mother trees of the population located in the studied area (southeast-
ern Brazil). This effective population size ensures capture of alleles 
ωaf( ) with a frequency greater or equal to 2% in the original popu-

lation. This value is below the required minimum ωaf  (≥4%) for 
breeding programs, according to Resende (2002). However, accord-
ing to this same author, if the goal is the use of the species for in situ 
conservation and recovery of degraded areas, the number of A. acu-
leata trees should be raised to 258 individuals in order to maintain 
an effective population size of 500 and to retain alleles with a fre-
quency as low as 0.4% in the original population.

This analysis of the mating system and genetic diversity of 
A. aculeata representatives from natural populations in southeastern 
Brazil showed that the species has a predominantly outcrossing mat-
ing system as well as higher levels of heterozygosity in adults than in 
juveniles. Additionally, we estimated mating system parameters that 
can be used to support decision making in conservation and breed-
ing programs, allowing the development of more precise mathemati-
cal models and estimation of the appropriate number of mother trees 
for seed collection. To our knowledge, this is the most comprehen-
sive work on the mating system of A. aculeata, and the first to report 
differences in heterozygosity between its life stages. We hope that the 
information this report provides on the ecology and reproduction 
dynamics of A. aculeata will contribute to the domestication of this 
palm species as a new oil crop and source of renewable energy. And 
above all, once the process of domestication is completed, the palm 
can confirm its role as a genetic resource model, allowing a fully 
sustainable supply chain, with the potential to attend the major chal-
lenges of the today’s world.
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