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Abstract

Restricted gene dispersion – resulting from both self-pollination and limited capability of pollen migration,
as well as seed dispersion at short distances – has been considered the main reason for spatial genetic
structuring in plant populations. This study evaluated the intrapopulation genetic structure and the mating
system in four populations of Solanum lycocarpum, a woody bush occurring in Brazilian Cerrado vege-
tation. Two hundred and twenty-four individuals were genotyped through five nuclear SSR loci (30 alleles)
and six cpSSR loci (82 haplotypes). The study evidenced that the species mates predominantly by out-
crossings ðt̂m � 1:00Þ, that biparental inbreeding is not common, and that there are almost 10 trees par-
ticipating as pollen donors per mother-tree. The populations were formed by many mother lineages,
indicating efficient seed dispersion by the fauna and the occurrence of multiple foundation events. Spatial
genetic structure was observed in three populations (average Sp=0.0184±0.0030) and it resulted from
both restricted seed dispersion and from vegetative reproduction. During the collection of seeds for ex situ
conservation, seeds must be gathered from 150 to 200 mother trees, so that the effective size of 500
individuals is retained. The sampling must comprise the biggest possible number of populations in a wide
area to enable the maintenance of the biggest possible haplotypic diversity.

Introduction

Spatial genetic structure has mainly been associ-
ated with the features of species’ mating system
(Loveless and Hamrick 1984; Vekemans and Hardy
2004). These characteristics result in restricted
gene dispersion as a consequence of both selfing
and limited capability of pollen migration as well
as short distance seed dispersion (Levin 1981;
Loveless and Hamrick 1984). The distribution of
pollen movement is usually leptokurtic, with the

highest amount of pollen being deposited a few
meters away from the source (Slatkin 1985). In
most species, pollen is rarely transported further
than 1000 m (Loveless and Hamrick 1984). How-
ever, seeds tend to be distributed near the mother-
tree and are seldom carried further than 200 m
(Levin 1981; Howe and Smallwood 1982). In
generalist species whose seeds are dispersed by a
diversity of animals with different foraging habits
and walking capabilities, the seed dispersion
pattern and its contribution to the total gene flow
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vary according to the study spatial scale. At the
microspatial scale (intrapopulation) plant regen-
eration near the mother-tree may generate relat-
edness structure between near individuals. When
pollen dispersion is restricted, the spatial genetic
structure may affect the outcrossing rate (Wright
1943). The occurrence of vegetative reproduction
through roots and rhizomes may also cause spatial
genetic structure. This process has already been
detected in other species of the savanna-like veg-
etation of the Cerrado biome in Brazil (Rizzini and
Heringer 1962) and it can be regarded as a
regeneration strategy after the occurrence of fire, a
common phenomenon in this biome (Hoffmann
1998).

The interest in studying genetic structuring in
populations of plant species of the Cerrado biome
is recent, as most of the works have been published
in the present decade. However, the vast majority
of the studies have focused on interpopulation
genetic diversity, as illustrated in the following
studies: Collevatti et al. (2001a, b, 2003), about
Caryocar brasiliense; Telles et al. (2001a, b) and
Zucchi et al. (2003), about Eugenia dysenterica;
Telles et al. (2003), about Annona crassiflora;
Lacerda et al. (2001), about Plathymenia reticula-
ta. Enquiries about the occurrence of vegetative
reproduction and microspatial genetic structure in
species of the Cerrado biome have not been pub-
lished yet.

Knowledge of the spatial structure is important
for defining sampling strategies in natural popu-
lations (Epperson 1990). It is beneficial both for
collection of seeds for ex situ conservation in
starting breeding programs, and for guiding in situ
conservation strategies. The study of the species’
mating system, as well as the quantification of gene
flow mediated by pollen and seeds, are necessary
for understanding the main ecologic mechanisms
that cause spatial genotype structuring in popula-
tions of plant species. Mating system and gene
flow are important determinants of effective pop-
ulation size and the estimation of effective popu-
lation size is of critical importance in conservation
planning (Hall et al. 1996). The concomitant use
of molecular markers with different modes of
inheritance is a powerful tool for determining
pollen and seed migration distances (McCauley
1995). This strategy enables us to verify if the
spatial structuring is a result of restrictions in
pollen flow or seed flow or both.

The species S. lycocarpum St. Hil. presents
interesting mating characteristics for the study of
spatial distribution of genetic variation. It is an-
dromonoecious, with constant and high produc-
tion of both hermaphrodite and functionally male
flowers, which are pollinated by short-flight bees
(Oliveira-Filho and Oliveira 1988). Various Cer-
rado mammals that carry out long-distance seed
dispersion allow for colonization in new environ-
ments. As the fruits only ripen after falling to the
ground (Lombardi and Motta-Junior 1993), many
seeds germinate under the canopy of the tree or are
dispersed at short distances by sauba ants (Cour-
tenay 1994). The species presents efficient regen-
eration after a shallow cut to the trunk (personal
observation), hinting that it can produce vegeta-
tive reproduction. The aim of this study was to
evaluate fine-scale spatial genetic structure in
populations of S. lycocarpum. As the occurrence of
self-pollination limits gene dispersion (especially in
the cases of biparental inherited markers) and af-
fects genotype spatial distribution in a way that is
similar to the outcrossing between near individuals
(Wright 1943), S. lycocarpum mating system was
also studied.

Methods

The species Solanum lycocarpum

Solanum lycocarpum St. Hil (Solanaceae), popu-
larly known as ‘‘lobeira’’ (wolf’s fruit), consists of
a fast-growing woody bush up to 2 m tall. The
species is regarded as an opportunist and colonizer
of anthropogenic areas such as roadsides, open
lands and pastures (Oliveira-Filho and Oliveira
1988; Courtenay 1994). Its distribution area
encompasses the Cerrado vegetation in Central
Brazil (Lorenzi 2000). Its floral features are in
accordance with both buzz pollination (Pijl 1972)
and vibratile pollination (Buchmann 1983), in
which the movement of the bee in the flower raises
a cloud of pollen. Large Xylocopa bees are con-
sidered to be its most frequent and efficient poll-
inators (Oliveira-Filho and Oliveira 1988). The
species flowers all year round, mainly from May
to July (Lorenzi 2000). S. lycocarpum is an
andromonoecious species, as the same tree holds
different types of flowers: hermaphrodite and
functionally male (with an atrophic stigma).
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Its fruit is big, round and greenish with a
diameter ranging from 8 to 15 cm and weighing
from 200 to 900 g. Its pulp is yellow, holding
about 300–800 small black seeds. The complete
maturation and the exhalation of its characteristic
aroma occur after the fruit falls (Lombardi and
Motta Junior 1993). Although the fruits grow all
year round, their availability varies seasonally,
that is, the species fruits more intensively in the
rainy season (Courtenay 1994; Motta-Junior and
Martins 2002). Wild animals consume its fruits,
especially maned wolves (Motta Junior et al. 1996;
Rodrigues 2002), bats (Lorenzi 1998; Rodrigues
2002), tapirs, sauba ants (Courtenay 1994; Pinto
1998) and bush dogs (Rodrigues 2002). Studies
about the dispersion of S. lycocarpum seeds show
that the maned wolf is the main disperser of the
species (Rodrigues 2002). This fruit is highly and
constantly consumed by the maned wolf all year
round (non-seasonal) (Courtenay 1994; Motta
Junior et al. 1996; Motta-Junior and Martins
2002; Rodrigues 2002), which suggests that the
maned wolf looks for it actively during the periods
when it is scarcer (in the dry season). The animal
does not damage the consumed seeds and it defe-
cates in places where the plant usually grows, such
as roadsides (Motta-Junior and Martins 2002).

The fruit pulp is employed in the production
of a phytomedicine, the ‘‘wolf’s fruit-powder’’
(‘‘polvilho-de-lobeira’’) which is sold in the form of
capsules and widely used for controlling diabetes,
obesity, and cholesterol levels (Dall’Agnol and von
Poser 2000). The leaves are used for treatment of
epilepsy, spasms, abdominal and renal pain (Cruz
1982). S. lycocarpum is a species with a wide po-
tential for being planted in restoration plans. It
presents a high rate of germination, the seeds ger-
minate in full sunlight, the plant grows quickly and
adapts well to situations of scarce water (Chaves-
Filho and Stacciarini-Seraphin 2001; Elias et al.
2003). In addition, it produces meaty fruits that
attract fauna to its vegetated areas.

Sampling

Two hundred and twenty-four adult individuals of
S. lycocarpum were sampled in four natural pop-
ulations in the Southeast of Goiás State in Central
Brazil (Figure 1). Individuals were randomly
sampled in population B and a census was carried
out in populations A, C and D. The spatial loca-

tion of the trees was determined by the use of GPS
equipment (e-trex, Garmin�). Twelve progenies of
open pollination were obtained for the study of
the mating system in two populations (B and C).
The number of individuals per progeny was
variable.

Laboratorial procedure

The extraction of DNA was carried out following
CTAB protocol as described by Doyle and Doyle
(1990). The DNA extraction was optimized after
the removal of the hairs that cover the surface of
the leaves with a blade. The DNA samples were
resuspended and diluted in MiliQ water at 5 ng/ll.
The individuals were genotyped with six nuclear
microsatellite loci developed for Capsicum spp.
(Buso et al. 2000) (Table 1) and six chloroplast
microsatellite loci developed for dicotyledonous
angiosperms by Weising and Gardner (1999)
(Table 2).

The cocktail (13 ll) for the production of the
polymerase chain reaction (PCR) was composed
of 15.0 ng of genomic DNA, 250 lM of dNTPs,
0.5 lM of MgCl2, buffer PCR 1� (10 mM of
Tris–HCl, 50 mM of KCl, 1.5 mM of MgCl2,
pH 8.3), 2.5 lg/ml of BSA, 0.2 lM of each pri-
mer and 1 U of Taq DNA polymerase (Phoneu-
tria). The PCRs were produced in a MJ Research
PTC-100 thermal-cycler, with the use of the fol-
lowing protocol: 96 �C for 2 min; 30 cycles of
94 �C for 1 min, specific hybridizing temperature
of each pair of primers for 1 min, 72 �C for
1 min and finishing with 72 �C for 7 min. After
amplification, fragments of DNA were separated
in a 4% polyacrylamide denaturing gel by elec-
trophoresis for 1 h in a 1� TBE buffer in a ver-
tical tub. Bands were observed after being colored
with silver nitrate, following Creste et al. (2001)
protocol. The size of alleles was determined by
comparison with a pattern molecular weight
marker (10-bp ladder, Invitrogen�). Amplified
fragments of different sizes were considered
different alleles.

Data analysis

Genetic diversity
Intrapopulation genetic diversity was analyzed by
the observed heterozygosity ðĤoÞ, gene diversity
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ðĤeÞ, average number of alleles per locus ðÂÞ,
effective number of alleles per locus ðÂeÞ and fix-
ation index ðf̂Þ, estimations obtained from GDA
software (Lewis and Zaykin 2001). The identifi-
cation of genotyping errors in the data set, due to
the existence of null alleles and scoring errors was

verified by the use of program Micro-Checker
Version 2.2.3 (Oosterhout et al. 2004).

As the chloroplast genome polymorphisms are
inherited without recombination, each of the allele
combinations in the six microsatellite loci was
considered a haplotype. In its turn, each haplotype

Table 1. Characterization of nuclear SSR loci

Loci Tm (�C) Primer sequences (5¢–3¢) Motif a Allele range (bp)

CA23 56 ggCTCCTAggTATgCACCAg (TC)31 100–102

AATgTgATgCACAgTgCACC

CA53 56 CgACCTTCAggACAgATCAT (TC)25 190–194

CTggTAACCTAgAAAggCAg

CA88 54 AATggATgTTCCCTTgCTTT (AG)22 140

CAACTgATCAACCATTCCgT

CA144 54 TAgAAACACAAAATgTCCCC (GT)5 86–88

CCATTgACAAggACAATTCT (GA)21
CA158 56 CATgCACgTACAACCTgTTT (GA)32 198–250

TAgTTCCCTTgCTgCAgTAA

CA161 54 CAggTACgTgCTgCTATCAA (GA)27 174–186

TTggTAAgAAggCCTggTAA

aMotifs in Capsicum spp.

Figure 1. Localization of the four areas where Solanum lycocarpum were sampled in Goiás state, in Brazil.
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was analyzed as a different allele belonging to an
only haploid locus. The number of haplotypes
ðn̂hÞ, the amount of private haplotypes per popu-
lation ðn̂pÞ, and the rate of private alleles ðn̂p=n̂hÞ
were quantified. The frequencies of haplotypes in
each population were used to estimate the effective
number of haplotypes (ne ¼ 1=

P
p2i ) and the

haplotypic diversity ðh ¼ nk=nk � 1ð1 �
Pn

i p
2
i Þ,

where nk is the number of individuals in popula-
tion k, pi is the frequency of the i-th haplotype.

Spatial genetic structure
Spatial genetic structure was characterized

upon the analysis of kinship coefficients ðF̂ijÞ
between all pairs of individuals of the population,
which were estimated as in Loiselle et al. (1995).
Average pairwise F̂ij estimates were plotted against
the logarithm of the pairwise spatial distances.
Under isolation by distance in a two dimensional
space, kinship is expected to decrease approxi-
mately linearly with the logarithm of the spatial
distance (Rousset 1997; Hardy and Vekemans
1999). The regression slope ðb̂FÞ was used to
quantify the extent of spatial genetic structure,
using the Sp statistic described in Vekemans and
Hardy (2004). The Sp statistic was obtained by the
ratio �b̂F=ð1 � F̂ð1ÞÞ, where F̂ð1Þ is the average F̂ij

between adjacent individuals (in the first distance
interval). The significance of the b̂F was tested by
10,000 permutations of individuals among spatial
positions. All the computations were carried out
with the use of the computer program SPAGeDi
version 1.2 (Hardy and Vekemans 2002; http://
www.ulb.ac.be/sciences/lagev).

Detection of clones
In each population, we searched for individuals

sharing nuclear and chloroplast multilocus geno-
types. Then, it was verified if each specific group of
identical multilocus genotypes were likely to be

clones. The probability of observing at least n
identical multilocus genotypes in a specific sample
from a population with random mating, PSEX-
value, were estimated as in Stenberg et al. (2003).
The PSEX as well as the simulating critical values
(10,000 simulations and significance level of 0.05)
was estimated by the use of the MLGSim com-
puter program (Stenberg et al. 2003). A signifi-
cantly low PSEX-value indicates that a multilocus
genotype observed more than once is not likely the
result of random sexual reproduction (and hence
assumed to be clonally produced). Only nuclear
multilocus genotypes were used because the for-
mula and the program only work with diploid
individuals.

Mating system
The mating system was studied using genotypic

frequencies as a basis and applying the mixed
mating model of Ritland and Jain (1981). Program
MLTR V. 2.4 (Ritland 2002) was employed so that
we could obtain estimations of: (1) multilocus
population outcrossing rate ðt̂mÞ through Expec-
tation-Maximization; (2) the single-locus popula-
tion outcrossing rate ðt̂sÞ; (3) the biparental inbreeding
or outcrossing between relatives ðt̂m � t̂sÞ; (4)
paternity correlation ðr̂pÞ and (5) self-pollination
correlation ðr̂sÞ. The size of the neighborhood, or
the number of pollen donors, was estimated by
1=r̂p. The standard errors were obtained by means
of 500 bootstraps of families.

The fixation index for adults ðf̂Þ and progenies
ðF̂pÞ and their respective confidence intervals were
obtained through 10,000 bootstraps by the use of
program GDA (Lewis and Zaykin 2001).

The relatedness correlation coefficient (rxy)
between plants within the progenies was estimated
according to Ritland (1989):

r̂xy¼0:25ð1þ F̂mÞ½4ŝþðt̂2mþ ŝt̂mr̂sÞð1þ r̂pÞ�

Table 2. Characterization of cpSSR loci

Loci Tm (�C) Motif a Alleles Allele range (bp)

ccmp02 58 (A)11 5 184–192

ccmp03 54 (T)11 8 108–122

ccmp05 54 (C)7(T)10 (T)5C(A)11 4 122–128

ccmp07 56 (A)13 3 148–152

ccmp09 50 (T)11 2 102–104

ccmp10 56 (T)14 3 108–112

aMotif observed in Nicotiana tabacum (Weising and Gardner 1999).
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Where F̂m is the inbreeding coefficient of the
parental generation, ŝ is the selfing rate (1 � t̂m),
and the other parameters were defined previously.

In diploid species, in the absence of inbreeding,
the relatedness coefficient ðr̂xyÞ is double the
coancestry coefficient ðĥÞ, that is, ĥ ¼ r̂xy=2. As
demonstrated by Cockerham (1969), from the
coancestry coefficient it is possible to estimate the
variance effective size ðN̂eðvÞÞ of a progeny

N̂eðvÞ ¼
0:5

ĥ n�1
n

� �
þ 1þF̂

2n

In which n corresponds to the sample size (number
of plants per progeny), and F̂ is the progeny fixa-
tion index.

The maximum theoretical value of Ne(v) in an
ideal population’s simple progeny (infinite size,
panmictic, without selection, mutation or migra-
tion) is approximately four. From the estimations
of the variance effective size (Ne(v)), the number of
necessary mother trees was estimated to keep the
effective size (Ne(ref)) equal to 500, this being the
result of the division Ne(ref)/Ne(v), as presented by
Sebbenn (2003).

Results

Individuals from the four natural populations
were genotyped with six loci of nuclear microsat-
ellites. Thirty alleles were detected. Polymorphism
was very low in most of the loci, as is expected for
microsatellite markers developed for a different
genus (Capsicum), and only locus CA158 pre-
sented a high number of alleles (17). The dimen-
sion of gene diversity was quantified by a
comparison between the estimated gene diversity
ðĤeÞ and the maximum possible diversity in

each locus according to the number of alleles
ðhmax ¼ Â � 1

� �
=ÂÞ. It was observed that loci

CA23 and CA158 presented the highest gene
diversity, once the data explains 98.8 and 89.7% of
the total possible diversity (Table 3). Locus CA144
presented medium diversity estimations and for
loci CA53 and CA161 the rates of gene diversity
were below 10%. The low gene diversity is a result
of the gene frequency heterogeneity in these loci,
i.e., it is due to the occurrence of one highly fre-
quent allele together with a few rare alleles, and
the presence of monomorphic loci in some popu-
lations. For estimations of gene diversity, it was
decided that locus CA88 was to be excluded, ow-
ing to it being monomorphic in all populations.
The average estimations obtained were, therefore,
calculated with data from five loci.

The estimations of the average number of al-
leles per locus ðÂ ¼ 3:90� 0:19Þ were low
(Table 4). The effective number of alleles per locus
ðÂe ¼ 2:32� 0:11Þ was lower than the observed
number of alleles. It was due to the uneven dis-
tribution of allele frequencies, as discussed previ-
ously. Despite the standard errors being large, a
smaller number of alleles were observed in
population D.

The gene diversity ðĤe ¼ 0:331� 0:016Þ and
the observed heterozygosity ðĤo ¼ 0:302� 0:018Þ
were lower than what is expected from microsat-
ellite markers, but they were consistent with the
number of alleles. Once again, in Population D
these estimations were lower than the other pop-
ulations. The estimations of observed heterozy-
gosity ðĤoÞ were similar to gene diversity ðĤeÞ in
almost all populations, which can be observed in
the estimations of fixation indices.

Only population A presented a wide deviation
in the proportions of Hardy–Weinberg Equilib-
rium ðf̂ ¼ 0:214Þ. Confidence intervals of f̂ were

Table 3. Genetic diversity parameters estimated with six nuclear SSR loci

Locus Â Ĥe hmax Ĥe=hmax (%)

CA23 2 0.494 0.500 98.8

CA53 3 0.043 0.667 6.45

CA88 1 0.000 – –

CA144 2 0.310 0.500 62.0

CA158 17 0.847 0.940 89.7

CA161 5 0.017 0.800 2.1

Â, allele number; Ĥe, gene diversity; hmax, maximum possible gene diversity; Ĥe=hmax, proportion of the maximum possible gene
diversity (%).
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wide due to the high variation between loci. Locus
CA158 showed deviations from HWE in all pop-
ulations, presenting the largest values of f̂ (data
not shown). Null alleles were not verified in the
data set. Only loci CA53 and CA144 in population
A and locus CA158 in population C showed evi-
dence for null alleles and scoring errors due to
stuttering. As the loss of heterozygosity was not
consistent only in the same loci in the different
populations, we conclude that there is no sign of
null alleles.

As opposed to the low diversity obtained by
nuclear microsatellite markers, the gene diversity
for chloroplast markers was very high with 82
haplotypes detected. The number of haplotypes
ðn̂hÞ and haplotypic diversity ðĥÞ were high in all
the populations (Table 5). This shows that they
were founded by a great number of mother fami-
lies, i.e., they were colonized by seeds from dif-
ferent mother trees.

As it was detected with nuclear markers,
population D presented the lowest number of
haplotypes ðn̂h ¼ 19Þ and the smallest haplotypic
diversity ðĥ ¼ 0:910Þ, indicating that it was foun-
ded by a smaller number of mother lineages. In all
the populations, the effective number of haplo-
types ðn̂eÞ was approximately half of the total

number of haplotypes (Table 5). The heterogene-
ity of haplotype frequencies contributed to the low
estimations of n̂e. Many haplotypes occurred only
once and therefore present a low frequency and
only a few have a slightly higher frequency (Fig-
ure 2). About 55% of the haplotypes were sampled
only once and 25% occurred twice, which is a sign
that several haplotypes may not have been sam-
pled in this study.

Spatial genetic structure

Global average regression slopes were significantly
negative in populations B, C, and D: b̂F � SE (jack-
knife over loci)=)0.0141±0.0022 (P<0.002;
r2=0.0066), b̂F � SE ¼ �0:0154� 0:0039 (P<0.001;
r2=0.0072), b̂F � SE ¼ �0:0215� 0:0109 (P=0.00;
r2=0.0182) in populationsB,CandD, respectively. Sp
statistics were 0.01466, 0.01625 and 0.02429, in popu-
lations B, C and D, respectively, with an average of
0.0184±0.0030.

Detection of clones

Based on nuclear and chloroplast genotypes simi-
larities, 16 multilocus genotypes groups were

Table 4. Population genetic diversity parameters estimated with six nuclear SSR loci

Population n Â Âe Ĥe Ĥo f̂ (CI99%)a

A 58 3.80 (1.56) 2.09 (0.73) 0.342 (0.139) 0.269 (0.138) 0.214 (0.0002, 0.814)

B 60 4.20 (1.71) 2.35 (0.87) 0.348 (0.144) 0.350 (0.138) )0.006 ()0.067, 0.052)
C 60 4.20 (2.45) 2.62 (1.18) 0.353 (0.161) 0.313 (0.138) 0.077 ()0.094, 0.170)
D 55.33 3.40 (1.92) 2.24 (1.04) 0.283 (0.154) 0.278 (0.137) 0.0016 ()0.158, 0.123)
Average 3.90 (0.19) 2.32 (0.11) 0.331 (0.016) 0.302 (0.018)

Sample size (n), average and effective number of alleles per locus ( Â and Âe), gene diversity ðĤeÞ, observed heterozygosity ðĤoÞ and
fixation index ðf̂Þ in four populations of S. lycocarpum. Standard errors are in parentheses ( ).
a(CI) confidence interval at 99%, through 10,000 bootstraps over loci.

Table 5. Population genetic diversity parameters estimated with chloroplast DNA

Population n̂h n̂e n̂p n̂p=n̂h (%) ĥ

A 35 17.75 13 37.1 0.972

B 31 15.72 11 35.5 0.973

C 27 13.99 11 40.7 0.932

D 19 9.94 13 68.4 0.910

Average (standard error) 28 (3.41) 14.35 (1.66) 12 (0.58) 42.86 0.947 (0.015)

Number of haplotypes ðn̂hÞ, effective number of haplotypes ðn̂eÞ, number and proportion of private haplotypes ( n̂p and n̂p=n̂h) and
haplotypic diversity ðĥÞ in four populations of S. lycocarpum. Standard errors are in parentheses ( ).
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detected. Seven groups were observed in popula-
tion D and three groups were observed each
population A, B and C. Seventy-five percent of the
groups was composed only by two adjacent
genotypes, but groups with three and four geno-
types were also observed. Only two out of 16
groups sharing identical multilocus genotypes (in
populations B and D) were considered clones, as
their PSEX-values were significant at the 0.05 level.

As the number of nuclear loci and alleles analyzed
was small, it was not possible to state confidently
that individuals considered identical in this study
were clones.

Mating system

The estimations of multilocus outcrossing rate ðt̂mÞ
were approximately one in almost all the families
(Table 6), indicating that S. lycocarpum mates
preferably by outcrossing. Despite the variation
between families, high standard errors were ob-
served in those whose value of t̂m was smaller than
0.80.

The estimations of average multilocus ðt̂mÞ and
singlelocus ðt̂sÞ outcrossing rates did not differ
from each other in both populations, which shows
that biparental inbreeding ðt̂m � t̂sÞ is not common
(Table 7). For population B, for instance, only
9.8% of progenies result from the same male
parent ðr̂p ¼ 0:098Þ. With paternity correlations
the average number of outcross parents was ob-
tained. In the studied populations, this average
was over 10 pollen-donor trees per progeny.

The rate of self-pollinations was also insignifi-
cant. Fixation indices in adults and in progenies
were not statistically significant in both popula-
tions. Based on the relationship coefficient ðr̂xyÞ
calculated for the progenies, we obtained the
coancestry coefficient ðĥÞ. Coancestry estimations
within the progenies presented values that were
near the expected for half-sib progenies
ðĥ ¼ 0:125Þ, in populations B ðĥ ¼ 0:137Þ and C
ðĥ ¼ 0:138Þ. With the estimations of the variance
effective size ðN̂eðvÞÞ from 3.01 to 3.48 for popula-
tions B and C, we calculated the minimum number
of mother trees to be considered in the seed col-
lection for ex situ conservation. Aiming at the
maintenance of the long-term genetic diversity, we
must gather seeds from 166 and 144 mother trees

Figure 2. Frequency distribution of cpDNA haplotypes ob-
served for four populations of Solanum lycocarpum.

Table 6. Multilocus outcrossing rates each family and standard errors through 500 bootstraps within families obtained in populations
B and C

Family Progenies t̂m Family Progenies t̂m

Fam B1 40 1.000 (0.000) Fam B9 18 0.897 (0.109)

Fam B2 07 0.968 (0.038) Fam B10 06 0.996 (0.005)

Fam B5 11 0.989 (0.019) Fam B12 25 0.772 (0.184)

Fam B6 31 1.000 (0.000) Fam C1 29 0.970 (0.045)

Fam B7 08 0.983 (0.009) Fam C3 28 0.840 (0.097)

Fam B8 08 0.984 (0.002) Fam C5 07 1.000 (0.000)
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from populations B and C, respectively, in order to
maintain the effective size of 500.

Discussion

The polymorphism in nuclear loci was low,
resulting in estimations of genetic diversity that
were lower than expected for the type of molecular
marker used. This was, probably, due to the fact
that the microsatellite primers had been developed
for Capsicum. The same observation was made in a
study carried out with another fruit species of the
Cerrado biome, Eugenia dysenterica (Zucchi et al.
2003). The study evaluated the genetic diversity
with the use of seven microsatellite loci developed
for Eucalyptus sp. In the study, estimations of gene
diversity were superior (0.458) to what was ob-
tained in the present enquiry, although the average
number of alleles per locus (3.12) was similar.
Collevatti et al. (2001b) studied 10 populations of
Caryocar brasiliense using microsatellite markers
developed for the species and obtained an average
of 10.6 alleles per locus. It is believed that the low
polymorphism of nuclear microsatellite loci in
Solanum lycocarpum is due to these primers having
been developed in another genus (Capsicum).

Comparative studies between homologue mi-
crosatellite loci in different species have shown that
both polymorphism and the allele size tend to be
higher for species in which the loci were charac-
terized for the first time (focal species) (Jarne and
Lagoda 1996). Though there is no consensus for
the explanation of these trends, some hypotheses
have been raised.

Firstly, one explanation concerns the phyloge-
netic distance between species. The success in the
heterologous amplification is usually inversely
proportional to the time of phylogenetic separa-
tion of both species. The cumulative effect of
mutations on the flanking regions of microsatel-
lites in the non-focal species may cause either the
failure of heterologous amplification or the ab-
sence of polymorphism – in the latter case; it is due
to the fixation of null alleles (Chambers and
MacAvoy 2000).

Secondly, another explanation is related to
the non-randomization of the loci selection for the
focal species. During the characterization of the
loci, those with the biggest alleles and the highest
polymorphism are supposed to be collected, and
this demonstrates that the sampling effort in
detecting polymorphism is biggest in the focal
species (Chambers and MacAvoy 2000). Based on
these evidences, the conclusions regarding gene
diversity in studied populations with microsatellite
loci developed for other species must be taken with
caution, as in the comparison between species.

The fixation index ðf̂Þ measures the rate of
heterozygous genotypes as compared to what is
expected by the Hardy–Weinberg Equilibrium.
High estimations of fixation indices are usually
regarded as a result of inbreeding in the popula-
tion. The occurrence of point mutations in the loci
primer sequences has been determined as the main
cause of the erroneous detection of a large amount
of homozygous genotypes (Aldrich et al. 1998;
White et al. 1999). One mutation in the locus pri-
mer sequence results in failure in the amplification
of one of the alleles, called a null allele.

Table 7. Mating system estimations in two populations of S. lycocarpum

Populations B C

Families (progenies) 09 (154) 03 (64)

t̂m 1.000 (0.003) 0.956 (0.026)

t̂s 0.969 (0.021) 0.920 (0.047)

t̂m � t̂s 0.031 (0.020) 0.036 (0.022)

r̂p 0.098 (0.017) 0.087 (0.024)

r̂s 0.107 (0.001) 0.054 (0.005)

1=r̂P 10.20 11.49

F̂ (adults) )0.006 [)0.067, 0.052] 0.077 [)0.094, 0.170]
F̂p (progenies) )0.036 [)0.058, 0.092] )0.062 [)0.156, 0.008]

Multilocus outcrossing rate ðt̂mÞ, single-locus outcrossing rate ðt̂sÞ, biparental inbreeendig ðt̂m � t̂sÞ, paternity correlation ðr̂pÞ, self-
pollination correlation ðr̂sÞ, number of pollen donors per mother-tree (1=r̂PÞ, fixation index for adults ðf̂ Þ and progenies ðF̂pÞ. Standard
errors through 500 bootstraps over families are in parentheses ( ). Confidence interval at 99% through 10,000 bootstraps over loci is in
brackets [ ].
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Null alleles have been found in over 25% of
microsatellite loci, reaching frequencies of over
15% (Jarne and Lagorda 1996). The study of the
mating system of S. lycocarpum has proved that
the species mates preferably by outcrossing, and
that selfings and biparental inbreeding do not
usually occur. Although null alleles have not
been detected in the data set, the higher f̂ value
was observed in population A, where two loci
showed heterozygosity deficiency. As a highly
significant shortage of heterozygote genotypes
with alleles of one repeat unit difference was
observed, it is possible to deduce that scoring
errors due to stuttering contributed more than
inbreeding to the estimation of high f̂ value in
population A.

Although the fixation index was low in popu-
lations B, C and D, all presented spatial structure
of genotypes. Pairwise F̂ij estimates tended to de-
crease linearly with the logarithm of the pairwise
spatial distances, as predicted by the isolation by
distance theory. The spatial structure of genotypes
has been associated with the spatially restricted
dispersion of seeds, in which the fruits fall and the
seeds germinate near the mother-tree (González-
Martı́nez et al. 2002). It is believed that the spa-
tially restricted dispersion as well as vegetative
reproduction may have contributed to the spatial
structure in S. lycocarpum.

As the number of nuclear SSR alleles was
small, confident detection of clones was not pos-
sible. The vegetative reproduction per root in S.
lycocarpum was not assessed in the present en-
quiry, and no other studies on the subject were
found. Nevertheless, it is known that regeneration
after a shallow cut to the trunk is frequent (per-
sonal observation). As about 30% of the plant
mass in the Cerrado biome is radicular (Rizzini
and Heringer 1962), it is common that a plant with
a small aerial part may possess a developed root
system. Small-sized S. lycocarpum individuals
(about 30 cm tall) with flowers and fruit are often
found in anthropogenic Cerrado vegetation envi-
ronments (personal observation), hinting that
these could have resulted from root regeneration.

The fruit features and the behavior of the main
seed dispersing agents may also have contributed
to spatial genetic structure. Fallen fruits that are
not consumed by fruit-eating animals are com-
monly noticed. Their seeds may germinate under
the crown of the mother-tree in such a way that the

spatially nearest individuals in the population are
siblings of the same mother. Sauba ants have an
important role in the secondary dispersion of the
seeds: they carry the seeds from fallen fruits as well
as from animal excrements to their nests. The
distance of the migration, however, is about only
3.4 m (Pinto 1998), and about 40% of the seeds
taken to nests are discarded (Courtenay 1994).
S. lycocarpum plants are very commonly found on
sauba ant’ nests, not only because of the saubas’
behavior but also because maned wolfs prefer to
defecate in high places, such as on raised nests and
termitaries. In addition, cattle usually eat S. lyco-
carpum fruits and disperse its seeds. As the transit
of animals is restricted to the pasture area, the
cattle disperse seeds only within that population
and may, therefore, be contributing to the occur-
rence of genotype spatial structure and coancestry.
Cattle transit was verified in population B and D.

Another factor that may be contributing to the
spatial genetic structure is the behavior of the main
pollinating agent (Xylocopa sp.). In the vibratile
pollination the vibration of the bee raises a cloud of
pollen, and the bee visits all the neighboring open
flowers before flying to further plants. This behavior
could be favoring outcrossings between spatially
near individuals. On the other hand, the analysis of
the species’ mating system evidenced that both the
outcrossing rate and the number of pollen donors in
the outcrossings are high. Pollen grain germination
experiments showed that the successful production
of fruits was only verified for hermaphrodite flowers
and after cross-pollination (Oliveira-Filho and
Oliveira 1988). The authors’ considerations cor-
roborate the results obtained in this study, namely
the high outcrossing rates. The spatial genetic
structure in three S. lycocarpum populations (aver-
age Sp=0.184±0.003) was similar to that ob-
served for outcrossing (Sp=0.0126±0.0101) and
self-incompatible (Sp=0.0134±0.0077) species
(Vekemans and Hardy 2004).

The species’ floral feature is a factor that may
have contributed to the large number of pollen do-
nors in the outcrossings. S. lycocarpum is an an-
dromonoecious species and the main consequence
of the andromonoecy is the higher occurrence of
pollen/ovule. Both types of flowers, which stay open
for 24 h, produce a high amount of viable pollen
(Oliveira-Filho and Oliveira 1988). Despite few
flowers being open at the same time in each indi-
vidual, many flowers open daily in the total popu-
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lation. Even when pollen dispersion seems to be
highly localized, the actual gene flow (resulting from
viable seeds) may be occurring at bigger distances
(Slatkin 1985). Theoretical studies and simulations
(Wright 1943; Epperson 1990; Epperson 1995) have
demonstrated that under restricted gene flow con-
ditions, populations develop a spatial genotype
structuring. Even so, with a positive correlation that
declines with distance, spatial auto-correlation in
natural populations is weak and/or inconsistent
(Heywood 1991; Smouse and Peakall 1999). How-
ever, adjacent individuals in population D evi-
denced a higher kinship coefficient ðF̂ð1Þ ¼ 0:1152Þ
than estimations of populations A, B and C
(F̂ð1Þ ¼ �0:0351, 0.0365 and 0.0498, respectively).
Many hypotheses may be raised to explain the dif-
ferential patternof populationDas compared to the
other populations studied.

Firstly, it may be inferred that population D
has a more recent origin than the other popula-
tions. The individuals of S. lycocarpum could have
been settled for just a few generations, or they
might have suffered a bottleneck. In the latter case,
as there are few overlapped generations, the
coancestry is higher. This hypothesis is corrobo-
rated by the occurrence of a bigger rate of linkage
disequilibria loci in this population (data not pre-
sented), as well as by the lower genetic diversity in
the chloroplast and nuclear loci.

Secondly, two factors that operated together
may have contributed to the coancestry: the num-
ber of individuals that belong to the same genera-
tion and the restriction of gene flow by seeds in
population D. Probably, the transit of fruit-con-
sumer fauna is less frequent, resulting both in the
smaller colonization by seeds brought from other
areas and in spatial restriction of the dispersion of
the seeds produced in the population. In contrast to
other populations, population D showed a larger
quantity of fallen ripe fruit uneaten on the ground,
indicating a smaller frequency of dispersing agents.
In this case, there are many groupings of observed
individuals in the population that are mother and
offspring or siblings of the same mother. This
hypothesis is corroborated by the spatial genetic
structure and by the field observation that there are
many groupings of S. lycocarpum formed by a large
reproductive plant with several smaller ones
around it.

Thirdly, the difference in reproductive success
among mothers may have occurred concomitantly

to the factors already mentioned. A small number
of mothers contributed (and continues contribut-
ing) with a big number of descendents in the
population. The smaller number of chloroplast
haplotypes observed in the studied population
corroborates this hypothesis.

Solanum lycocarpum is a species with a wide
potential for being planted in restoration plans.
For the studied populations, in the field collection
of seeds to produce seedlings, the same number of
seeds from 150 to 200 mother trees must be col-
lected, so that the effective number of 500 indi-
viduals can be kept the same. As the species is
spread all over the Cerrado biome, the collection
must be planned so as to sample the biggest pos-
sible number of populations in an extensive area.
This will enable the retention of the maximum
possible haplotypic diversity.
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(EMBRAPA Genetic Research and Biotechnol-
ogy) by providing nSSR primer sequences and Prof.
Roland Venconvsky (ESALQ-USP) by assistance
in statistical analysis. We also thank the staff of the
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de espécies arbóreas com sistema misto de reprodução. Rev.

Inst. Flor. Sao Paulo, 15, 147–162.

Slatkin M (1985) Gene flow in natural populations. Annu. Rev.

Ecol. Syst., 16, 393–430.

Smouse PE, Peakall R (1999) Spatial autocorrelation analysis

of individual multiallele and multilocus genetic structure.

Heredity, 82, 561–573.

Stenberg P, Lundmark M, Saura A (2003) MLGSim: a pro-

gram for detecting clones using a simulation approach. Mol.

Ecol. Notes, 3, 329–331.

Telles MPC, Diniz-Filho JAF, Coelho ASG, Chaves LJ (2001a)

Autocorrelação especial das freqüências alélicas em sub-
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