
ORIGINAL ARTICLE

Gene flow among Hancornia speciosa (Apocynaceae) varieties
and hybrid fitness

Rosane G. Collevatti1 & Ana Maria Olivatti1 & Mariana P. C. Telles1 & Lázaro J. Chaves2

Received: 23 September 2015 /Revised: 9 May 2016 /Accepted: 1 July 2016 /Published online: 11 July 2016
# Springer-Verlag Berlin Heidelberg 2016

Abstract The fate of hybrids and the temporal and spatial
dynamics of hybrid zones depend on hybrid fitness in com-
parison to non-hybrids. We studied cross-pollination among
Hancornia speciosa varieties and compared progeny fitness in
a nursery to address whether hybrid fitness differed from non-
hybrids and whether maternal and paternal taxa contribute
differentially to offspring fitness. This species has edible fruit
pulp that is used as a raw material for candies, ice cream, and
juice by small- and medium-sized enterprises in Central-West
and Northeast Brazil. We genotyped 258 adults from a germ-
plasm collection and 320 seeds using seven microsatellite loci
to estimate genetic parameters and determine pollen donors.
Fitness components, days to shoot, growth rate (mm/day), leaf
width (mm), leaf length (mm), stem diameter (mm), and plant
height (cm) were analyzed in 200 individuals. Genetic diver-
sity and polymorphism did not differ neither between adults
and progeny arrays nor among the four varieties. Genetic dif-
ferentiation among varieties (FCT = 0.019, p < 0.001) and
among populations within varieties (FSC = 0.053, p < 0.001)
was significant but low. We detected mating among the four
varieties, and no self-pollination was observed in parentage

analysis, confirming thatH. speciosa is self-incompatible with
a high outcrossing rate (tm = 0.990, SE = 0.007). No significant
effect of heterosis or exogamic depression was detected for
any fitness component, but maternal contribution significantly
affected plant height.

Keywords Germplasm collection . Heterosis . Mating
system .Microsatellites .Neotropical tree . Parentage analysis

Introduction

Hybridization is an important mechanism in species formation
either leading to new species or preventing the differentiation
and evolution of different species (Barton and Hewitt 1985;
Futuyma and Shapiro 1995; see also Seehausen 2004 for a
review). The fate of hybrids and the temporal and spatial dy-
namics of hybrid zones depend on hybrid fitness in compari-
son to non-hybrids (Barton and Hewitt 1989). It is often as-
sumed that hybrid fitness is lower than non-hybrid fitness
because of genetic incompatibilities (Dobzhansky 1970) and
that hybrid zones are maintained over time due to the continu-
ing gene flow between the parental species (tension zone
model; Barton and Hewitt 1985). However, hybrids can be
more fit than either of the parental species in a specific habitat
or they can outperform parents due to heterosis or evolution-
ary novelty (see Hewitt 1988 for a review).

The classic view of an ecological speciation states that
reproductive isolation evolved in allopatry during adaptation
to different environments (by-product mechanism) and is re-
inforced by reduced hybrid fitness (Butlin 1989). Hybrid
zones are assumed to form via secondary contact after geo-
graphic divergence in allopatry. Notwithstanding, parapatric
speciation may occur in particular conditions, such as ecolog-
ical adaptation followed by in situ evolution of assortative
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mating (see Jiggins and Mallet 2000 for a review). Thus, in-
formation on crossing among races or varieties and the fitness
of hybrids are critical for understanding ecological speciation
and evolution of hybrid zones (see Schluter 2001 for a review).

Hancornia speciosa Gomes (Apocynaceae) is a
Neotropical tree widely distributed in savannas and open veg-
etation from the Northeast towards Central-West Brazil,
Paraguay, Bolivia, and Peru. The species is hermaphroditic
and is pollinated mainly by moths. Controlled pollination ex-
periments suggest that the species is self-incompatible
(Darrault and Schlindwein 2005). H. speciosa was split into
six varieties based on morphological differences in leaves and
flowers (Monachino 1945), with parapatric or sympatric geo-
graphic distributions. H. speciosa var. speciosa (Gomes) oc-
curs from the Northeast towards the Central-West and North
Brazil;H. speciosa var.maximilliani (A. DC.) andH. speciosa
var. lundii (A. DC.) occur in Southeast Brazil;H. speciosa var.
cuyabensis (Malme) occurs in Mato Grosso, Central-West
Brazil; H. speciosa var. gardneri (A. DC. Muell. Arg.) and
H. speciosa var. pubescens (Nees and Martius) Muell. Arg.
occur in central Brazil. The morphological differentiation sug-
gests long-term restriction on gene flow and ecological adap-
tation or mutation of characters determined by low number of
genes (Coelho and Valva 2001; Chaves 2006). In fact, high
genetic differentiation has been observed among populations
of H. speciosa var speciosa in Northeast Brazil using
microsatellites (Amorim et al. 2015) and among populations
of H. speciosa var gardneri and H. speciosa var pubescens in
Central-West Brazil using RAPD (FST = 0.197, Moura et al.
2011). However, some varieties are sympatric or parapatric
with contact zones, and individuals with intermediate pheno-
type may be observed, suggesting no restriction on gene flow
(Chaves 2006) and the maintenance of hybrid zones. Thus, a
study of mating among varieties and progeny fitness is critical
to understanding hybrid zone dynamics and the evolution of
differentiation among varieties. If in situ parapatric differenti-
ation is occurring in H. Speciosa, we predict no cross-
pollination among varieties or lower hybrid fitness.

The edible fruit pulp of H. speciosa is used as raw material
for candies, ice cream, and juice by small- and medium-sized
enterprises in Central-West and Northeast Brazil, playing an
important role in local economies. Despite its importance to
the human population, all fruit markets are based on harvest-
ing from populations in the wild, and no systematic breeding
program or seed orchards have yet been developed (Lederman
and Bezerra 2006). No information on pollen dispersal is
available for H. speciosa nor whether the different varieties
can cross-pollinate. In addition, one of the main constraints to
a H. speciosa breeding program is the slow growth of seed-
lings in nursery, the long generation time compared to annual
crops (c. 5 years of age at the first reproduction and c. 10 years
to full production), and the strong flowering and fruiting sea-
sonality, usually restricted to the spring (Lederman and

Bezerra 2006). In addition, the potentially existing self-
incompatible system may constrain the numbers of compati-
ble mating within a germplasm collection. Therefore, the as-
sessment of pollen flow dynamics and pollen contamination in
a germplasm collection is highly important in order to define
breeding methods and develop management practices that re-
duce pollen contamination (El-Kassaby and Askew 1998).
The information on the genetic diversity conserved in a germ-
plasm collection, the reproductive system, and pollen-
mediated gene flow may provide fundamental information
for breeding programs and genetic resource conservation
(e.g., Buiteveld et al. 2001; Stoehr and Newton 2002;
Moriguchi et al. 2004).

In this work, we studied cross-pollination among
H. speciosa varieties in a germplasm collection, to better
understand the evolution of varieties and generate useful
information for a breeding program. We compared prog-
eny fitness in a nursery to address whether hybrid fitness
differed from non-hybrids and whether maternal and pa-
ternal taxa make different contributions to fitness. We also
compared the genetic diversity and differentiation among
varieties. For this, we analyzed open-pollinated progeny
arrays from the germplasm collection. Progeny arrays
were genotyped using seven microsatellite loci for pater-
nity assignment. Progeny fitness was determined by mea-
suring six quantitative traits in the nursery (days to shoot,
growth rate, leaf width, leaf length, stem diameter, and
plant height).

Materials and methods

The germplasm collection

The study was performed in the H. speciosa germplasm col-
lection of BEscola de Agronomia, Universidade Federal de
Goiás^ (EA/UFG hereafter), a study plot planned as a basis
for breeding programs. The collection was planted in
December 2005 in an experimental area within the
University Campus at Goiânia, GO, Brazil. For this, 109
open-pollinated progeny arrays were sampled in 34 wild pop-
ulations comprising four varieties (Supporting Information
Table S1). In each population, three to five progeny arrays
were sampled (c. 20 seeds per mother tree) and grown in a
nursery in a completely randomized block design. Four seed-
lings per progeny from 58 mother trees were planted in the
field in a completely randomized block experimental design
(four blocks) in 5 × 6 m spacing (Ganga et al. 2009). One
seedling from another 84mother trees was planted in two other
blocks in 5 × 6 m spacing. The collection then had 274 adult
individuals in an orchard of 220 × 60 m with four varieties:
H. speciosa var. pubescens (65 individuals), H. speciosa var.
gardneri (159),H. speciosa var. speciosa (21), andH. speciosa
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var. cuyabensis (29). Variety identification was checked again
in adult plants in germplasm collection using leaf morphology
following Monachino (1945).

Experimental design and sampling

We analyzed open-pollinated progeny arrays to evaluate nat-
ural crossing within and among varieties and offspring fitness.
Plants started to flower at c. 5 years old (2010), and by 2012
(7 years old), all plants had already had at least one flowering
season. Twenty-seven mother trees were randomly chosen for
seed sampling in the fruiting season (August and September)
of 2012. Fruit development in H. speciosa is very slow, so the
fruits collected in 2012 originated from the flowering season
of 2011. From the 27 mother trees, 14 were H. speciosa var.
gardneri, 7H. speciosa var. pubescens, and 6H. speciosa var.
cuyabensis. H. speciosa var. speciosa had no fruits in the
fruiting season of 2012. Differences in the number of mother
trees were mainly due to the number of flowering and fruiting
trees for each variety. Seeds (560) were grown in the nursery
in a completely randomized experimental design, and leaves
from 320 seedlings were collected for DNA extraction and
genotyping for parentage, mating system, and genetic diversi-
ty analyses (see below). The number of seedlings analyzed per
mother tree differed due to variation in germination (Table 1).
We also sampled leaves from all adults (274) to genotype for
parentage, mating system, and genetic diversity analyses.

Genetic analysis

We genotyped all adults and progeny arrays using seven mi-
crosatellite loci (Rodrigues et al. 2015). DNA was extracted
from leaves using the CTAB 2 % protocol (Doyle and Doyle
1987). Forward primers were marked with fluorescent dyes 6-
FAM, HEX, and NED (Applied Biosystem, CA). PCR was
performed in 15-μl reaction with 10-ng template DNA, 1×
reaction buffer (10 mM Tris-HCl, pH 8.3, 50 mM KCl,
1.5 mM MgCl2), 250 μM of each dNTP, 250 μg BSA,
2.16 μM of each primer, and 1 U Taq DNA polymerase
(Phoneutria, BR). Amplifications were performed in a
GeneAmp PCR System 9700 (Applied Biosystems, CA) with
one cycle at 95 °C for 5 min, 30 cycles at 95 °C for 1 min,
annealing temperature for 1 min (specific for each primer pair,
see Rodrigues et al. 2015), 72 °C for 1 min, a final step at
72 °C for 30 min to enforce 3′ Taq adenylation. PCR frag-
ments were electrophoresed with GeneScan 500 internal lane
standard (ROX, Applied Biosystems, CA) in an ABI Prism
3100 automated DNA sequencer (Applied Biosystems, CA)
and automatically sized using the software GeneMaper® v4.1
software (Applied Biosystems, CA).

All individuals were genotyped twice and genotypes were
visually reviewed and then Micro-Checker software (van
Oosterhout et al. 2004) was used to detect errors due to stutter

bands, allele drop-out and null alleles. We found no evidence
of genotyping errors due to stutter bands or allele drop-out
when the raw data were analyzed. We also found no evidence
of null alleles.

Parentage analysis, gene flow among varieties, andmating
system

To analyze crossing among varieties and offspring fitness, we
first determined seed parentage using an assignment test im-
plemented in the software CERVUS 3.0 (Kalinowski et al.
2007).

Due to the low DNA quality that resulted in unreliable
genotypes, we successfully genotyped 258 adults from the
274. Thus, the 258 adult trees were considered candidate pol-
len donors for the 320 seeds analyzed. For parentage determi-
nation, we performed two simulations: one allowing selfing
and another allowing only cross-pollination. For both simula-
tions, we considered a genotyping error of 0.01 and 95 % of
the candidates were sampled because some individuals had
not been genotyped and also there was an arboretum close to
the germplasm collection. We performed 10,000 parentage
simulations at 95 % (strict) and 90 % (relaxed) confidence.

We also obtained pollen dispersal distances and the vari-
ance of dispersal distance (∂p2). To verify whether the pollen
dispersal distance distribution followed the adult distribution
in experimental area, we performed a Kolmogorov-Smirnov
test. We estimated the number of pollen donors for each moth-
er tree as the proportion of seeds sired by each pollen donor,
Np = 1/∑pi2 (Burczyk et al. 1996), where pi is the number of
seeds sired by each pollen donor (i)

We estimated the differentiation of allelic frequencies
among the pollen pools sampled by the females in the popu-
lation, ϕFT (Smouse et al. 2001, Austerlitz and Smouse 2001),
using the software TWOGENER (Austerlitz and Smouse
2001). To verify whether pollen pool differentiation was cor-
related with spatial distance, we performed a Mantel test with
10,000 permutations between pairwise ϕFT and spatial dis-
tance matrices.

Finally, we analyzed H. speciosa mating system using the
mixed-mating correlated model implemented in the software
MLTRWin (Ritland 2002). Mating system parameters were
obtained based on the assumption that there is a common gene
pool for all the varieties due to results from gene flow among
varieties (see below).We estimated multiloci outcrossing rates
(tm), single locus outcrossing rates (ts), biparental inbreeding
or outcrossing rates between related individuals (tm − ts),
multilocus correlation of outcrossed paternity within progeny
arrays (rp), and the correlation of self-fertilization between
progeny (rs). Standard error for each estimate was obtained
with 10,000 bootstrap resamples. We obtained pollen and
ovule allele frequencies and tested for deviation from homo-
geneous distribution using contingency tables for each locus.
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The Fisher exact test was performed using a Markov Chain
method, implemented in the software Genepop 4.2.2 (Rousset
2008).

Using the multilocus correlation of outcrossed paternity
within progeny arrays (rp), we estimated the effective number
of pollen donors (Nep = 1/rp) in the germplasm collection, i.e.,
the equivalent number of male parents in an idealized popu-
lation where all males in the neighborhood have equal fertil-
ities.We also estimated the proportion of half sibs [PHS = tm(1
− rp)] and full sibs (PFS = tmrp) in the progeny arrays.

Offspring fitness analysis

We measured the fitness component in offspring for six quan-
titative traits. Plant height (PH, cm) and stem diameter (SD,
mm) were measured 133 days after seed germination. Growth
rate (GR, mm/day) was obtained from the regression coeffi-
cient (b) of height (Y, mm) and variation in time (X, day). For

this, we measured plant height seven times, from germination
day to 133 days later. Leaf length (LL, mm) and width (LW,
mm) were obtained from the mean value among three leaves
per plant, also measured up to 133 days after germination. We
also obtained the number of days to shoot (DS).

We estimated heterosis as the difference in mean value of
each quantitative trait between varieties and hybrid offspring.
To test for heterosis or exogamic depression, we performed a
one-way ANOVAwith planned contrasts corresponding to the
comparison of crossing within varieties, hybrids, and the con-
trast between varieties × hybrids. A significant result for the
contrast varieties × hybrids may evince heterosis or exogamic
depression. For this analysis, we excluded H. speciosa var
speciosa (S) because it had no fruits to analyze heterosis ef-
fects. Three variety crosses were considered: H. speciosa var.
gardneri (GxG), H. speciosa var. cuyabensis (C×C), and
H. speciosa var. pubescens (P×P). For hybrid crosses, we also
considered three groups (without reciprocal cross effect):

Table 1 Comparison of
outcrossing rates and number of
pollen donors among Hancornia
speciosa mother trees in the
germplasm collection

Family Variety Number of seeds analyzed tm SE ts SE tm− ts Na Np

Fam1 G 19 1.000 0.001 0.927 0.034 0.073 15 4.0

Fam2 C 19 1.000 0.001 1.000 0.008 0.000 12 12.0

Fam3 G 19 1.000 0.001 0.810 0.073 0.190 16 9.9

Fam4 C 19 1.000 0.001 0.777 0.059 0.223 13 5.2

Fam5 G 2 1.000 0.001 1.000 0.001 0.000 2 2.0

Fam6 G 15 1.000 0.001 1.000 0.030 0.000 10 4.3

Fam7 P 14 1.000 0.001 1.000 0.010 0.000 11 6.6

Fam8 P 16 1.000 0.001 0.994 0.036 0.006 6 3.6

Fam9 P 14 1.000 0.001 1.000 0.021 0.000 6 4.7

Fam10 C 9 1.000 0.001 0.983 0.030 0.017 6 4.7

Fam11 G 13 1.000 0.001 1.000 0.001 0.000 9 9.0

Fam12 P 7 1.000 0.001 0.992 0.008 0.008 3 2.0

Fam14 G 13 1.000 0.001 0.959 0.052 0.041 9 7.5

Fam15 P 8 1.000 0.001 1.000 0.025 0.000 3 3.0

Fam16 G 15 1.000 0.001 0.912 0.073 0.088 12 12.0

Fam17 G 3 1.000 0.001 1.000 0.001 0.000 1 1.0

Fam18 C 8 1.000 0.001 1.000 0.032 0.000 6 6.0

Fam19 G 5 1.000 0.001 0.971 0.031 0.029 4 4.0

Fam20 G 15 1.000 0.001 0.972 0.032 0.028 8 6.5

Fam21 P 6 1.000 0.001 0.994 0.047 0.006 3 3.0

Fam22 C 15 1.000 0.001 0.693 0.052 0.307 9 6.6

Fam23 G 8 1.000 0.001 1.000 0.011 0.000 5 3.8

Fam24 G 14 1.000 0.001 1.000 0.008 0.000 9 7.5

Fam25 C 18 1.000 0.001 1.000 0.001 0.000 14 12.4

Fam26 P 8 1.000 0.001 0.968 0.028 0.032 4 4.0

Fam27 G 8 1.000 0.001 0.946 0.065 0.054 4 4.0

Fam28 G 10 1.000 0.001 0.894 0.042 0.106 9 8.0

Overall 320 0.999 0.007 0.899 0.016 0.091 209 13.2

tm multilocus outcrossing rate, ts single locus outcrossing rate, tm− ts biparental inbreeding, SE standard error, Na
number of seeds with paternity assignment, Np number of pollen donors (Np = 1/∑pi2 ), G Hancornia speciosa
var. gardneri, P H. speciosa var. pubescens, C H. speciosa var. cuyabensis, S H. speciosa var. speciosa
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H. speciosa var. cuyabensis (C) × H. speciosa var. gardneri
(G), H. speciosa var. cuyabensis (C) × H. speciosa var.
pubescens (P), and H. speciosa var. gardneri (G) ×
H. speciosa var. pubescens (P).

To verify maternal effects on the fitness of offspring, we
also used a one-way ANOVAwith planned contrast between
hybrids and reciprocals. Regarding the maternal effect, we
expected to find a strong asymmetry between maternal and
paternal effects in the ANOVA and differences among recip-
rocal crosses. For hybrid crosses and reciprocals, we excluded
H. speciosa var speciosa (S) and considered the hybrids and
reciprocals: C×G; G×C; C×P; P×C; G×P; P×G (the first vari-
ety corresponds to maternal plant).

We also compared the offspring fitness among varieties
performing a one-way ANOVA including H. speciosa var
speciosa hybrids without reciprocal cross effect. For this, we
compared the six hybrids: H. speciosa var. cuyabensis ×
H. speciosa var. gardneri (C×G/G×C), H. speciosa var.
cuyabensis × H. speciosa var. pubescens (C×P/P×C),
H. speciosa var. cuyabensis × Hanchonia speciosa var.
speciosa (C×S), H. speciosa var. gardneri × H. speciosa var.
pubescens (G×P/P×G), H. speciosa var. gardneri ×
Hanchonia speciosa var. speciosa (G×S), and H. speciosa
var. pubescens × Hanchonia speciosa var. speciosa (PxS)
(the first variety corresponds to maternal plant).

Genetic diversity in adults, progeny arrays, and varieties

We characterized the genetic diversity conserved in the germ-
plasm collection and compared the genetic diversity and poly-
morphism at the seven microsatellite loci for adults and prog-
eny arrays. We estimated the number of alleles per locus (A)
and observed (Ho) and expected heterozygosity (He) based on
Hardy-Weinberg equilibrium (Nei 1978). Analyses were per-
formed with the software FSTAT 2.9.3.2 (Goudet 2002) and
comparisons between adults and progeny arrays and among
varieties were performed using the permutation test (with
10,000 permutations). We also estimated for adults the prob-
ability of genetic identity for each locus (Ii) (Paetkau et al.
1995), which corresponds to the probability of two random
individuals displaying the same genotype and paternity exclu-
sion probability (Qi) (Weir 1996), which corresponds to the
power with which a locus excludes a random individual as the
pollen donor of an offspring. The combined probability of
paternity exclusion, QC = 1 − [Π (1 −Qi)], and the combined
probability of genetic identity IC =Π Ii were also estimated
for the seven loci.

To compare molecular genetic diversity among varieties,
we estimated the mean number of alleles per locus (A), allelic
richness based on rarefaction analysis (Mousadik and Petit
1996), observed heterozygosity (Ho), and expected heterozy-
gosity (He) based on the Hardy-Weinberg equilibrium (Nei
1978). All analyses were performed using the software

FSTAT 2.9.3.2 (Goudet 2002) and comparisons between
adults and progeny arrays and among varieties were per-
formed using the permutation test (with 10,000 permutations)
also implemented in FSTATS 2.9.3.2. Genetic differentiation
among varieties in the germplasm collection was verified
using a hierarchical analysis of variance (Weir 1996). Total
variance was partitioned into variance components based on
varieties (among groups), populations within varieties (among
populations within groups), progenies within populations, and
within individuals.

Results

Parentage analysis, gene flow among varieties, andmating
system

There were no self-fertilization events among the most likely
parentages, and no difference was found in paternity assign-
ment between the two simulations, one allowing selfing and
another allowing only cross-pollination. Thus, we only
showed the results considering the simulation allowing
selfing, with critical Δ = 3.88 at a 95 % confidence (89 % of
the assignments) and Δ = 2.32 at a 90 % confidence (11 % of
the assignments).

From the 320 seeds analyzed, 296 we could assign pater-
nity for 209 (65.3 %) and 186 (89%) seeds at 95% (strict) and
90 % (relaxed) confidence, respectively. We identified 121
different pollen donors, but the number of pollen donors per
mother tree ranged from 1.0 to 12.4 (Table 1). We also detect-
ed mating among the four varieties ofH. speciosa in the germ-
plasm collection (see Supporting Information Table S2).
Hanchornia speciosa var. gardneri sired the greatest number
of seeds (113), followed by H. speciosa var. pubescens (57),
H. speciosa var. cuyabensis (28), andH. speciosa var. speciosa
(11). The distribution of the number of seeds sired by varieties
followed the number of trees of each variety in the germplasm
collection (contingency table, χ2 = 0.002, p = 0.997). An indi-
vidual ofH. speciosa vargardneri (Fam5) siredmore seeds (9),
followed by another H. speciosa var gardneri (6) and an indi-
vidual of H. speciosa var pubescens (Fam12, six seeds).
However, most trees sired only one seed. All trees that sired
more than three seeds were H. speciosa var gardneri or
H. speciosa var pubescens varieties.

Although maximum pollen dispersal distance was greater
than 160 m (165.6 m), mean dispersal distance was short
(53.5 m, SD = 93.0 m) and most pollen dispersal (64 %) oc-
curred at distances less than 60 m and only 11 % occurred at
distances greater than 100 m. The frequency distribution of
pollen dispersal distance was significantly different from adult
distance distribution (Kolmogorov-Smirnov test = 0.187,
p = 0.035). Analyses performed using TWOGENER showed
low differentiation in the pollen pool received by mother trees
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(φft = 0.038). The differentiation in the pollen pool among
mother trees was not related to pairwise spatial distance
(r = 0.014, p = 0.253).

The multilocus outcrossing rate (tm) was equal to 1.0 in
all progeny arrays analyzed (Table 1). However, single
locus outcrossing rates (ts) ranged from 0.693 to 1.000
(Table 1), thus, biparental inbreeding presented a high
variation among families, ranging from 0.000 to 0.307.
The overall multilocus (tm = 0.990, SE = 0.007) and single
locus (ts = 0.899, SE = 0.016) outcrossing rates were high,
and biparental inbreeding was low but significantly differ-
ent from zero (tm − ts = 0.091, SE = 0.016) showing that
9.1 % of outcrossing was between closely related individ-
uals (Table 1). We also found a high variation in the
number of pollen donors per mother tree (Table 1), but
the effective number of pollen donors over all mother
trees was high (Nep = 13.2). The allele frequency distribu-
tions of pollen and ovule pools were heterogeneous for all
loci (p < 0.01) indicating non-random sampling of pollen
pool by maternal trees.

Correlation of selfing was close to 1.0 (rs = 0.999,
SE = 0.107) showing that no seeds were sired by self-pol-
lination. Multilocus correlation of outcrossed paternity
within progeny arrays was low but significantly different
from zero (rp = 0.076, SE = 0.014), indicating that for each
mother tree, the probability that the same pollen donor
sired two random sibs was 7.6 %. In fact, the proportion
of full sibs was low (PFS = 0.075) and the proportion of
half sibs was PHF = 0.915.

Offspring fitness

Fitness components were evaluated for 200 individuals
(seedlings that had data for both quantitative traits and
genotypes). ANOVAs with planned contrasts to test for
heterosis or exogamic depression showed significant var-
iation in stem diameter among offspring varieties and
days to shoot and leaf width for hybrid offspring (Fig 1,
see Supporting Information Tables S3-S8 for ANOVA re-
sults). Although hybrids of H. speciosa var pubescens
tended to have longer leaf length (Table 2) and greater
differences in leaf length compared to varieties offspring
(see Supporting Information Table S9), the differences
were not significant. No significant effect for the contrast
hybrids vs variety was detected for any fitness component
(Tables S3-S8), showing no evidence of heterosis or exo-
gamic depression. We found significant differences in
plant heights for reciprocal crosses (Table S8, Fig 2).
The effect was due to greater plant heights for the C×G
cross than for G×C (Fig 2, Table 3). The analysis includ-
ing H. speciosa var speciosa showed significant differ-
ences among hybrids only for leaf widths (Tables S3-S8).

Genetic diversity in adults, progeny arrays, and varieties

Most loci showed high polymorphism, with numbers of al-
leles ranging from 2 to 27 (Table 4). Expected heterozygosity
was high for all loci, but Hs11 and Hs30 (Table 4). However,
the combined probability of genetic identity (3.34 × 10−11)
and of paternity exclusion (0.9999) showed that together, the
seven loci were suitable for parentage analysis (Table 4).

Both adults and progeny arrays presented high mean num-
bers of alleles (17.1 and 15.7, respectively, Table 4) that did
not significantly differ (p > 0.05, Table 4). Although some
alleles were lost in the progeny arrays (Hs01, Hs05, Hs08,
H16), leading to lower genetic diversity for some loci, no
significant reduction in overall observed and expected hetero-
zygosity was observed (p > 0.05, Table 4).

All varieties had high polymorphism and genetic diversity
(Table 5). The number of alleles per locus, allelic richness,
and genetic diversity did not differ among varieties
(p > 0.05). Genetic differentiations among varieties
(FCT = 0.019, p < 0.001) and among populations within
varieties (FSC = 0.053, p < 0.001) were significant but
low (Table 6). Most variation was due to non-random
mating within populations (FIS = 0.162, p < 0.001), lead-
ing to a total fixation index (FIT) equal to 0.222.

Discussion

Our results showed that the four varieties of H. speciosa can
cross-pollinate in the germplam collection. Although the va-
rieties sired different numbers of seeds, the differences were
most likely due to the proportion of individuals of each variety
grown in the germplasm collection and also to unequal
flowering varieties (LJ Chaves, unpublished data). Although
individuals of all varieties flowered at 5 years of age, most
individuals of H. speciosa var speciosa flowered only at
7 years. The difference in flowering phenology among varie-
ties may be related to climate and photoperiod differences
between the germplasm collection locality (central Goias,
Central-West Brazil) and the occurrence of each variety. For
instance, H. speciosa var speciosa occurs mainly in the
Central-North towards the Northeast of Brazil, a drier region
with different photoperiod compared to central Goias where
the germplasm collection was settled. The plants of this vari-
ety showed a lower growth rate in the experimental plot in
comparison to the other varieties (Ganga et al. 2009).
H. speciosa var. speciosa had the lowest number of sired seeds
and the lowest number of individuals in the germplasm col-
lection and just a few individuals fruiting during our study.
However, despite the difference in the number of days to shoot
(DS) among hybrids, the difference was mainly due to lower
DS in hybrids ofH. speciosa var pubescens × H. speciosa var
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gardneri.Hybrids ofH. speciosa var speciosa showed similar
fitness compared to the other hybrids.

The results from cross-pollination among the varieties sug-
gest no reproductive isolation and that the morphological dif-
ferences among varieties are most likely due to genetic drift or
selection of loci controlling morphological characteristics (see

Chaves 2006). In fact, hierarchical analysis of variance in
allele frequency showed that genetic differentiation among
varieties and among populations for microsatellite loci are
very low, and the differentiation is due to non-random mating
among varieties, populations, and individuals in parental pop-
ulations. In fact, although varieties and hybrids differed in

Fig. 1 Comparison among
fitness component means (bars
are 95 % confidence intervals) for
varieties and hybrid offspring.DS
number of days to shoot, GR
growth rate inmillimeters per day,
LW leaf width in millimeters, LL
leaf length in millimeters, SD
stem diameter in millimeters, PH
plant height in centimeters

Table 2 Component of fitness means and their standard deviation (in parenthesis) for varieties and hybrids offspring

DS GR (mm/day) LW (mm) LL (mm) SD (mm) PH (cm)

Varieties 30.16 (0.501) 0.0853 (0.0088) 13.57 (0.325) 25.18 (0.658) 1.378 (0.026) 4.540 (0.145)

Hybrids 30.50 (0.420) 0.0896 (0.0071) 14.10 (0.297) 27.63 (1.211) 1.416 (0.023) 4.650 (0.123)

DS number of days to shoot, GR growth rate in millimeters per day, LW leaf width in millimeters, LL leaf length in millimeters, SD stem diameter in
millimeters, PH plant height in centimeters
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some fitness components, hybrid offspring showed no heter-
osis or exogamic depression. Because our analyses excluded
environmental effect on fitness, since fitness components
were analyzed under the same nursery conditions (environ-
ment independent model), we cannot test for parapatric differ-
entiation due to ecological adaptation. However, all crosses
were viable and resulted in no exogamic depression for any
fitness component analyzed, evincing that morphological dif-
ferentiation among varieties is most likely due to genetic drift
and ecological adaptation. In addition, although varieties can
potentially cross-pollinate, as shown in this work, the mating
in parental populations is non-random, which may facilitate
the fixation of alleles leading to morphological differentiation.

We found evidence for maternal effect in seedling height
because hybrid offspring of H. speciosa var cuyabensis ×
H. speciosa var gardneri had greater fitness than offspring

from reciprocal crosses. Maternal effect in seed performance,
such as seed germination and growth, is an important compo-
nent of plant fitness (see Donohue 2009 for a review).
However, it is important to note that our experiment was car-
ried out in a common garden, and seeds were grown in a
nursery under the same environmental conditions (soil, irriga-
tion, photoperiod). Environmental maternal effect may be bet-
ter evaluated in field experiments to better understand the
importance of this mechanism to the evolution of varieties.

The maximum pollen flow distance (c.165m) was less than
the maximum distance between two trees in the germplasm
collection (c. 240 m). The shorter distance may be due to the
high density of individuals in the collection, leading to little
pollen carried over by pollinators, as observed for another high
density Neotropical tree,Caryocar brasiliense (Collevatti et al.
2010). However, we could not assign the pollen donor for 111

Fig. 2 Comparison among
fitness component means (bars
are 95 % confidence intervals) for
hybrids and their reciprocals
offspring. DS number of days to
shoot, GR growth rate in
millimeters per day, LW leaf
width in millimeters, LL leaf
length in millimeters, SD stem
diameter in millimeters, PH plant
height in centimeters. The codes
for variety crosses are C,
H. speciosa var. cuyabensis; G,
H. speciosa var. gardneri; P,
H. speciosa var. pubescens. The
left letter corresponds to the
maternal parent
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seeds (35 % of the seeds analyzed). This result may be due to
missing data, since 16 adults could not be genotyped and also
due to pollen immigration to the germplasm collection. Indeed,
individuals of H. speciosa from an arboretum 1.5 km away
from the germplasm collection may be a potential source of
pollen contamination. The lack of significant correlation of the
pollen pool differentiation among mother trees and the spatial
distance may also be due to the immigration of foreign pollen
into the germplasm collection, supporting the hypothesis of
pollen contamination.

Our results also showed that, despite some alleles not hav-
ing been sampled in the progeny array, the overall genetic
diversity in the germplasm collection at EA/UFG was con-
served in the progeny array, as the number of alleles and
expected heterozygosity did not differ statistically. This result
is important for breeding programs and conservation of genet-
ic resources ofH. speciosa in the EA/UFG germplasm collec-
tion because breeding programsmay begin with a sample with

high genetic diversity. This result differs from those reported
for a germplasm collection of another Neotropical fruit tree,
Hymenaea courbaril (Fabaceae, Feres et al. 2009) that had
greater genetic diversity in adults than in progeny arrays.

The high outcrossing rate in the germplasm collection was
expected due to the high tree density (190.3 individuals/ha).
High density stands usually present higher multilocus
outcrossing rates due to the high proportion of pollinator
movements among flowering plants (Murawski and
Hamrick 1991). Besides the lack of self-pollination, our re-
sults also showed a high proportion of biparental inbreeding
(9.1 %), taking into account the experimental design.
Although sibs were grown in the germplasm collection, the
seedlings were planted in a completely randomized block de-
sign with only one sib per block (four blocks) and two addi-
tional blocks without replications. Thus, sibs were in different
blocks, which may decrease the probability of mating between
closely related individuals. The low multilocus correlation of

Table 3 Component of fitness means and their standard deviation (in parenthesis) for hybrids and their reciprocal offspring

Hybridsa DS GR (mm/day) LW (mm) LL (mm) SD (mm) PH (cm)

C × G 31.23 (0.586) 0.1072 (0.0146) 13.45 (0.435) 25.58 (0.994) 1.426 (0.035) 4.890 (0.230)

G × C 31.00 (1.904) 0.0630 (0.0144) 12.49 (0.984) 26.01 (1.219) 1.391 (0.056) 4.181 (0.234)

C × P 29.44 (0.915) 0.0602 (0.0171) 15.30 (1.080) 27.80 (2.033) 1.460 (0.047) 4.278 (0.378)

P × C 32.25 (2.780) 0.1043 (0.0181) 17.27 (1.318) 32.38 (3.296) 1.453 (0.247) 5.800 (0.707)

G × P 30.50 (0.984) 0.0721 (0.0121) 14.22 (0.712) 25.77 (1.508) 1.338 (0.053) 4.205 (0.251)

P × G 29.29 (0.692) 0.0997 (0.0158) 15.04 (0.535) 31.23 (4.531) 1.450 (0.054) 4.843 (0.261)

C × S 29.60 (1.691) 0.1008 (0.0311) 13.85 (1.504) 23.78 (3.177) 1.554 (0.192) 5.680 (0.472)

G × S 29.00 (1.000) 0.1018 (0.0250) 14.48 (1.116) 26.89 (1.555) 1.447 (0.082) 4.325 (0.293)

P × S 33.90 (2.335) 0.1039 (0.0390) 13.71 (0.965) 27.19 (2.485) 1.356 (0.116) 4.580 (0.754)

DS number of days to shoot, GR growth rate in millimeters per day, LW leaf width in millimeters, LL leaf length in millimeters, SD stem diameter in
millimeters, PH plant height in centimeters, C H. speciosa var. cuyabensis,GH. speciosa var. gardneri, P H. speciosa var. pubescens, S H. speciosa var
speciosa
a The left letter corresponds to the maternal parent

Table 4 Characterization of the seven microsatellite loci of Hancornia speciosa and comparison of genetic diversity and polymorphism between
adults (237 individuals) and progeny arrays (320 seedlings) from the germplasm collection

Progenies Adults
Locus A He Ho A He Ho I Q

Hs01 24 0.899 0.734 27 0.926 0.734 0.010 0.846

Hs05 23 0.875 0.756 27 0.928 0.756 0.010 0.850

Hs06 19 0.907 0.779 19 0.927 0.779 0.010 0.849

Hs08 19 0.875 0.740 20 0.884 0.740 0.024 0.766

Hs11 2 0.326 0.307 2 0.307 0.307 0.528 0.129

Hs16 19 0.900 0.637 21 0.927 0.637 0.010 0.849

Hs30 4 0.401 0.292 4 0.580 0.292 0.218 0.351

Mean (SD) 15.7 (8.9) 0.740 (0.259) 0.606 (0.214) 17.1 (10.2) 0.782 (0.245) 0.606 (0.214) IC = 3.34 × 10−11 QC= 0.9999

All values are not significantly different (p > 0.05)

A number of alleles, He expected heterozygosity based on the Hardy-Weinberg equilibrium, Ho observed heterozygosity, I identity probability, Q
paternity exclusion probability, IC combined identity probability, QC combined paternity exclusion, SD standard deviation
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outcrossed paternity (0.076) may also be due to the high num-
ber of individuals flowering in the germplasm collection,
which may lead to a greater movement of pollinators among
trees. The high effective number of pollen donors in the
H. speciosa germplasm collection may also be due to the exper-
imental design (randomized blocks), which may decrease the
probability of unsuccessful mating between closely related indi-
viduals, due to potentially existing self-incompatible systems
(see Darrault and Schlindwein 2005) and also due to the high
density of trees in the collection. In fact, a self-incompatible
system was described for H. speciosa elsewhere (Darrault and
Schlindwein 2005), and no self-pollination was observed in our
study. In addition, the species presented a high outcrossing rate
(c.1.0), also confirming the evidence for self-incompatibility.
The effective number of pollen donors was greater (13.2) than
for populations of Neotropical trees, such as Caryocar
brasiliense (7.4, Collevatti et al. 2010), Solanum lycocarpum
(10.2, Martins et al. 2006); Manilkara huberi (5.9, Azevedo
et al. 2007); Myracrodruon urundeuva (6.8, Gaino et al. 2010)
and also comparing to wind pollinated species in seed orchards
(e.g., Picea abies, Nep = 6.7, Burczyk et al. 2004; Pinus
sylvestris, Nep = 12.2, Torimaru et al. 2012). However, we ob-
served a broad variation in the number of pollen donors among
mother trees. Although sample size may explain a great part of
the variation (r2 = 0.41) in Nep among mother trees, trees with
the same sample size showed high or low Nep (see Table 1)

indicating that pollinator service may vary greatly among moth-
er trees, most likely due to differences in flower abundance
among them (Ghazoul 2005). Despite the variation in the num-
ber of pollen donors, the low differentiation in pollen pool
among mother trees and the lack of correlation with spatial
distance among trees indicate high movement of pollinators
among mother trees in the germplasm collection. This is impor-
tant for starting a breeding program using the Breeding Without
Breeding (BWB, El-Kassaby and Lstiburek 2009) strategy, for
example, because an efficient recombination among genotypes
leads to maintenance of high variability and, by consequence,
high genetic gains.

We found heterogeneity in the allele frequency distribution
between the pollen and ovule pool, a violation to the mixed-
mating system model (Ritland and Jain 1981). This result
indicates a potential heterogeneity in reproductive success or
pollen immigration, post pollination selection, or non-random
mating due to self-incompatible systems and inbreeding. Also,
the low number of progeny arrays analyzed or unequal sample
size among mother trees may cause heterogeneity (Ritland
and Jain 1981). Although pollen immigration may not be
disregarded, we hypothesize that unequal flowering within
and among varieties in the germplasm collection together with
self-incompatible systems may have caused the observed het-
erogeneity. Some other tropical tree species also showed sig-
nificant differences in allele frequency between the pollen and

Table 5 Comparison of genetic diversity and polymorphism among Hancornia speciosa varieties from the germplasm collection

Variety Number of individuals analyzed A (SD) AR (SD) He (SD) Ho (SD)

H. speciosa var. gardineri 137 15.8 (9.201) 12.1 (6.411) 0.790 (0.227) 0.620 (0.183)

H. speciosa var. pubescens 59 14.3 (7.892) 11.14 (5.674) 0.735 (0.288) 0.602 (0.285)

H. speciosa var. cuyabensis 28 10.3 (5.354) 9.9 (5.289) 0.744 (0.222) 0.585 (0.214)

H. speciosa var. speciosa 34 12.3 (6.473) 11.0 (6.457) 0.752 (0.305) 0.611 (0.309)

Mean (SD) 258 17.1 (10.189) 12.1 (6.457) 0.757 (0.245) 0.594 (0.223)

All values are not significantly different (p > 0.05)

A mean number of alleles per locus, AR allelic richness, He expected heterozygosity based on the Hardy-Weinberg equilibrium, Ho observed hetero-
zygosity, SD standard deviation

Table 6 Hierarchical analysis of variance for Hancornia speciosa in the germplasm collection

Source of variation df Sum of squares Variance components Percentage of variation

Among groups 3 35.180 0.0519 1.94

Among populations within groups 30 144.505 0.1399 5.23

Among individuals within populations 219 631.946 0.4013 15.00

Within individuals 253 527.000 2.0830 77.83

Total 505 1338.630 2.6762

Total variance was partitioned into variance components due to variety differences (among groups), populations within varieties (among populations
within groups), progenies within populations (among individuals within populations) and within individuals

df degrees of freedom
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ovule pool, such as Caryocar brasiliense (Collevatti et al.
2001), Acacia aroma and Acacia macracantha (Casiva et al.
2004), and Solanum lycocarpum (Martins et al. 2006).

In conclusion, our study showed that the four varieties
H. speciosa var. gardneri, H. speciosa var. pubescens,
H. speciosa var. cuyabensis, and H. speciosa var. speciosa
could cross-pollinate in the EA/UFG germplasm collection.
We also found no heterosis or exogamic depression in hybrids
of the four varieties, raising the hypothesis that morphological
differentiation among varieties is most likely due to ecological
adaptation. Maternal effect in plant height, at least for one
hybrid crossing, deserves more in depth investigation to better
understand its role in the evolution of varieties and hybrids
zones. The four varieties have low but significant genetic dif-
ferentiation for neutral microsatellite loci. Our results also
showed high diversity in the germplasm collection, and the
genetic diversity was conserved in the progeny arrays. As a
consequence, for a breeding program, a sample of seeds from
the collection represents a broad composite population with
one generation of recombination. Moreover, our results con-
firmed the evidence that H. speciosa is self-incompatible with
an outcrossing rate close to 1.0.
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