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Abstract Theobroma grandiflorum (cupuassu) is an
important fruit tree native to the Brazilian Amazon.
Establishing the genetic diversity and structure of popula-
tions is critical to define long-term strategies for cupuassu
conservation presently threatened by rapid deforestation.
Three natural populations collected at the putative center of
diversity, three groups of accessions established at a
germplasm collection, and one derived from commercial
plantings were analyzed. The genetic diversity was assessed
using 21 polymorphic microsatellite loci originally devel-
oped for Theobroma cacao, disclosing a total of 113 alleles.
The estimated genetic diversity parameters averaged over
cupuassu populations (4=3.53 alleles per locus; H.=0.426;
H,=0.346) were lower than the values reported for other
Neotropical tree species. The three natural populations
presented a positive and significant fixation index (f),
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ranging from 0.133 to 0.234. Cupuassu apparently adhered
to a general pattern of genetic diversity structure of some
Neotropical tree species occurring at low densities, with a
low intrapopulation genetic diversity and important levels
of endogamy, possibly due to biparental inbreeding derived
from the presence of spatial genetic structure in the
populations. A high level of genetic divergence was
detected among the natural populations (6,=0.301), a
strong differentiation caused by limited gene flow, and
suggesting that human interference in spreading and/or
stimulating plantings might have had a smaller effect than
expected. The approximate location of the 7. grandiflorum
center of diversity could not be confirmed by analyzing
natural populations from the putative region.

Keywords Cacao - Cocoa - Genetic diversity -
Malvaceae sensu lato - Simple sequence repeat

Introduction

Theobroma grandiflorum (Willd ex Spreng) Schum.
(cupuassu) is a fruit tree native to the Brazilian Amazon,
with its putative center of diversity located at the south/
southeastern region of Para state, Brazil (Fig. 1;
Cuatrecasas 1964). Cupuassu is a diploid species
(2n=20), member of the Sterculiaceae, and related to
Theobroma cacao L. (cacao), the species with the greatest
economic importance of the genus. The strong tropical
flavor from cupuassu seed-surrounding pulp is highly
appreciated in juices, ice creams, jams, candies, desserts,
and liquors (Velho et al. 1990). The seed pulp represents up
to 45% of the fruit fresh weight, while a product similar to
cocoa powder (called “cupulate” in Brazil) can be obtained
from fermented seeds. Cupuassu seed fat is distinct from
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Fig. 1 Approximate location of collection in the Brazilian Amazon of
the seven analyzed Theobroma grandiflorum groups of accessions,
including three from the germplasm collection located at “Embrapa
Amazonia Oriental”, Belém, Para state (1°28'S; 48°27'W), denomi-

cocoa butter (Gilabert-Escriva et al. 2002), but it has the
potential to be applied in various cosmetic and food
products, including ice creams and cakes.

Cupuassu is considered an outbreeding species because
of its floral morphology, adapted to pollination by insects,
and the occurrence of a complex self-incompatibility
system (Alves et al. 1997), probably similar to 7. cacao
(Cope 1976). Cupuassu seeds are recalcitrant (Velho et al.
1990), and seed dispersion is thought to be performed by
large rodents (such as agouti) and primates, including
humans. Fruit drop from tall trees (often >30 m) may
facilitate self-dispersion, but usually, seedlings are not
found around mature trees. Similar to other Amazonian
crops, cupuassu might have been stimulated by native
Amazonian people, resulting in a partial domestication
(Clement 1999). Cupuassu is still one of the most common
fruits found in agriculturist tribes of the eastern Amazon.

The Amazon region has been suffering from intense
colonization pressure, with constant deforestation and timber
exploration, particularly at the putative center of diversity of
T grandiflorum (Homma et al. 1996; Cuatrecasas 1964),

@ Springer

|
l
i

Aty

)
]
=
.
o
mig 3

nated as “Amazonas”, “Para”, and “Amapa”; one derived from
commercial areas from Tomé-agu, Para state (2°25'S; 48°09'W);
and the three natural populations “Nova Ipixuna”, “Tucurui”’, and
“Maranhao”

leading to irreversible losses of genetic resources. Further-
more, few cupuassu accessions have been collected and
maintained in ex situ germplasm collections in the Amazon
region and elsewhere. There is no information about the
genetic structure of 7. grandiflorum populations, while a few
studies have been conducted with the sympatric congener 7.
cacao (Ronning and Schnell 1994; N’Goran et al. 2000;
Motamayor et al. 2002; Sereno et al. 2006). Natural cacao
populations appeared to have a strong intrapopulation
structure with small differentiation among populations
(Sereno et al. 2006). Tropical tree species present unique
population characteristics and functioning related to the low
plant densities and pollen dispersion processes (Ward et al.
2005). Intrapopulation diversity of tropical trees would
depend on gene flow, mainly by pollen dispersal, and
tolerance to biparental inbreeding and/or selfing due to
spatial genetic structure (Latouche-Hallé et al. 2004). Most
of the population genetic studies of tropical tree species have
been conducted with forest species, while little is known
about tree species bearing fruits valued by humans, and
putatively proto-domesticated, such as cupuassu.
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Establishing the genetic diversity and structure of
cupuassu populations is critical to define strategies for
long-term in situ and ex situ conservation of genetic
resources to minimize further losses of this promising new
crop (Velho et al. 1990). There is an urgent need to define
areas with important genetic diversity to establish conser-
vation units and/or to accelerate germplasm collection for
conservation in ex situ repositories. On the other hand, the
few established collections need to be evaluated to help
optimize diversity conservation because cupuassu requires
in vivo maintenance due to seed recalcitrance. Because of
the lack of improved selected cupuassu cultivars, commer-
cial plantings have been established mainly using seeds
collected from natural populations, resulting in a great
heterogeneity but preserving an important sample of the
natural diversity.

The use of microsatellites to characterize the genetic
structure and diversity of tropical plant populations has
increased in recent years, but a major drawback is the high
cost of primer development. Cross-species amplification of
microsatellite loci represent an appealing alternative, with
transferability rates between congeners typically above
50%, decreasing proportionally to phylogenetic divergence
(Varshney et al. 2005), with reported successful application
in population genetics studies (Brondani et al. 2005;
Varshney et al. 2005; Zucchi et al. 2003). Microsatellite
primers developed for 7. cacao were tested in 7. grandi-
Sflorum with success (Lanaud et al 1999; Alves et al. 2000),
and they have been used to determine the mating system of
a natural population of cupuassu, detecting at least one
maternal allele in all individuals and without indications of
non-Mendelian inheritance (Alves et al. 2003).

The objective of this work was to characterize, using
microsatellite markers, the genetic diversity and structure of
three types of T. grandiflorum populations, including three
natural populations collected at the putative center of
diversity, three groups of accessions established at a
germplasm collection, and one derived from commercial
plantings. We expected that 7. grandiflorum contained a
comparable level of within-population genetic diversity as
T cacao, a congener with analogous biology and life
history traits (Cuatrecasas 1964). In comparison to other
species, we hypothesized that 7. grandiflorum contained a
large within-population diversity, considering it as a perfect
outbreeder (Alves et al. 2003), and a low genetic
differentiation among populations, derived from extensive
gene flow (Ward et al. 2005). The natural populations,
collected in the wild near the putative center of diversity,
were expected to present private alleles and higher levels of
genetic diversity than all the other groups. For the
germplasm collection, it was considered that, because T
grandiflorum did not occur naturally along the Amazon
river, the “Amazonas” group should derive from material

originated from Para by human dispersion and cultivation,
with more restricted diversity than the natural populations.
The sample derived from commercial plantings (“Tomé-
acu”) was expected to contain a lower level of diversity in
comparison to the natural populations because it was
derived from cultivated stands.

Materials and methods
Populations and groups of accession sampling

Seven samples of 7. grandiflorum accessions were analyzed
(Fig. 1), including three natural populations (“Nova
Ipixuna”, “Tucurui”, and ‘“Maranhdo”); three groups of
accessions from a cupuassu germplasm collection located at
“Embrapa Amazonia Oriental”, Belém, Para state (1°28'S;
48°27'W), denominated as “Amazonas”, “Pard”, and
“Amapd”; and one sample derived from commercial areas
from Tomé-agu, Para state (2°25'S; 48°09'W). The natural
populations “Nova Ipixuna” and “Tucurui” were collected
at the putative center of diversity of 7. grandiflorum in Para
state (Cuatrecasas 1964). The population from Nova
Ipixuna (4°53'S; 49°22'W) was represented by 40 indi-
viduals (minimum average distance between trees of ca.
500 m), sampled by us on December 2001 at a single site
over an approximately 5-km radius. The “Tucurui” popu-
lation contained 40 individuals originally collected by the
“Instituto de Pesquisa da Amazoénia” (INPA) in Tucurui
(4°3'S; 49°5'W) within a few kilometers from the area
later flooded by the dam of the Tucurui hydroelectric power
plant. The “Tucurui” accessions have been maintained at
the germplasm collection of INPA, Manaus, Amazonas
state. The other natural population (“Maranhdo”) was
represented by 40 individuals, originally collected by INPA
along the Pindaré river, Maranhdo state (2°0'S; 46°4'W),
within an approximately 5-km radius. These accessions are
also maintained by INPA.

The second set analyzed contained three samples of
accessions from the cupuassu germplasm collection. The
original accessions had been collected from backyard
gardens, small plantings, and subspontaneous areas in the
Brazilian Amazon (Lima and Costa 1991). The “Amazo-
nas” group contained 29 accessions, originally collected in
various sites along the Amazon river (Fig. 1). Ten
accessions were obtained from various areas of “Pard”
state, and seven accessions were from the state of “Amapa”.
The third group of accessions (“Tomé-agu”) was derived
from a sample of trees from commercial plantings. From
approximately 30,000 trees from 12 commercial areas, a
sample of 50 accessions were selected, cloned, and
established in another field at Embrapa in Tomé-agu and
used in the present analysis.
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DNA extraction

Leaf samples from all the individuals were oven-dried
(40°C). Samples of ca. 150 mg of leaf tissue were ground
in liquid nitrogen, and DNA was extracted using the
procedure described by Sereno et al. (2006). DNA was
quantified by fluorimetry in a DyNA Quant 2000 fluorom-
eter (Amersham Biosciences, Buckinghamshire, UK), and a
5-ng ul™' stock was prepared.

Microsatellite analyses

The total amplification reaction volume was 13 pl, containing
15 ng of genomic DNA, 1.5 mM MgCl,, 100 uM of each
dNTP, 0.2 uM of each primer, and 1.2 U 7aq polymerase in
an appropriate buffer (Invitrogen do Brasil, Sao Paulo,
Brazil). A total of 21 primer pairs developed for 7. cacao
(Lanaud et al. 1999) were synthesized by Invitrogen and
used in amplifications conducted using a touchdown
program as described by Alves et al. (2006). From the 21
loci used here, ten were previously confirmed in cupuassu to
be homologous to 7. cacao microsatellite loci by hybridiza-
tion (Lanaud et al. 1999), while five other loci (mTcCIR06,
mTcCIR31, mTcCIR33, mTcCIR43, and mTcCIR61) had been
analyzed for segregation in eight families to determine the
mating system of a natural population of 7. grandiflorum,
without disclosing non-Mendelian inheritance or any bias in
allele transmission (Alves et al. 2003). Amplification
products were separated in denaturing sequencing gels (6%
polyacrylamide; 7 M urea) run in TBE at 55 W for 2 h, and
products were visualized by silver staining according to the
procedure described by Creste et al. (2001).

Statistical analyses

The intrapopulation genetic diversity was characterized by
average number of alleles per locus (4), observed heterozy-
gosity (H,), expected heterozygosity in Hardy—Weinberg
equilibrium (H,), and fixation index (f) estimated using
GDA-NT (Degen 2006). Single and multilocus departures
from Hardy—Weinberg expected ratios were tested in natural
populations based on fixation index. The statistical signifi-
cance of individual and multilocus F' values was calculated
based on Monte-Carlo method (Manly 1997). A total of
1,000 permutations of homologous alleles among individuals
were run to test the significance of the F-value for each locus
using GDA-NT (Degen 2006). The distribution of the genetic
variability between and within natural populations was
analyzed using F-statistics based on Weir and Cockerham
(1984). Genetic divergence between populations (6,) was
estimated, and the 95 and 99% confidence intervals were
calculated by bootstrap based on 10,000 replications using
GDA (Lewis and Zaykin 1999). Historical gene flow (Nm)
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among natural populations was estimated according to Crow
and Aoki (1984) as Nm = (1/4a)[(1/Fsr) — 1)], where Fgr
was the measured genetic differentiation among populations,
and a(a =la/(a—1)])* was the correction for finite
number of populations (a). We substituted Fgt for 6p,
following Cockerham and Weir (1993). The distances
between pairs of populations were measured by the unbiased
minimum genetic distance (D;) of Nei (1978) and clustered
based on UPGMA using TFPGA (Miller 1997). The
clustering stability was tested by bootstrap with 1,000
resamplings.

Results

The analyses of 216 cupuassu accessions using the 21
microsatellite loci revealed a total of 113 alleles. The number
of alleles per polymorphic locus ranged from 2 to 11, with
an average of 5.38 alleles per locus (Table 1). The mean
expected heterozygosity (H.) estimated for each locus was
higher than the mean observed heterozygosity (H,) for most
cases, except for loci m7cCIR43 and mTcCIR58 (Table 1).
The overall mean expected heterozygosity (H,) estimated for
each locus for the species was 0.614, ranging from 0.032

Table 1 Genetic diversity of 21 microsatellite loci of 7. grandiflorum,
with the total number of accessions analyzed for each locus (n), total
number of alleles for each locus (n,4), mean expected heterozygosity
(H.), and mean observed heterozygosity (H,) averaged over all
accessions

Locus n [N H, H,
mIcCIR04 213 3 0.521 0.169
mIcCIR06 209 6 0.743 0.349
mIcCIR09 216 2 0.336 0.018
mIcCIRII 215 4 0.658 0.144
mIcCIRI2 213 3 0.501 0.141
mTcCIRI7 215 8 0.838 0.558
mTcCIRIS 216 8 0.722 0.361
mTcCIR19 212 5 0.757 0.410
mTcCIR22 213 7 0.670 0.263
mIcCIR25 216 7 0.816 0.592
mIcCIR26 214 10 0.804 0.369
mIcCIR30 216 4 0.032 0.014
mTcCIR31 215 7 0.726 0.340
mIcCIR33 216 5 0.740 0.324
mTcCIR43 215 6 0.633 0.693
mTcCIR4S5 216 3 0.106 0.069
mIcCIR48 214 3 0.558 0.280
mIcCIRS54 213 2 0.490 0.221
mIcCIRS57 212 5 0.716 0.259
mIcCIRS58 216 4 0.665 0.829
mIcCIR61 208 11 0.873 0.808
Grand mean 214 5.38 0.614 0.343
Total 113
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Table 2 Estimates of genetic parameters in seven 7. grandiflorum
samples based on 21 microsatellite loci

Groups n na Ny A H, H, f

Natural populations

Nova Ipixuna 40 67 5 3.19 0.388 0.353 0.133*

Tucurui 40 68 324 0422 0.339 0.234*

Maranhdo 40 77 10 3.67 0447 0374 0.209*

Mean 40 707 63 337 0419 0355 0.192
Germplasm groups

Amazonas 29 106 12* 5.05 0489 0.355 ne.

Para 10 68 1* 324 0405 0376 ne.

Amapa 7 58 0* 276 0402 0319 ne.
Growers

Tomé-agu 50 75 0* 357 0353 0305 ne.

n is the number of accessions analyzed for each sample, n, is the
total number of alleles per population, 7, is the number of private
alleles, A is the mean number of alleles per locus, H, is the mean
expected heterozygosity, H, is the mean observed heterozygosity,
and f'is the mean coefficient of inbreeding within population

*P<0.01

In relation to total sample

n.e. Not estimated

(mTcCIR30) to 0.873 (mTcCIR61) among loci, while the
observed heterozygosity (H,) was 0.343, ranging from 0.014
(mTcCIR30) to 0.829 (mTcCIR58) among loci (Table 1).
The mean number of alleles per locus for the natural
populations was 3.37 alleles, ranging from 3.19 (“Nova

Ipixuna”) to 3.67 (“Maranhao”) (Table 2). The total
number of alleles ranged from 67 for the “Nova Ipixuna”
to 77 for the “Maranhdo” populations. Considering only the
natural populations, “Nova Ipixuna” displayed five private
alleles, while “Tucurui” contained four and “Maranhao” ten
private alleles. The average fixation index was positive and
significantly different from zero for all natural populations,
ranging from 0.133 to 0.234, indicating departure from
Hardy—Weinberg proportions caused by excess of homo-
zygotes (Table 2). All loci were tested for Hardy—Weinberg
proportions based on Monte-Carlo method, and many loci
were not in equilibrium for all the natural populations
(Table 3). For the “Nova Ipixuna” population, 13 of the 21
loci (62%) exhibited a departure from Hardy—Weinberg
proportions (Table 3), and the same trend was observed for
the “Tucurui” and “Maranhao” populations, with deviation
for 12 (57%) and 15 loci (71%), respectively. The genetic
divergence among the natural populations was high and
statistically significantly different from zero (6p = 0.301;
P < 0.01), suggesting a limited historic gene flow among
these populations (Nm=0.26).

Considering the three groups of germplasm accessions
and the one from growers (“Tomé-acu”), the total number
of alleles ranged from 58 (“Amapa”) to 106 for the
“Amazonas” group of accessions (Table 2). Considering
the total sample of accessions, only the “Amazonas” group
displayed 12 private alleles, while the “Pard” displayed one

Table 3 Fixation index (f) and P-values to Hardy—Weinberg equilibrium for each locus in the three natural populations

Locus Nova Ipixuna Tucurui Maranhdo

f P-value f P-value f P-value
mTcCIR04 1.000 1.000 0.284 0.972 0.103 0.771
mTcCIR06 0.271 0.998 0.239 0.946 0.201 0.923
mTcCIR09 0.000 - 0.000 - —0.026 0.874
mTcCIR11 0.212 0.872 0.457 0.997 —0.030 0.799
mIcCIRI2 —0.187 0.828 0.375 0.986 0.422 0.989
mIcCIR17 0.185 0.964 0.191 0.968 0.330 1.000
mIcCIRI1S 0.292 0.957 0.061 0.732 —0.050 0.694
mTcCIR19 0.138 0.840 0.523 1.000 0.309 1.000
mIcCIR22 0.197 0.932 0.575 1.000 0.799 1.000
mTcCIR25 0.360 0.968 —0.370 1.000 —0.590 1.000
mTcCIR26 0.051 0.627 0.672 1.000 0.328 0.998
mTcCIR30 0.000 - 0.000 - 1.000 1.000
mIcCIR31 0.252 0.973 0.257 0.988 0.524 1.000
mIcCIR33 —0.088 0.735 0.549 1.000 0.413 0.999
mTcCIR43 —0.770 1.000 —0.200 0.920 —0.499 1.000
mTcCIR45 0.314 0.971 1.000 1.000 0.000 -
mTcCIR48 0.232 0.928 0.291 0.938 0.292 0.957
mTcCIR54 0.000 - —0.182 0.870 1.000 1.000
mTcCIRS57 0.775 1.000 0.208 0.867 0.566 1.000
mTcCIRS58 —0.375 1.000 —0.582 1.000 —0.756 1.000
mIcCIR61 —0.470 1.000 0.094 0.852 —0.152 0.992
— Not tested
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private allele. No private allele was found in the “Amapa”
and “Tomé-acu” samples. The mean number of alleles per
locus for these group of accessions ranged from 2.76
(“Amapd”) to 5.05 (“Amazonas”).

The estimated unbiased Nei’s minimum genetic distance
(Nei 1978) for each pair of sample ranged between 0.012
and 0.385 (Fig. 2). Among the natural populations, the
“Tucurui” and “Nova Ipixuna” populations were genetically
distant (0.222). The three groups of accessions from the
germplasm collection formed a highly homogeneous
cluster, with low genetic distance (between 0.012 and
0.033; Fig. 2). The sample from commercial plantings
(“Tomé-acu”) exhibited a large genetic distance to the
germplasm group of accessions, ranging from 0.350 to
0.376, while being more similar to the natural populations
(0.198 to 0.234).

Discussion

The genetic diversity of seven groups of accession,
including three natural populations of T. grandiflorum,
was evaluated using 21 polymorphic microsatellite loci,
originally developed for 7. cacao (Lanaud et al. 1999),
disclosing a total of 113 alleles. The number of loci utilized
in this study (n=21) greatly exceeded the average number
commonly employed in similar diversity analyses of
tropical tree species (maximum of 16 loci reported for
T. cacao by Motamayor et al. 2002), as well as in other
diversity studies of wild plants (n = 8.4 £ 6.7; Nybom
2004), representing a superior genome coverage.

Changes in microsatellite allele structure and/or decrease
of average length may reduce the detection of variability
between congeners, a phenomenon known as ascertainment
bias (van Treuren et al. 1997; Shepherd et al. 2002).
However, the estimated diversity parameters averaged over
natural cupuassu populations (4=3.37 alleles per locus;

I T T T 1
0.400 0.300 0.200 0.100 0.000

65.8% Amazonas
100%|-|: Para

Amapa

100% Maranha
79.7% aranhao

702% N. Ipixuna

Tucurui

51.6%|

Tomé Acu
Fig. 2 Graphic representation of the clustering analysis using
UPGMA based on nonbiased minimum genetic distance of Nei
(1978), containing the P-value of bootstrap analyses for seven T.
grandiflorum samples based on microsatellite markers
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H.=0.419; H,=0.355; Table 2) were equivalent to the
diversity levels reported based on 11 to 16 microsatellite
loci for populations of 7. cacao @ =3.9—4.0;
H, =0.540 — 0.566; H, = 0.347 — 0.413; Motamayor et
al. 2002; Sereno et al. 2006), a sympatric congener with
analogous biology and life history traits. Both species were
analyzed with similar set of primers, and these results
confirmed that any ascertainment bias was only mild in
cupuassu using cacao microsatellite primers. Thus, T
grandiflorum contained a comparable level of within-
population genetic diversity to 7. cacao as hypothesized.

However, the allelic diversity parameters disclosed for 7.
grandiflorum were lower than values commonly reported
for wild plants analyzed using microsatellite markers.
Nybom (2004) reviewed 106 intraspecific genetic diversity
studies in wild plants with a wide range of biology and life
history traits based on microsatellites, reporting an average
of 83.2 alleles from 8.4 loci (average 9.9 alleles per locus),
with a mean expected heterozygosity of 0.61+£0.21 and
observed heterozygosity of 0.58+0.22. Furthermore, when
the diversity parameters of cupuassu were compared to
those from other Neotropical tree species with high
outcrossing rate analyzed by microsatellites, such as
Pithecellobium elegans (4=6.5; H.=0.645; H,=0.710
Chase et al. 1996), Carapa guianensis (4=7.6; H.=0.666;
H,=0.683; Dayanandan et al. 1999), Swietenia humilis (A=
7.1; H.=0.524; H,=0.482; White et al. 1999), Caryocar
brasiliensis (4=10.6; H.,=0.856; H,=0.765; Collevatti et
al. 2001a), Dinizia excelsa (A=18.2; H.=0.611; H,=0.651,
Dick et al. 2003), Swietenia macrophylla (4=9.5; H.=
0.781; H,=0.751; Lemes et al. 2003), Dicorynia guianensis
(A4=7.3; H.=0.629; H,=0.621; Latouche-Hallé; et al.
2003), Symphonia globulifera (4=8; H.=0.870; H,=
0.730; Degen et al. 2004), and Manilkara huberi (A=6.4;
H.=0.813; H,=0.688; Azevedo et al. 2005), the same trend
could be established, with 7. grandiflorum displaying a
lower allelic diversity and reduced expected and observed
heterozygosities. Most tropical forest tree species typically
presented a larger number of alleles per locus and a
consequent higher potential expected heterozygosity. On
the other hand, lower diversity had been detected in 7° cacao
A4=39—-4.0; H = 0.54—0.566; H, = 0.347 — 0.413;
Motamayor et al. 2002; Sereno et al. 2000), Eugenia
dysenterica (A=3.1; H,=0.442; H,=0.458; Zucchi et al.
2003), and Vitellaria paradoxa (A=2.3; H.=0.512; H,=
0.306; Sanou et al. 2005). Therefore, it can be concluded
that 7. grandiflorum did not exhibit the large genetic
diversity as was originally hypothesized.

The microsatellite allelic richness displayed by a particular
locus can be influenced by the method of locus identification,
which can be either from genomic libraries (random or
microsatellite-enriched) or expressed genic sequences (Var-
shney et al. 2005). However, all loci are commonly
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preselected for the highest diversity, maximizing length and
number of alleles per locus (van Treuren et al. 1997).
Considering that all loci analyzed in the studies of tropical
tree species (listed above) were obtained from enriched
genomic libraries by similar approaches, the difference in the
number of alleles per locus should not be biased by the
microsatellite development method. One possible explana-
tion for the low number of alleles detected in cupuassu might
derive from a supposed partial domestication by native
Amazonian peoples (Clement 1999), reducing allelic diver-
sity probably because of a founder effect. A similar
phenomenon could have also occurred with 7. cacao (Sereno
et al. 2006), E. dysenterica (Zucchi et al. 2003), and V.
paradoxa (Sanou et al. 2005), all fruit-bearing species
valued by humans, who may act as a seed disperser, in
opposition to the other commonly analyzed tropical tree
species mostly logged for timber. Proto-domestication
should not affect the number of alleles, assuming that
microsatellites are considered to be neutral markers (Sanou
et al. 2005). However, microsatellite loci are sensitive to
sample size due to the high level of allelic polymorphism,
and cultivation/domestication tends to be based on limited
number of individuals. Hollingsworth et al. (2005) detected
lower allelic richness in five planted stands directly
compared to geographically matching natural stands of Inga
edulis in Amazonia. Therefore, cultivation/domestication of
T grandiflorum might have affected the allelic diversity of
cupuassu populations by genetic drift.

Many Neotropical tree species occur at a considerably
lower density than temperate equivalents, with agglomera-
tion of individuals, which tends to reduce intrapopulation
genetic diversity due to small effective population size,
while favoring population differentiation (Lemes et al.
2003; Novick et al. 2003; Dutech et al. 2004). The lower
observed heterozygosity of some of these tropical trees
might, therefore, derive from the mating system, with
increased biparental inbreeding and/or selfing due to
limited seed and pollen dispersal and spatial genetic
structure (Collevatti et al. 2001b; Dutech et al. 2004). An
important consequence of the spatial genetic structure
detected in various tropical tree species studied to date
(e.g., Degen et al. 2004; Hardy et al. 2006) has been the
common observation of outcrossing between relatives,
resulting in a significant excess of homozygotes compared
to expected Hardy—Weinberg proportions. Excess of homo-
zygotes has been reported for Melaleuca alternifolia in
Australia (Rossetto et al. 1999), S. humilis in Honduras
(White et al. 1999), C. brasiliensis in Brazil (Collevatti et
al. 2001a), S. macrophylla in Meso-America (Novick et al.
2003) and Brazil (Lemes et al. 2003), and D. guianensis in
French Guyana (Latouche-Hallé et al. 2003). The deficit
in heterozygotes has also been a current observation in
T. cacao populations, estimated by isozymes (Ronning and

Schnell 1994), RFLP (N’Goran et al. 2000), and micro-
satellites (Sereno et al. 2000).

The three natural populations exhibited positive and
significant fixation index (Table 2). The excess of homo-
zygotes in T. grandiflorum populations might derive from
mating system by biparental inbreeding or by Wahlund
effect or as a result of null alleles. Long-distance pollen
dispersal and tolerance to selfing are two strategies to
overcome demographic restrictions to allow efficient
mating (Latouche-Hall¢ et al. 2004). Cupuassu appears to
be pollinated by generalist insects (Falcdo and Lleras
1983), which tend to restrict pollen flow in comparison to
foraging habits of specialized pollinators. Natural seed
dispersion of cupuassu is conducted either by gravity or
mainly by animals, such as primates and large rodents
(Dasyprocta sp. Agouti paca), responsible for scatter
hoarding. T. grandiflorum appears to be a typical outbreed-
ing species because of its floral syndrome and the
occurrence of an efficient self-incompatibility system
(Alves et al. 1997, 2003), possibly similar to the one
described in 7. cacao (Cope 1976). The unique gameto-
sporophytic self-incompatibility system of 7. cacao is not
absolute, but quantitative, depending on the ratio of fused
to nonfused ovules (Knight and Rogers 1955; Cope 1962),
and can be overcome by employing a mixture of compat-
ible and incompatible pollen with successful self-fertiliza-
tion, or even naturally at a very low rate, affected by
environment and maternal genotype (Glendinning 1960). A
similar situation might occur in cupuassu under natural
conditions, with the mixture of compatible and incompat-
ible pollen allowing self-pollination and/or crossing be-
tween relatives. In fact, Alves et al. (2003) evaluated the
mating system of cupuassu of the natural population “Nova
Ipixuna” using microsatellites, concluding that cupuassu
appeared as a perfect outbreeder, but showing some level of
biparental inbreeding. Inbreeding in an offspring derived
from crosses between relatives is equal to the half of the
coefficient of relatedness between parents or to the mean
coancestry between parents. The estimated fixation indices
for the 7. grandiflorum natural populations were high,
ranging from 0.133 to 0.209. Assuming that selfing was
absent because of self-incompatibility, the observed coeffi-
cient of inbreeding could have derived from mating
between half-sib (0.125) and/or full-sib families (0.25).
Alves et al. (2003) detected that 93% of the individuals
from open-pollinated progenies appeared to be full sibs.
The outcrossing between half and full sibs could explain
the high levels of inbreeding in the populations. Biparental
inbreeding might be a main reason for the high fixation
index in some 7. grandiflorum populations, but the
occurrence of Wahlund effect cannot be entirely discarded
due to possible existence of temporal breeding subunits
inside the sampled regions. The alternative hypotheses for
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the deficit of heterozygotes include the occurrence of null
alleles and/or allele dominance (Nybom 2004) or biased
transmission of alleles. Presence of null alleles (which fail
to amplify because of mutations at the flanking primer
sites) or allele dominance is difficult to demonstrate,
requiring specific experiments, as described by Morand et
al. (2002). However, the low frequency of homozygous
individuals for null alleles represented by total lack of
amplification (as demonstrated by the total number of
individuals scored for each locus on Table 1) indicated that
it is highly unlikely that null alleles were present in a
frequency that affected the level of observed heterozygosity.
Additionally, Alves et al. (2003) detected at least one
maternal microsatellite allele in all individuals from eight
families for eight loci, when investigating the mating system
of cupuassu, which corroborated a low frequency of null
alleles. In terms of biased transmission of alleles, there was
no evidence indicating non-Mendelian inheritance of alleles
for most of the loci used here, since some of the loci
(mTcCIR06, mTcCIR17, mTcCIRI9, mTcCIR22, mTcCIR3 1,
mTcCIR33, mTcCIR43, and mIcCIR61) were previously
analyzed in families, without disclosing any bias in allele
transmission (Alves et al. 2003). Considering that some of
the cupuassu loci were shown to be homologous in cacao
(Lanaud et al. 1999), where they have been characterized
and mapped without any evident, highly abnormal behavior,
it seemed unlikely that the excess of homozygotes derived
exclusively from biased transmission of alleles.

The three germplasm groups of accessions were genet-
ically similar (Table 2) despite the differences in observed
heterozygosity, the number of alleles, and the occurrence of
private alleles. The “Amazonas” set displayed the highest
expected heterozygosity (Table 2) and most of the private
alleles (1,,=12). This sample was composed by accessions
collected from a wide geographic range (Fig. 1), likely
containing alleles from diverse origins, which might justify
the large genetic diversity and rare alleles detected. Because
T. grandiflorum is considered a species with pre-Colombian
use and not native to the state of Amazonas (Ducke 1946;
Cuatrecasas 1964), specimens may be regarded as sub-
spontaneous or cultivated, probably introduced from other
provenances by migrating people. The genetic distance
between “Amazonas”, ‘“Pard”, and “Amapa” was low
(Fig. 2) even though they were originally sampled at
distant locations (Fig. 1). There is no information about the
exact origin of the genetic materials collected, but because
of their low divergence, it can be suggested that they shared
a common origin, probably predominantly from Para state.

On the other hand, the “Pard” set, which supposedly
originated from the species center of diversity (Cuatrecasas
1964), displayed a single private allele (Table 2). But the
“Pard” group was poorly represented at the germplasm
collection (n=10) because the collecting expeditions covered
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a limited number of sites away from the region of natural
occurrence (Lima and Costa 1991; Fig. 1). Curiously, the
two natural populations (“Nova Ipixuna” and “Tucurui”),
sampled closer to the T. grandiflorum putative center of
diversity at the south/southeastern region of Pard state
(Fig. 1), did not contain any private alleles when the total
sample was considered. The approximate location of the 7.
grandiflorum center of diversity remains to be confirmed.
The natural populations (“Nova Ipixuna”, “Tucurui”’, and
“Maranhdo”) displayed more genetic diversity than the
growers’ sample (“Tomé-agu”) in terms of mean expected
and observed heterozygosities (Table 2), but not in mean
number of alleles per locus (except for “Maranhdo”),
suggesting that in fact selection/cultivation might have
reduced the level of diversity, as initially expected.

T grandiflorum apparently adhered to a general pattern of
genetic diversity structure of some tropical trees occurring at
low densities, with a low intrapopulation genetic diversity,
with important levels of endogamy, likely due to biparental
inbreeding, probably derived from spatial genetic structure
and a partial tolerance to selfing (Rossetto et al. 1999;
Collevatti et al. 2001a,b; Lemes et al. 2003; Novick et al.
2003; Latouche-Hallé et al. 2004; Sanou et al. 2005; Sereno et
al. 20006). The isolation of the populations by limited pollen
and seed dispersal, together with the demography of
individuals at low density and occurring in clumps, may
favor population differentiation. The genetic divergence
among natural populations was high and significant (fp=
0.301), indicating a very limited gene flow among populations
(Nm=0.26). Moderate, but significant, genetic differentiation
among populations has been described for various Neotropical
trees, usually in studies on a large geographical scale,
analyzing populations at average distances over 500 km,
including S. macrophylla in Brazil (0p=0.097; Lemes et al.
2003) and Meso-America (p=0.109; Novick et al. 2003) and
C. brasiliense in Brazil (6p=0.07; Collevatti et al. 2001a),
while in S. Aumilis (White et al. 1999) and C. guianensis
(Dayanandan et al. 1999), much lower nonsignificant genetic
differentiation was detected among populations from a limited
geographical range. The high level of genetic differentiation
observed between two natural populations of 7. grandiflorum
(“Nova Ipixuna” and “Tucurui”) distant by ca. 100 km was
similar to the differentiation between populations of S.
macrophylla less than 20 km apart described by Lemes et al.
(2003). On the other hand, Dutech et al. (2004) described a
nonsignificant low differentiation (F57=0.08) between Voua-
capoua americana populations distant by 300 km, while
Sanou et al. (2005) reported a low population differentiation
(Fst=0.047) for V. paradoxa populations across up to 900 km
in Mali, possibly, in the latter case, because of human impact
on gene dispersal.

For a species considered to be an outbreeder, the
cupuassu population differentiation was extremely high,
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with 30.1% of the genetic diversity allocated among
populations and 69.9% within populations. The genetic
divergence among populations revealed by neutral loci,
such as microsatellites, can derive from high mutation rate
for the various alleles of the same locus in distinct
populations, from genetic drift, and from population
isolation. In T grandiflorum, all three factors might have
occurred. Species with wide geographic distribution often
develop into locally adapted populations, which can
become genetically distinct (Seoane et al. 2001). Coloni-
zation or foundation of new populations based on few
genotypes may also lead to a strong genetic divergence by
genetic drift. It is possible that this might have happened to
cupuassu considering its seed dispersal by gravity and
pollen flow by generalist insects. Forest fragmentation
could have been another reason, causing population
reduction and isolation, with the subsequent increase in
genetic drift, and limiting or totally voiding gene flow
among populations. Therefore, it appears that cupuassu
may suffer a limited gene flow, and human interference in
spreading and/or stimulating plantings might have had a
smaller effect than expected in natural populations.

The high genetic divergence detected among natural
populations suggested that the approach for in situ
conservation would require the establishment of a large
number of areas for medium- to long-term preservation of
the genetic diversity. According to Namkoong (1988), the
probability to keep or sample an allele at ¢ frequency,
occurring in a fraction p of populations (under Hardy—
Weinberg equilibrium) when » individuals are maintained
from S populations (where S is the number of populations
necessary to retain or sample a target allele frequency), can
be estimated by P = |(1 —p) 4 p(1 — ¢)*"| , which can be
solved for as S = 1nP /1n|(1 — p) + p(1 = ¢)*"|. Brown
and Hardner (2000) suggested that common alleles (fre-
quency >0.05) of localized occurrence in some populations
(occurring in less than 25% of the populations; Adams
1981) must be prioritized for species conservation because
they may possibly represent adaptations for specific
environments, being invaluable against sudden environ-
mental changes. Using these common alleles as reference
(¢>0.05), occurring in 25% of the populations (p=0.25),
and assuming that at least 100 nonrelated individuals per
population can be maintained (2=100), the number of
populations S, required for in situ conservation at a
confidence probability of P=0.95, is estimated to be a
minimum of 11 populations. However, because 7. grandi-
florum populations may not be at a Hardy—Weinberg
equilibrium (e.g., natural populations), a larger number of
populations may be required for conservation. For ex situ
conservation, germplasm collection should be planned to
include many sites and sample various individuals within
each site to cover more genetic diversity of the species.

Based on the same estimation of the number of populations
as above (S>11) for localized common alleles, seeds from
at least 25 trees per population should be sampled to
represent an effective number of 50 (Alves et al. 2003).
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