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Abstract: Una estimacion AFLP de la tasa de fecundacion cruzada de Spondias tuberosa (Anacardiaceae),
una especie endémica de la regién semidrida de Brasil. The umbu tree (Spondias tuberosa) is one of the
most important endemic species to the Brazilian tropical semiarid region. The umbu tree has edible fruits with
a peculiar flavor that are consumed in natura or in a semi-industrialized form, such as jams, candies and juices.
The majority of endemic species to Brazilian semiarid region have not been studied or sampled to form germ-
plasm collections, which increases the risk of losing genetic variability of the adapted species to xerophytic
conditions. The aim of this study was to estimate outcrossing rates in S. fuberosa using a multilocus mixed
model in order to guide genetic resources and breeding programs of this species. DNA samples were extracted
from 92 progenies of umbu trees, which were distributed among 12 families. These trees were planted by seed
in 1991 in Petrolina, PE, Brazil. The experimental design was a randomized block, with a total of 42 progenies
sampled in three regions. The experimental units were composed by five plants and five replications. The out-
crossing rate was estimated by the multilocus model, which is available in the MLTR software, and was based
on 17 polymorphic AFLP bands obtained from AAA_CTG and AAA_CTC primer combinations. The observed
heterozygotes ranged from 0.147 to 0.499, w’ith a maximum frequency estimated for the AAA CTC_10 ampli-
con. The multilocus outcrossing estimation (t,,) was 0.804+0.072, while the single-locus (%S) was 9.841i9.079,
which suggests that S. fuberosa is predominantly an outcrossing species. The difference between t, and t; was
-0.037+0.029, which indicates that biparental inbreeding was nearly absent. The mean inbreeding coefficient
or fixation index (F) among maternal plants was - 0.103+0.045, and the expected F was 0.108, which indicates
that there was no excess of heterozygotes in the maternal population. The outcrossing estimates obtained in the
present study indicate that S. fuberosa is an open-pollinated species. Biometrical models applied to this species
should therefore take into account the deviation from random outcrossing to estimate genetic parameters and
the constitution of broad germplasm samples to preserve the genetic variability of the species. Outcrossing rates
based on AFLP and the mixed-mating model should be applied to other studies of plant species in the Brazilian
semiarid region. Rev. Biol. Trop. 61 (2): 577-582. Epub 2013 June O1.

Key words: outcrossing rate, MLTR, heterozygosis.

The umbu tree (Spondias tuberosa Arruda
- Anacardiaceae) is a xerophytic tree spe-
cies that is endemic to the tropical Brazilian
semiarid region (Prado & Gibbs 1993). The
high drought tolerance of this species is due
to its specialized root structure (xylopodium),
which plays a key role in long-term water
storage. The tree has edible fruits with a
peculiar flavor that are consumed in natura or

semi-industrialized in different forms, such as
jams, candies and juices.

This species has a greater potential for
agronomic cultivation in environments with
minimal rainfall (Santos 1999) or degrad-
ed soil. The umbu tree was considered an
endangered species because of the harvesting
of the modified roots of native plants that
have reduced the native plant population. The
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mating system of the umbu tree has been stud-
ied using isozymes (Souza 2000), but no pub-
lished studies have used co-dominant markers,
such as microsatellites, or dominant markers,
such as random amplification of polymorphic
DNA (RAPD) and amplified fragment length
polymorphism (AFLP).

Understanding the mating system of a
species is fundamentally important for genet-
ic improvement and conservation programs
because this information facilitates the develop-
ment of strategies that optimize the sampling of
genetic variability, appropriate genetic-statisti-
cal models for estimating genetic parameters,
and strategies aimed at the effective conserva-
tion of species. A species can produce offspring
through different types of mating, such as ran-
dom outcrossing, correlated outcrossing, bipa-
rental inbreeding, self-pollination, apomixes or
a combination of these reproductive strategies.
Plant reproduction, together with the mecha-
nisms of pollen and seed dispersal, determines
the genetic structure of plant populations (Frei-
tas et al. 2004).

The plant species that result from out-
crossing maintain the majority of their distrib-
uted genetic variability within the population,
in contrast to a predominantly self-pollinated
species in which the majority of the genetic
variability is distributed between populations
(Hamrick & Godt 1989). Reproductive studies
have revealed that a large number of plant spe-
cies are allogamous or possess a mixed mating
system that is predominantly allogamous (Gus-
son et al. 2006).

The development and application of iso-
zymes was a breakthrough in estimating plant
population outcrossing rates and was mainly
explored in perennial trees. Subsequently, DNA
molecular markers, such as RAPD and AFLP,
have been used to estimate the outcrossing
rates of many species in order to increase the
number of polymorphic markers in simple
reactions (Gaiotto et al. 1997, Muluvi et al.
2004). Because of their dominance, RAPD
and AFLP markers have limitations. To solve
the dominance limitations, Ritland (2002) has
presented a statistical estimation that is based

on multilocus procedures for genes that occur
in intermediate frequencies.

This study aimed to determine the domi-
nant reproductive system of S. fuberosa using
AFLP markers based on multilocus estimation
in order to aid the development of strategies to
sample, preserve and initiate breeding efforts
in S. tuberosa.

MATERIALS AND METHODS

Tree samples and DNA extractions: The
leaves of 92 adult S. fuberosa trees, which
were planted in 1991, were sampled in the
Caatinga Experimental Station of Embrapa
tropical semiarid, in Petrolina, PE, Brazil,
09°09’ S - 40°22° W. The experimental design
was a randomized block, with 42 progenies
sampled in three regions. The experimental
units were composed by five plants and five
replications. S. tuberosa progenies originated
from 12 families, which numbered from five to
12 progenies/family. The collected leaves were
frozen at -80°C until DNA extraction.

Genomic DNA was extracted from the
leaves using a modified Doyle & Doyle (1990)
protocol: 6000 and 10000rpm in the first
and second centrifugations, respectively; beta-
mercaptoethanol at 2%; and incubation at 60°C
for 30min. On occasion, mixing was performed
by gentle tube inversion. After the addition of
Tris-EDTA, the DNA solution was submitted
to an RNAse treatment to remove co-isolated
RNAs. The integrity and quantification of the
DNA was accomplished in 0.8% agarose, fol-
lowed by a DNA dilution to 40ng/pL.

Approximately 200ng of genomic DNA
of each progeny was double digested for 2.5h
with the endonuclease enzymes EcoR[ and
Msel. The digested DNA was ligated with T4
DNA ligase to a final volume of 7.25uL. Pre-
amplification reactions were performed to gen-
erate a final volume of 15uL (1.5uM of each
EcoRI and Msel primer, 0.2mM of each dNTP,
1x PCR buffer, 2.5mM MgCl,, 0.5 units of Taq
DNA Polymerase and 2.0uL of diluted 5-fold
ligated DNA solution) and were thermocycled
for 20 cycles at 94°C for 30s, 56°C for Imin
and then at 72°C for Imin.
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After pre-amplification, the samples were
diluted 20-fold in TE buffer. Selective amplifi-
cations were performed to reach a final volume
of 10uL (0.2uM of EcoRI primer, 0.3uM of
Msel primer, 0.2mM of dNTPs, 1x PCR buffer
(100mM Tris-HCI (pH 8.3) and 500mM KCl),
2.5mM MgCl,, 0.2 units of Tag DNA poly-
merase and 2pL of pre-amplified DNA). The
touchdown thermocycling conditions involved
(a) 1 cycle at 94°C for 30s, 65°C for 30 s and
72°C for 60s; (b) 13 cycles with an initial
annealing temperature of 65°C and reductions
of 0.7°C for every subsequent cycle; and (¢) 23
cycles at 94°C for 30s, 56°C for 30s and 72°C
for 60s. A reaction of 2.0puL of formamide dye
(98% formamide, 10mM EDTA, and 10mg of
both bromophenol blue and xylene cyanol) was
then added. The reactions were heated for 3min
at 90°C and then immediately placed on ice to
further allow the polyacrylamide denaturing
gels to load. The gels were stained with silver
nitrate according to Creste et al. (2001). All
reactions were performed at the genetic labora-
tory of the Embrapa tropical semiarid unit.

For data analysis, the appearance of AFLP
polymorphic bands was scored as a 1 for pres-
ent and 0 for absent. Chi-square tests were
performed for all AFLP amplicons using Men-
delian inheritance ratios of 3:1, 1:1 or 1:3.

Single-locus (ts) and multilocus tm out-
crossing rates, AFLP marker-allele frequen-
cies, observed heterozygote frequencies, ovule
and pollen frequencies and the coefficient of
parental inbreeding (F) were estimated with
the mixed-mating model (mixed outcrossing
and selfing) using the software MLTR (Ritland
2002). This model specifies that both selfing
and outcrossing occur in the population. One
hundred bootstraps were used in the analysis.
Maximum-likelihood estimates were obtained
for all AFLP marker loci employed in the esti-
mation of outcrossing rates and F coefficients.

RESULTS

A total of seventeen polymorphic bands
was obtained, six from the primer combina-
tion (PC) AAA CTG and 11 from the PC

AAA CTC. These bands were easily scored
in the progeny population. The bands that
occurred in close positions within the gel were
not scored to avoid problems in the phenotypic
data.

A chi-square test at the 5% significance
level indicated that of the seventeen AFLP
bands, four bands (AAA CTG 1, AAA
CTG 2, AAA CTC 5 and AAA CTC 6)
occurred in deviation from the Mendelian
inheritance ratios of 3:1, 1:1 or 1:3.

The observed heterozygotes ranged from
0.147 to 0.499 (Table 1). The maximum fre-
quency of heterozygotes is 0.50 (Falconer &
Mackay 1996), estimated for the AFLP AAA _
CTG 3 and AAA CTC 10 amplicons.

The multilocus outcrossing estimation
(t ) based on all AFLP loci was 0. 804i0 072,
while the single-locus estimation (t) was
0.841+0.079. Using only the Thirteen AFLP
loci that fit the Mendelian segregation (Table
1), the multilocus outcrossing estimation (t )
was 0. 869i0 059, while the single-locus esti-
mation (t) was 0.933+0.063.

The difference between t and ts was
-0.037+0.029, and the mean 1nbreeding coeffi-
cient or fixation index (f) among the maternal
plants was - 0.103+0.045.

DISCUSSION

The studied S. tuberosa population is the
oldest experimental population established for
genetic studies, and it contains an important
gene pool for the conservation of S. tuberosa.
This study matched the current efforts to con-
serve this important endemic species in the
Brazilian semiarid region (Santos et al. 2008)
as an in vivo gene bank.

The number of polymorphic bands
obtained in this study was in accord with the
S. tuberosa results reported by Santos et al.
(2008), who reported 3 to 16 polymorphic
bands from 12 AFLP PC.

The deviations from Mendelian inheritance
detected in the present study were expected
because all of the 92 pooled individuals were
considered to be within the frequencies, and
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TABLE 1
Mendelian segregation 1:3, 1:1 and 3:1 and observed heterozygosity for 92 umbu tree progenies evaluated
with 17 markers of two AFLP primer combinations

AFLP band Zero frequency 13
AAA _CTG 1 0.131 05.58*
AAA_CTG 2 0.066 13.55%
AAA _CTG 3 0.846 142.15%
AAA CTG 4 0.714 86.22%
AAA CTG 5 0.637 60.01%*
AAA CTG 6 0.494 23.91*
AAA_CTC_1 0.311 01.49NS:
AAA _CTC 2 0.456 16.90%
AAA_CTC 3 0.622 55.41%
AAA_CTC 4 0.600 49.00*
AAA_CTC 5 0.067 13.44%
AAA _CTC 6 0.133 05.44*
AAA _CTC 7 0.767 106.78*
AAA CTC 8 0.211 00.60N-S-
AAA _CTC 9 0.433 13.44%
AAA_CTC 10 0.233 00.11NS-
AAA _CTC 11 0.799 116.16*

Chi-square test

11 31 Observed heterozygosity
54.20%* 67.92% 0.462
75.36%* 83.19% 0.381
47.92% 01.64NS. 0.147
18.36%* 00.22NS- 0.261
07.54* 02.25NS- 0.321
0.01 NS 11.60* 0.417
14.27* 34.24%* 0.493
00.79N-S- 15.41%* 0.438
05.97* 02.90N-S- 0.333
04.00N-S- 05.00%* 0.349
75.11% 83.01* 0.383
53.77* 67.60%* 0.463
28.44%* 00.04N-S- 0.217
33.38* 51.62* 0.496
01.77NS: 17.82% 0.449
28.44* 47.45% 0.499
33.38% 00.26N-S- 0.198

* and VS significant and non-significant at 5% of probability by the chi-square test.

no family estimations were obtained because
of the small number of progenies in some
families. Pollen pool frequencies for AFLP
were constrained to equal ovule frequencies
by the MLTR software, therefore minimizing
the violations in the mixed-mating model that
were required for the correct application of the
multilocus estimation.

According to Ritland (2002), when many
loci are used for the estimation, it does not
matter if a few loci show significant devia-
tions because the multilocus estimate tends
to be robust against violations of the assump-
tions. On the basis of this reasoning, the esti-
mates on all 17 loci were considered for the
present study.

The difference between { and t, indi-
cated that bi-parental inbreeding was nearly
absent. The mean inbreeding coefficient or
fixation index (F) among maternal plants was
-0.103+0.045, and ‘Ehe expected F was 0.108,
as calculated by F=(1—’tm)/(1+ ’tm) (Gaiotto
et al. 1997). These results indicate that there

was no excess of heterozygotes in the maternal
population. An excess of heterozygotes was
reported by Moraes et al. (2005), however, in
Myracrodruon urundeuva, with values ranging
from -0.252 to 0.511.

The multilocus model (Ritland 2002) has
a few assumptions, as revised by Sebbenn et
al. (1998): (1) the pollen pool should be homo-
geneous in the crossing with maternal plants,
(2) there should be independent segregation
among the loci, (3) there should be an absence
of selection and mutation, and (4) the loci
should be in Hardy-Weinberg equilibrium. An
assumption of intermediate allele frequencies is
also expected (Gaiotto et al. 1997). Departures
from these assumptions, mainly in pollen pool
homogeneity, have been reported by Gaiotto et
al. (1997), Sebbenn et al. (1998), Muluvi et al.
(2004), Gusson et al. (2006) and Muchugi et
al. (2008).

The multilocus estimation of 0.804 is
close to the 0.74 value reported by Souza
(2000) using three isozyme systems. In the
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present study, the frequencies of ovules and
pollen were constrained to be equal for all
AFLP markers, which suggest an absence of
departures in the mixed model. These results
suggest that S. tuberosa is an open-pollinated
species, with a selfing rate 0of 0.196. S. tuberosa
is an andromonoecious species and possesses
hermaphrodites and male flowers in the same
inflorescence. Anthesis begins at 5:00 am;
hermaphrodite flowers survive for two days,
and male flowers survive for one day (Nadia &
Machado 2007). The multilocus model estimate
is therefore in accord with the flower’s biology,
as selfing occasionally occurs in this species.

As reviewed by Muchugi et al. (2008),
studies on the biological characteristics of
some tropical tree species have revealed high
levels of outcrossing, and varying molecu-
lar marker assessments of the reproductive
systems have shown high outcrossmg rates.
For example, Eucalyptus grandis (t =0.84),
Platypodmm elegan (t =0.92) and Shorea con-
gestiflora (t =0.87). According to the authors,
outcrossing is a reasonable explanation for the
high genetic variability observed in tropical
trees. In an isolated study, Stacy ef al. (1996)
used five isozyme systems to determine that S.
mombin was a completely allogamous species
with 100% outcrossing.

Based on the proportion of selfing, adjust-
ments can be made to the coefficient of addi-
tive genetic variance that is estimated from
open-pollinated families when the assump-
tion of complete half-sib relationship is not
met (Gaiotto et al. 1997), as observed for S.
tuberosa in the present study. The high lev-
els of heterozygosity detected in the present
study should be relevant for in situ conserva-
tion because a large number of new genetic
recombinations could occur and maintain the
evolutionary capacity of this species to adapt to
climate changes and colonize new areas.

The outcrossing estimates obtained in the
present study indicate that S. tuberosa is a
predominantly open-pollinated species. There-
fore, biometrical models applied to this species
should take into account deviation from random
outcrossing to estimate genetic parameters. As

recommended by Freitas et al. (2004), while
evaluating Myracrodruon urundeuva, biomet-
rical models should also account for the consti-
tution of broad germplasm samples to preserve
the genetic variability of the species.

The high heterozygosity levels observed in
the analyzed umbu tree families were also an
important variable for the in situ conservation
of this species because new allelic recombina-
tion can occur, thus making it possible for the
appearance of new genotypes that are readily
adapted to environmental changes and for the
colonization of new areas.

More than 932 savanna-like plant species,
including 380 endemic species, have been
identified in the Brazilian semiarid Region
(Brasil 2002). The majority of these species
have not been studied or sampled to form a
germplasm collection, which increases the risk
of losing genetic variability of the adapted
species to xerophytic conditions. Information
about the reproductive system is crucial to
define a genetic resources program not only for
the sampling process but also for the genetic
characterization of accessions. Outcrossing
rates based on AFLP and the mixed-mating
model available in the software MLTR (Ritland
2002) have proven to be reliable in the present
study and should be applied to other studies of
plant species in the Brazilian semiarid region.
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RESUMEN

El 4rbol de umbu (Spondias tuberosa) es una de
las especies endémicas mas importantes de la region
semiarida del Brazil. El mismo tiene frutos comestibles
con sabor distinto y puede ser consumido fresco o semi-
industrializado, como mermeladas y zumos. La mayoria de
las especies endémicas de la region semiarida del Brazil no
fueron estudiadas o muestreadas para formar colecciones
de germoplasma, aumentando el riesgo de pérdida de la
variabilidad genética. El objetivo de este trabajo fue esti-
mar las tasas de polinizacion cruzada en S. fuberosa basada
en el modelo multi-locus mixto, con el fin de orientar los
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recursos genéticos y los programas de mejoramiento de
esta especie. Muestras de ADN fueron extraidas de 92
progenies de arboles umbuzeiro, distribuidos en 12 fami-
lias, que se establecieron en Petrolina, PE, Brazil, 09°09°
S - 40°22° W. El disefio experimental fue de bloques al azar
con un total de 42 progenies muestreadas en tres regiones.
La tasa de fecundacion cruzada fue estimada por el modelo
multi-locus disponible en el software MLTR, basado en
17 bandas de AFLP polimorficas obtenidas a partir de las
combinaciones de cebadores AAA CTG y AAA CTC.
Los heterocigotos observados oscilaron entre 0.147 y 0.499
con la frecuencia maxima estimada para AAA CTC 10
amplicon. El valor estimado de cruzamiento multi-locus
(t) fue 0.804:+£0.072, mientras que el locus de uno-locus
(ty) fue 0.841+0.079, lo que sugiere que S. tuberosa es
predominantemente una especie de polinizacion cruzada.
La diferencia entre el t, y t, fue de -0.037+0,029, lo que
indica que la endogamia bi-parental fue casi inexistente.
La media del coeficiente de fijacion (F) entre las plantas
maternas fue - 0.103+0.045, mientras que la F esperada fue
0.108, lo que indica que no hubo un exceso de heterocigo-
tos en la poblacion materna. Las estimaciones obtenidas
en este trabajo indican que S. tuberosa es una especie de
polinizacion cruzada. Los modelos biométricos aplicados a
esta especie deben tener en cuenta la desviacion del cruce
aleatorio para estimar los parametros genéticos y la for-
macion de grandes muestras para preservar la variabilidad
genética de esta especie. La tasa de fecundacion cruzada
basada en AFLP y el apareamiento mezclado debe ser
aplicado a otros estudios de especies de plantas de la region
semiarida del Brazil.

Palabras clave: tasa de fecundacion cruzada, MLTR,
heterocigosis.
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