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High resolution microsatellite based analysis
of the mating system allows the detection of
significant biparental inbreeding in Caryocar
brasiliense, an endangered tropical
tree species
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In this work we investigate the mating system of four populations of the endangered tropical tree
species Caryocar brasiliense, using genetic data from 10 microsatellite loci. Eight to 10 open-
pollinated progeny arrays of 16 individuals, together with their mother tree, were sampled per
population. Mating system parameters were estimated under the mixed mating model, implemented
by the software MLTR. The single-locus outcrossing rate (z;) varied among loci and populations, but
multilocus outcrossing rates (z,,) were equal to one for all four populations. Nevertheless, biparental
inbreeding (z,, — ;) was different from zero for all populations, indicating that outcrossing events
may occur between relatives. Our results also indicate that the high polymorphism of microsatellite
markers provide an extraordinary resolution to discriminate precisely selfing events from outcrossing
events between close relatives. Our results indicate that, although highly outcrossed, C. brasiliense
shows high levels of biparental inbreeding, most likely due to the limited flight range of pollinators
and restriction in seed dispersal. Furthermore, these results suggest that Cerrado fragmentation could
limit gene flow by isolating seed dispersers and territorial small sized bat pollinators inside fragments,
increasing the rate of mating between close relatives. The conservation of nonisolated populations in
large preserved areas may be necessary to foster outcrossing events between unrelated individuals and
thus maintain species viability.
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Introduction

The Brazilian Cerrado biome covers nearly 22% of the
Brazilian territory (2 million km?) consisting of a very
heterogeneous vegetation. This biome displays high
biodiversity, with nearly 160 000 described species,
including plants, animals and fungi. The number of
trees and shrubs in savannah-like vegetation (cerrado
sensu stricto) exceeds 800 species, nearly 40% of which
are endemic (Ratter ef al., 1997). Cerrado has been
intensively fragmented in the last 60 years because of
agricultural expansion resulting in continental islands of
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wild habitat surrounded by an ‘ocean’ of crops, jeo-
pardising species viability.

Despite the high biodiversity and endemism and the
high rate of deforestation and fragmentation, studies of
the reproductive biology of cerrado species are scarce
(but see Gribel & Hay, 1993; Oliveira & Silva, 1993).
Likewise, virtually no information about population
genetic structure and mating system is available (but see
Collevatti et al., 2001).

Caryocar brasiliense Camb. (Caryocaraceae) is a
widely distributed but endangered Brazilian Cerrado
tree species, locally distributed in well-delimited patches.
Flowers are hermaphroditic and pollination is mainly by
small sized glossophagine bats (Glossophaga soricina
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and Anoura geoffroyi) (Gribel & Hay, 1993). The seeds
are surrounded by a woody endocarp coated with a
yellow fleshy mesocarp rich in oil and vitamin A, and
are eaten by several wild animals, such as birds,
including greater rhea (Rhea americana), macaws (Ara
spp.) and parrots (Amazona spp.), pampas deer (Ozoto-
cerus berzoarticus) and paca (Agouti paca) (Gribel &
Hay, 1993). Furthermore, C. brasiliense is a source of
raw material for small and middle-sized industries,
playing an important role in the economy of the
inhabitants of central Brazil (Aratjo, 1994). Despite its
high ecological and economic importance, Cerrado
fragmentation and the higher frequency of fire due to
agricultural practices have affected recruitment and
ultimately population size and dynamics of this species,
augmented by the intense commerce in fruits (Araujo,
1994).

The mating system may determine the role of
inbreeding in genetic differentiation among populations
(Wright, 1940). In plants, mating system is determined
mainly by: (1) reproductive system features, such as self-
incompatibility mechanisms and degree of protogyny
and protandry in hermaphroditic species, and plant
gender in dioecious and monoecious species; (2) for-
aging behaviour of pollinators; (3) selective abortion by
maternal regulation of seed quality or by sibling rivalry;
(4) flowering phenology and individual density, which
affect pollinator behaviour and, ultimately, outcrossing
rate (e.g. Shaanker er al., 1988; Marshall & Folsom,
1991).

Until the 1970s, it was believed that many tropical
tree species were self-compatible, and self-pollination
would predominate over cross-pollination, since con-
specific individuals were highly distant from each other
(e.g. Federov, 1966). High levels of inbreeding and
genetic drift could lead to genetic differentiation among
populations and, eventually, to speciation. Allozyme
data have demonstrated, however, that tropical trees are
generally highly outcrossed (e.g. O’Malley & Bawa,
1987; Murawski & Hamrick, 1991; Boshier et al., 1995;
James et al., 1998; Loveless et al., 1998), even though
some species may present significant levels of self-
fertilization, such as the Bombabaceae species Ceiba
pentandra (Murawski & Hamrick, 1992) and the
Dipterocarpaceae species Shorea congestiflora and
S. trapezifolia (Murawski et al., 1994). In addition,
reproductive biology studies have shown the high
frequency of dioecy and self-incompatibility in herma-
phroditic species (reviewed in Bawa, 1992). Addition-
ally, microsatellite data for Pithecellobium elegans have
demonstrated that the great majority of the observed
mating events resulted from long-distance gene flow
(Chase et al., 1996). The same result was observed for
allozyme data from other species, such as Cecropia

© The Genetics Society of Great Britain, Heredity, 86, 60-67.

MATING SYSTEM IN CARYOCAR BRASILIENSE 61

obtusifolia (Kaufman et al., 1998) and Ficus spp. (Nason
et al., 1998).

Essentially all studies of mating system of Neotropical
trees have been carried out for species in tropical forests
of Central America, particularly Panama, Costa Rica
and Mexico, and few studies have been published to
date for Brazilian tropical species (e.g. O’Malley et al.,
1988; Franceschinelli & Bawa, 2000).

We are interested in understanding the mating system
of Caryocar brasiliense, and how fragmentation, isola-
tion and anthropic disturbance could affect it, in order
to generate useful information for conservation pro-
grammes. In this work, we employ highly informative
microsatellite (Simple Sequence Repeats or SSR) mark-
ers to estimate mating system parameters in four
populations of C. brasiliense with contrasting histories
of human disturbance.

Materials and methods

Populations, sampling and DNA extraction

Four populations of C. brasiliense with contrasting
histories of human disturbance were surveyed (Fig. 1):
CNV — State Park of Caldas Novas, Goias, 12 000 ha
of continuous cerrado; FAL — Agua Limpa Forestry
Park, Brasilia — 4000 ha of cerrado surrounded by
crops; PNB — Brasilia National Park, Federal District,
28 000 ha of continuous cerrado; URU — Uruagu,
Goias — a cerrado fragment of 5 ha affected by the
construction of the Serra da Mesa Hydroelectric Pow-
erplant. In each of these populations, eight to 10 families
of open-pollinated half-sibs were sampled in a rectangu-
lar area of 5000 m?in FAL, 6000 m*in CNV, 8000 m?in
PNB and 10 000 m” in URU. Although the density of
reproductive individuals was low, we avoided sampling
individuals at large distances. We sampled all reproduc-
tive individuals available within a radius of 100 m from
every tree sampled. From each mother tree, expanded
leaves and 16 seeds were collected and stored at —80°C.
Genomic DNA extraction from leaves followed the
standard CTAB procedure (Doyle & Doyle, 1987). For
the progeny arrays, DNA was extracted directly from
the embryo, because of the very low germination
potential of dormant seeds. For DNA extraction from
embryos we used the Fast DNA Kit H, and a FP120
FastPrep Cell Disruptor (BIO101/Savant Instruments
Inc., CA), according to manufacturers’ instructions.

Microsatellite marker analysis

Ten microsatellite loci previously developed and opti-
mized for Caryocar brasiliense were used to genotype the
mother tree and an open-pollinated progeny array of 16
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individuals. Microsatellite loci were developed from a
genomic library enriched for the dinucleotide sequence
motif poly AG/poly CT. Development assay, optimiza-
tion and characterization of these loci have been
published elsewhere (Collevatti et al., 1999).

For all genotyping experiments, microsatellite ampli-
fications were performed in a 13 uLL volume containing
0.9 um of each primer, 1 unit Tag DNA polymerase
(Gibco, MD), 200 um of each dNTP, 1x reaction buffer
(10 mm Tris-HCI, pH 8.3, 50 mm KCl, 1.5 mm MgCl,),
DMSO 50% and 10.0 ng of template DNA. Amplifica-
tions were performed using a PT-100 thermal controller
(MJ Research) with the following conditions: 96°C for
2 min (1 cycle), 94°C for 1 min, 54 to 56°C for 1 min
(according to each primer pair annealing temperature),
72°C for 1 min (30 cycles); and 72°C for 7 min (1 cycle).

For genotype determination and estimation of allele
sizes, the amplified products were separated on 4%
denaturing polyacrylamide gels stained with silver
nitrate (Bassam et al., 1991) and sized by comparison
to a 10-bp DNA Iladder standard (Gibco, MD) on a
computer screen. Allele sizes were estimated using the
software SEQAID 11 (Rhoads & Roufa, 1990), taking into
consideration the expected allelic series in base pairs

Fig. 1 Localization of the four areas

in which populations of Caryocar
brasiliense were surveyed. The grey area
represents the Cerrado biome. Thick
lines are the main rivers of the region.
Thin lines are State divisions. See text
for population legends.

from the primer designed and the original DNA clone
from which the microsatellite locus was developed.

Inheritance of all microsatellite marker loci was
confirmed by verifying the presence of one of the
maternal alleles in each progeny individual.

Statistical analysis

To estimate single- and multilocus outcrossing rates
(probability that each offspring of a maternal plant is an
outcross), populations were analysed separately, under
the mixed mating model of Ritland & Jain (1981) and
Ritland (1989), implemented by the software MLTR
(Ritland, 1996).

Single- and multilocus outcrossing rates were estima-
ted by maximum likelihood, fitting the observed pro-
portions of genotypes descended from a known
maternal genotype to the proportions expected under
the mixed mating model. The mixed mating model
assumes that: (1) each mating represents a random event
of an outcross or a self-fertilization, with probabilities
equal to ¢ and (1 — f), respectively; (2) no mutation and
selection following fertilization may occur; (3) there is
no assortative mating (the probability of an outcross is
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independent of the maternal or paternal genotypes) or
variability in pollen pool frequencies (Ritland & Jain,
1981).

As MLTR accepts only up to eight alleles, when the
number of alleles exceeded eight, which occurred for all
loci but ¢b1 and cbi3, alleles with low frequency (under
0.05) were pooled into a single class. This process was
performed separately in each population, since allele
frequency distributions were quite different among
populations (Collevatti et al., 1999).

As the maternal genotypes were known, the following
parameters were estimated for each population: single-
locus (z;) and multilocus (¢,,) outcrossing rates; average
single-locus inbreeding coefficient of maternal parents
(f); the correlation of outcrossing rate within progeny
arrays or normalized variation of outcrossing rate
among progeny arrays (r); the correlation of outcrossed
paternity within progeny (r,) or the probability that a
randomly chosen pair of progeny from the same array
are full sibs. Additionally, pollen and ovule allele
frequencies were estimated.

The expectation—maximization method was used for
maximizing the likelihood equation to estimate all
parameters and correlations, and 100 bootstraps were
performed and standard errors were obtained for each
parameter.

To test for heterogeneity of the allele frequency
distribution in the pollen pool among maternal trees in
each area, contingency tables for each locus and area
were constructed and a Fisher exact test was performed
using a Markov chain method, implemented by the
software GENEPOP (Raymond & Rousset, 1995).

Results

In all progeny arrays, all sibs displayed at least one of
the maternal alleles, confirming Mendelian inheritance
and suggesting no seed contamination (Fig. 2). Loci ¢h6
and cb12 however, showed more than two alleles in the
profile, suggesting locus duplication, possibly because of

Fig. 2 Inheritance and segregation in a
open-pollinated half-sib family of
Caryocar brasiliense, for locus ¢b20,
visualized in silver-stained denaturing
polyacrylamide gels. First lane is a 10-bp
ladder size standard (Gibco, MD), lane 2
is the maternal tree, followed by 15
progeny individuals.
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an ancient polyploid nature of the Caryocar genome.
Nevertheless, locus interpretation of polymorphisms
was not a problem as the second locus was monomor-
phic.

Single-locus outcrossing rate (z;) varied among loci
and populations (Table 1). For CNV, ¢b9 and chi3
presented the lowest values of #;, but the parental
inbreeding coefficient (f) was positive and different from
zero only for c¢hI3. For progeny arrays in FAL, ¢hi3
and cb23 presented the lowest values of £, but f was
higher and different from zero only for ¢b20. For PNB
and URU c¢b23 and c¢b13 presented the lowest values of
t; and the highest value of f.

Although multilocus outcrossing rates (#,,) were equal
to one for all populations (i.e. 100% outcrossing), mean
ts was lower than ¢, for all populations, and was highest
for FAL (Table 2). Consequently, the difference ¢, — ¢
(biparental inbreeding) was lower for this population,
but not different among the other populations (Table 2).
The parental inbreeding coefficient (f) was significantly
different from zero only for URU, where the density of
reproductive individuals was lower (Table 2). When
families were analysed, again ¢, was equal to one for all
half-sib families in all populations. Heterogeneity of
pollen allele frequencies among maternal individuals
was detected for all loci (P < 0.001, SE < 0.001, for all
loci and populations), so violation of the mixed mating
model occurred, indicating nonrandom sampling of the
pollen pool by each maternal tree.

Both r; (correlation of outcrossing rate within pro-
geny arrays) and r,, (correlation of outcrossed paternity
within progeny arrays) presented low values indicating
that the outcrossing rate was independent of progeny
arrays and that the probability of full-sibship within
progeny arrays was very low.

Discussion

This is one of the first reports to use highly informative
microsatellite markers to estimate mating system
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Table 1 Single-locus outcrossing rate (z;) and maximum likelihood estimates of pollen and ovule frequency of the most
common allele for four populations of Caryocar brasiliense. Pop, population; 4, number of alleles; f, parental inbreeding

coeflicient; Ng, number of families analysed; Np, number of progeny individuals

Pop Locus A Pollen Ovule t, = SE f+ SE Ng Np
CNV chl 8 0.168 0.381 0.669 + 0.100 0.099 + 0.122 9 134
ch3 8 0.208 0.364 0.899 + 0.089 0.000 £ 0.000 10 147
chs 8 0.318 0.286 0.578 + 0.047 0.010 + 0.039 10 147
ch6 8 0.301 0.286 0.770 + 0.053 0.084 + 0.099 10 147
chb9 8 0.120 0.286 0.547 + 0.073 0.000 £ 0.000 10 147
chll 8 0.254 0.182 0.954 + 0.046 0.000 + 0.000 10 147
chl2 8 0.309 0.150 0.610 + 0.063 0.000 + 0.000 10 147
chbl3 6 0.740 0.792 0.562 + 0.105 0.630 £ 0.340 10 147
ch20 8 0.208 0.304 0.821 + 0.113 0.000 + 0.000 10 147
ch23 8 0.249 0.182 0.950 + 0.056 0.000 £ 0.000 10 147
FAL chl 8 0.276 0.333 0.778 + 0.143 0.000 + 0.000 6 96
ch3 8 0.392 0.278 0.831 + 0.102 0.000 + 0.000 8 126
chb5 8 0.406 0.294 0.808 + 0.090 0.039 + 0.094 8 126
ch6 8 0.233 0.294 0.834 + 0.087 0.000 + 0.000 8 126
ch9 8 0.229 0.188 0.886 + 0.053 0.000 + 0.000 8 126
chll 8 0.245 0.222 0.795 + 0.068 0.000 &+ 0.000 7 112
chl2 8 0.286 0.235 0.876 = 0.073 0.001 + 0.004 8 126
chl3 8 0.254 0.211 0.589 + 0.092 0.000 + 0.000 8 126
ch20 8 0.312 0.278 0.903 + 0.039 0.175 + 0.167 8 126
ch23 8 0.114 0.444 0.644 + 0.171 0.000 = 0.000 8 126
PNB chl 8 0.140 0.409 0.868 + 0.044 0.050 + 0.113 4 51
ch3 8 0.238 0.211 0.826 + 0.077 0.000 = 0.000 9 108
ch5 8 0.304 0.263 0.704 + 0.097 0.087 + 0.087 9 108
ch6 8 0.180 0.333 0.636 + 0.054 0.000 + 0.000 9 108
chb9 8 0.258 0.222 0.822 + 0.092 0.000 + 0.000 9 108
chll 8 0.081 0.300 0.679 + 0.081 0.112 £ 0.143 9 108
chl2 8 0.217 0.111 0.696 + 0.124 0.005 + 0.007 9 108
chbl3 8 0.241 0.316 0.527 + 0.126 0.116 + 0.127 9 108
ch20 8 0.243 0.105 0.840 + 0.064 0.000 + 0.000 9 108
ch23 8 0.250 0.222 0.486 + 0.089 0.190 + 0.141 9 108
URU chl 6 0.417 0.190 0.785 + 0.049 0.147 + 0.187 2 32
ch3 8 0.214 0.238 0.841 + 0.072 0.119 + 0.149 10 154
chb5 8 0.143 0.333 0.633 + 0.074 0.252 + 0.177 10 153
cb6 8 0.190 0.273 0.711 £+ 0.090 0.000 = 0.000 10 154
ch9 8 0.453 0.200 0.650 + 0.079 0.000 + 0.000 10 154
chll 8 0.171 0.435 0.733 + 0.099 0.045 + 0.094 10 153
chl2 8 0.130 0.286 0.796 + 0.078 0.000 = 0.000 10 153
chl3 8 0.276 0.091 0.243 + 0.079 0.332 + 0.200 10 153
ch20 8 0.263 0.455 0.791 + 0.112 0.001 + 0.004 10 153
ch23 8 0.236 0.136 0.776 + 0.082 0.134 + 0.111 10 152

parameters in a tropical tree. Although gene flow and
paternity analyses have been carried out with this class
of markers (e.g. Chase et al., 1996; Aldrich & Hamrick,
1998), no study to date has explored the power of this
marker class for the detailed understanding of mating
systems in tropical trees. Our results indicate that the
high polymorphism of microsatellite markers provides
an extraordinary resolution to precisely discriminate
selfing events from outcrossing events, even between

close relatives. As these markers become more com-
monly used for this type of genetic investigation in
tropical trees, complementing the popular isozymes, we
should not be surprised to learn that, for some species,
what had been estimated as selfing events could turn out
to be more precisely interpreted as outcrossing events
between relatives. Allozyme markers with limited num-
bers of alleles, skewed allele frequencies and expected
heterozygosities in the 20-30% range may not provide
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Table 2 Multilocus outcrossing rate

(tm) and mean single-locus outcrossing Population CNV FAL PNB URU
rate (#;) in four populations of fm = SE 1.000 £ 0.000 1.000 % 0.000 1.000 £ 0.000 1.000 = 0.000
Caryocar brasiliense. [, parental t, = SE 0.811 + 0.023 0.869 + 0.025 0.771 + 0.029 0.769 = 0.028
inbreeding coefficient; r,, correlation tm— t; £ SE 0.189 £ 0.023 0.131 £ 0.025 0.229 + 0.029 0.231 + 0.028
of 7 estimates, rp, correlation of p f+ SE 0.000 = 0.000 0.000 + 0.000 0.006 = 0.006 0.020 = 0.017
estimates; Ng, number of families r. + SE 0.110 + 0.000 0.110 + 0.000 0.110 + 0.000 0.110 + 0.000
analysed; N, number of reproductive .4 gp 0.205 + 0.042 0.086 + 0.022 0.141 £ 0.051 0.193 £ 0.193
individuals per hectare; Np, number of Ng 10 8 9 10
progenies N, 16.7 16.0 11.3 10.0

Np 147 126 108 154

the necessary resolution to discriminate such events in
particular situations.

Low values of r,, indicate no correlation of paternal
parentage, or low probability of full-sibship from the
same half-sib family. Multiple paternity was expected
since C. brasiliense is pollinated by bat species that
might promote a high pollen carryover (Bawa, 1990).
Additionally, abortion of ovules or initiated seeds was
frequently observed — although fruits may sire four
seeds, fruits with one or two developed seeds were in fact
the most commonly seen. This strongly suggests early
inbreeding depression leading to selective abortion,
caused by nutrient limitation or by maternal regulation
of seed quality or by sibling competition, or pollen
limitation leading to low seed set (Shaanker et al., 1988).
Further evidence of selective abortion due to inbreeding
depression in C. brasiliense was the high rate of fruit and
seed abortion observed under controlled self-pollination
experiments (Gribel & Hay, 1993).

The high multilocus outcrossing rate observed for
C. brasiliense is comparable to values found for other
tropical tree species (c.g. O’Malley & Bawa, 1987;
Murawski & Hamrick, 1991; James et al., 1998;
Loveless et al., 1998). This result suggests that this
species may have an efficient self-incompatibility mech-
anism in place and that selective abortion may increase
the outcrossing rate (z,,) by eliminating self-pollinated
seeds.

Biparental inbreeding, represented by the observed
difference 7, — ¢, (Ritland & Jain, 1981), was an order of
magnitude higher than values found so far for other
outcrossing tropical tree species using allozyme data
(e.g. James et al., 1998). The high values of ¢, —
(biparental inbreeding) suggest that, although outcross-
ing is absolute, leading to a ¢, of 100%, some cross-
fertilization events occur between close relatives. This is
quite important in substructured populations where
random matings occur within demes, and between
closely related individuals (Ritland, 1985, 1988). In fact,
C. brasiliense presents highly subdivided populations
with 6 and Rgr significantly different from zero
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(Collevatti et al., 2001). Nevertheless, heterogeneity of
allele frequencies in the pollen pool among maternal
trees was observed for all loci. This may result from
matings among near-neighbour individuals. In fact, bat
pollinators tend to forage in groups remaining in the
same tree or group of trees for a long time (Gribel &
Hay, 1993).

Results of this study indicate that C. brasiliense tends
to present small panmictic units or demes as a result of
restriction in gene flow. Besides the fact that bats that
pollinate C. brasiliense are small, territorial and with low
flight range (Gribel & Hay, 1993), restriction in gene
flow may also be caused by limited seed dispersal.
Although seeds could be dispersed by a large bird (the
Great Rhea), the great majority of seeds are dispersed by
gravity, keeping seeds under the mother tree canopy. In
fact, we and colleagues (J.D. Hay, personal communi-
cation) have observed many seedlings under mother
trees of C. brasiliense. ‘Cerrado’ fragmentation could
also be restricting gene flow, by isolating small mammals
into the fragments (Kearns et al., 1998) and thus
increasing the rate of mating between closely related
individuals. Furthermore, C. brasiliense individuals are
spatially distributed in clumps and bat pollinators tend
to forage inside these clumps, increasing the rate of
mating between relatives. In fact, areas with lower
density of reproductive individuals tended to show
higher levels of biparental inbreeding.

Although a high resolution of mating events was
achieved with microsatellite markers, our data did not
provide clear-cut evidence of the effect of fragmentation
on mating-system parameters. Fragmented areas such as
URU displayed the same levels of outcrossing rate and
biparental inbreeding (¢, — £5) as continuous areas such
as CNV and PNB. We hypothesize that no pattern could
be detected, mainly due to the deme structure and
restricted gene flow of C. brasiliense, that lead to a
naturally high level of biparental inbreeding. Addition-
ally, Cerrado fragmentation is a relatively recent event
(~60 years) in relation to the species life cycle. So, the
deme structure and the rate of biparental inbreeding
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currently found may very well have existed prior to the
beginning of fragmentation.

Our present results indicate, however, that fragmen-
tation may favour the isolation among C. brasiliense
populations, decreasing population size and increasing
inbreeding, ultimately resulting in local extinction.
Therefore, the maintenance of nonisolated populations
in many and large preserved areas may be necessary for
species viability in the Cerrado biome, providing means
for gene flow by pollen and seed. Additionally, these
areas play an important role in the maintenance of small
populations in highly disturbed areas, as a source of
pollen and seeds, and contribute to the viability of
pollinator and disperser populations.
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