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Abstract
South American tree species inhabiting seasonally dry
tropical forests (SDTFs). Its current disjunct distribution
presumably represents fragments of a historical much larger
area of this forest type, which has also been highly impacted
by human activities. In this way the hypothesis of this study is
that the natural populations of A. colubrina var. cebil from
Northern Argentina represent vestiges of ancient fragmen-
tation, but they are additionally influenced by a certain
degree of gene flow among them. We aimed to analyze the
genetic structure of both nuclear and chloroplast DNA to
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evaluate the relative role of ancient and recent fragmentation
on intraspecific diversity patterns. Sixty-nine individuals of
four natural populations were analyzed using eight nuclear
microsatellites (ncSSR) and four chloroplast microsatellite
loci (cpSSR). The level and distribution of genetic variation
were estimated by standard population genetic parameters
and Neighbor Joining as well as Bayesian analyses. The eight
ncSSR loci were highly polymorphic, while genetic diversity
of cpSSRs was low. Nuclear SSRs displayed lower genetic
differentiation among populations than cpSSR haplotypes
(Fst 0.11 and 0.95, respectively). However, high differen-
tiation between phytogeographic provinces was observed in
both genomes. The high genetic differentiation detected
emphasizes the role of ancient fragmentation. However, the
Paranaense province also shows the effects of recent frag-
mentation on genetic structure, whereas gene flow by pollen
preserves the effects of genetic drift in the Yungas province.
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Introduction

Population genetic structure is defined by the amount of
variability and its distribution within and among local
populations and individuals within species (Templeton
2006). Historical events can have profound effects on the
distribution of genetic variation. For example, climate
changes during the Quaternary ages have caused fluctua-
tions in species ranges and population sizes (Hewitt 2000).
In South America, climatic changes during the Pleistocene
have driven changes between vegetation types that influ-
enced species demography (Naciri et al. 2006).
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Anadenanthera colubrina (Vell.) Brenan var. cebil
(Fabaceae—Mimosoideae) is a canopy, long-lived and
semi-deciduous tree species that can reach up to 35 m in
height. It has hermaphroditic flowers and long legume fruits
(von Altschul 1964; Justiniano and Fredericksen 1998;
Cialdella 2000). Little is known about the mating system of
A. colubrina var. cebil. However, it is suggested that it
behaves as predominantly outcrossing (Cialdella 2000).
Bees are the main pollinators, and seeds are dispersed by
autochory or anemochory after pod dehiscence (Justiniano
and Fredericksen 1998; Abraham de Noir et al. 2002).
Geographical distribution of this species is located in South
America, inhabiting the Seasonally Dry Tropical Forests
(SDTFs). At present, A. colubrina var. cebil is a dominant
species of such forests, and it has been proposed by Prado
and Gibbs (1993) as a paradigm species likely involved in
the cyclic expansion-retreat migrations of the Pleistocene.
Three nuclei of distribution for this species have been pro-
posed by Prado and Gibbs (1993): (1) the Caatingas nucleus
of Northeastern Brazil, (2) the Misiones nucleus occurring
along the Paraguay—Parand river system of Northeastern
Argentina, Eastern Paraguay and Southeastern Brazil, and
(3) the Sub-Andean Piedmont nucleus of Southwestern
Bolivia and Northwestern Argentina. In Argentina, SDTFs
are distributed in the Paranaense and Yungas phytogeo-
graphic provinces in Northeast and Northwest Argentina.
Both phytogeographic provinces hold the highest biodiver-
sity in the country (Brown et al. 2001; Di Bitetti et al. 2003;
Inza et al. 2012).

The demographic structure may be stable as local popu-
lations persist in each area for long times or unstable as large-
scale demographic changes occur frequently in the evolu-
tionary history of a species (Slatkin 1987). Demographic
instability can result from large-scale changes in geographic
ranges, e.g., during major climatic changes (Slatkin 1987).
Close floristic relationships exist between the distinct areas
of SDTFs suggesting that they represent fragments of a much
larger Pleistocene extension of this forest type (Prado and
Gibbs 1993). The disjunct areas of the present-day distri-
bution of neotropical SDTFs may represent current refugia
for SDTF species (Pennington et al. 2004). Pennington et al.
(2009) further argued that fragments of SDTFs have per-
sisted over long evolutionary timescales with corresponding
consequences on the evolution and biogeography of species.
In addition, Werneck et al. (2011) proposed an alternative
scenario of a lower Pleistocene or earlier Tertiary SDTF
expansion, followed by fragmentation during the Pleistocene
and secondary expansion in the Holocene. Four areas of
long-term stability of SDTFs were identified, which possibly
acted as current and historical refugial areas. Two of these
potential refugia are located in south-central South America,
one corresponding to the Misiones nucleus and another one
to the Chiquitano region of eastern Bolivia (Werneck et al.
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2011). Modeled ranges of SDTFs showed reductions in these
forests in Northwestern Argentina during the Pleistocene.
Hence, the area could be considered as temporally unstable
in this sense. In addition, a more recent colonization of this
area is expected (Werneck et al. 2011). Range expansions
during Pleistocene glacial times were verified for Astronium
urundeuva and suggest that the present distribution is a cli-
matic relict of an ancient, widely distributed population
(Caetano et al. 2008). However, the response of SDTFs to the
Quaternary climate changes is highly complex and may
differ among SDTF species (Collevatti et al. 2012).

Fragmentation of once continuous tree populations
potentially disrupts natural ecological and evolutionary
processes and could adversely modify their genetic com-
position (Hamrick 2004). The short-term effects of frag-
mentation depend on the genetic structure of the population
prior to fragmentation. If gene flow between the fragments
is limited, genetic drift causes an increase in genetic vari-
ability between fragments, but genetic variability decreases
within them (Hamrick 2004). Hence, the effects of gene
flow are the opposite of those of genetic drift, and the
balance between them is a primary determinant of the
population genetic structure (Templeton 2006).

In a previous study, Barrandeguy et al. (2011) detected
high levels of polymorphism using four chloroplast
microsatellite loci (cpSSR) in 24 individuals from Par-
anaense province. This study motivated an exhaustive
analysis using more cpSSRs plus nuclear SSRs loci.

Suitable multivariate markers are required to analyze the
genetic structure of populations. For vascular plants, com-
parative analyses of nuclear and chloroplast microsatellites
can provide complementary information on the genetic
diversity, genetic differentiation and gene flow (pollen and
seed mediated) within and among their populations (Ennos
1994; Pakkad et al. 2008). The nuclear genome is biparen-
tally inherited and reflects both seed and pollen gene flow
(Petit et al. 2005), while the chloroplast genome is mater-
nally inherited in most angiosperms (Corriveau and Coleman
1988) and disseminated by seeds (Petit et al. 2005). The
chloroplast genome is haploid and exhibits a relative slow
rate of sequence evolution as a consequence of the absence of
recombination and low mutation rates. These characteristics
make it suitable to assess the impact of historical factors
(Petit et al. 2005, Ravi et al. 2008). The different inheritance
patterns of organelle and nuclear genes can be used to
unravel the complexity of gene flow in plants, as they are
predicted to result in a very different distribution of genetic
variability within and among populations (Petit et al. 2005).
Even though these molecular techniques have been widely
used in tree species, only few studies have combined markers
from both genomes to study patterns of genetic diversity in
subtropical tree species from South America (Caetano et al.
2008; Quiroga et al. 2012).
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Fig. 1 Geographic origin of the populations studied in a the Paranaense and b the Yungas phytogeographic provinces: (1) Candelaria, (2) Santa
Ana, (3) Tucuman and (4) Jujuy. Sub-Andean Piedmont and Misiones nuclei are indicated in light gray

A. colubrina var. cebil is an important hardwood species
considering both its good wood quality and for nature con-
servation, since it can be used in reforestation and restoration
of degraded forests (Justiniano and Fredericksen 1998).
Combining the impacts on SDTFs in Argentina, we hypoth-
esize that the natural populations of A. colubrina var. cebil
from Northern Argentina represent vestiges of ancient frag-
mentation, but they are additionally influenced by a certain
degree of gene flow among them. We, therefore, analyzed the
genetic structure of natural populations of A. colubrina var.
cebil using nuclear and chloroplast SSRs to observe the level
and distribution of genetic variation in both genomes. Dif-
ferences in genetic structure between nuclear and chloroplast
markers of the same populations allow discussion of the rel-
ative role of ancient fragmentation as a consequence of his-
torical events and recent fragmentation as result of human
impact on natural populations of A. colubrina var. cebil.

Materials and methods
Population sites and sample collection

Young leaves from 69 adult trees were collected from
four natural populations of A. colubrina var. cebil in

North  Argentina: (1) Candelaria (27°26'58.200"S,
55°44'20.184"W), (2) Santa Ana (27°25'55.920"S,
55°34'16.680"W), (3) Tucumédn  (26°47'26.100"S,
65°18/'58.140"W), and (4) Jujuy (23°45'15.012"S,

64°51'12.996"W). These populations are located in the
Paranaense (1-2) and Yungas (3-4) phytogeographic
provinces representing the natural distribution of the spe-
cies in Argentina (Fig. 1). Trees were georeferenced by
GPS (Geographic Position System) and identified by an
individual code. Trees were spatially distributed around
10 m apart in each population for avoiding the collection of
relatives individuals. Geographic coordinates of the studied
populations of A. colubrina var. cebil are presented in
Appendix 1. Leaves were dried with silica gel and stored at
room temperature until DNA extraction. Five dried leaves
per individual are kept in the laboratory of Departamento
de Genética (Facultad de Ciencias Exactas, Quimicas y
Naturales, Universidad Nacional de Misiones).

DNA extraction and microsatellite genotyping
Total genomic DNA was extracted from dry leaves using

the DNeasy®-PIant Mini Kit (QIAGEN, Hilden, Germany).
Eight specific nuclear microsatellite markers for
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Table 1 Characterization of eight nuclear and four chloroplast microsatellite markers used for the study of Anadenanthera colubrina var. cebil

populations
Locus T, (°C) Size range (bp) Na H, H./h Gene bank accession
number
Nuclear genome Ac34.3 TD 60-50 °C 171-203 16 0.853 0.914 JQ086537
Ac48.1 TD 60-50 °C 129-171 20 0.651 0.875 JQ086538
Acll.2 TD 60-50 °C 110-124 08 0.478 0.772 JQ086539
Ac28.3 65 °C 207-277 26 0.613 0.931 JQ086540
Acl57.1 65 °C 106-201 28 0.868 0.883 JQ086541
Ac4l.1 TD 60-50 °C 125-158 19 0.779 0.810 JQ086542
Acl72.1 TD 60-50 °C 087-122 15 0.667 0.870 JQ086543
Acl62.1 TD 60-50 °C 114-170 20 0.875 0.864 JQ086544
Chloroplast genome Cemp?2 50 °C 478-491 03 - 0.611 -
Cemp4 50 °C 109-112 02 - 0.491 -
Cemp5 50 °C 133-140 04 - 0.649 -
Cemp7 50 °C 150-155 02 - 0.499 -

T, annealing temperature; 7D touchdown; N, number of alleles; H observed heterozygosity; Hg expected heterozygosity; 4 Nei’s gene diversity index

A. colubrina var. cebil were used to genotype all individ-
uals (Barrandeguy et al. 2012; Table 1). Additionally, ten
universal angiosperm chloroplast microsatellite primers
(Ccmp) were tested to analyze intraspecific chloroplast
microsatellite variability (Weising and Gardner 1999). Out
of ten, four were polymorphic: Ccmp2, Ccmp4, Ccmp5 and
Ccmp7, showing differences in mononucleotide repeats
(Table 1).

PCR amplifications were performed in a final volume of
15 pL containing 0.5 ng/pl of genomic DNA, 1x Hot Start
Buffer (0.8 M Tris—HCI pH 9.0, 0.2 M (NH,4),SO4, 0.2 %
w/v Tween-20; Solis BioDyne, Estonia), 2.5 mM MgCl,,
0.2 mM of each dNTP, 1 U Hot Start DNA Polymerase
(5 U/uLL Hot FirePol, Solis BioDyne, Tartu, Estonia) and
0.33 pmol of each primer. Forward primers had a fluores-
cent tag (FAM = blue or HEX = green) on the 5'-end.
PCR was performed in a gradient cycler (Biometra, Got-
tingen, Germany) using a touchdown program or a fixed
annealing temperature depending on the locus considered
(Table 1). For six loci, we used a touchdown program (TD)
with the following conditions: 94 °C for 15 min, 10 cycles
of 1 min at 94 °C, 1 min annealing with corresponding
temperature regimes and 1 min at 72 °C followed by 29
similar cycles using 50 °C for annealing and a final elon-
gation at 72 °C for 20 min. For the remaining loci, we
applied the following conditions: 94 °C for 15 min, 30
cycles of 1 min at 94 °C, 1 min annealing at specific
temperatures, 1 min at 72 °C, and a final elongation at
72 °C for 20 min. Electrophoresis was carried out in an
ABI Prism® 3100 (Applied Biosystems, Foster City, CA),
and fragment sizes were scored with GENESCAN™
analysis software using GS 500 ROX™ (Applied Biosys-
tems) as internal size standard.
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Data analysis
Genetic diversity

Nuclear genetic diversity was defined by the number of alleles
(Nan), effective number of alleles (Ng,), number of private
alleles (Np,,), observed heterozygosity (Ho,), expected het-
erozygosity (Hg,), allelic richness per population (R,,) and
private allelic richness (Rpa,) to compare the expected gene
multiplicity among populations in the case that all samples
were equally sized (Gillet et al. 2005). The rarefaction method
was used for this estimation using the ADZE version 1.0
software (Szpiech et al. 2008). Significant differences in
allelic richness (R,,), and observed and expected heterozy-
gosity (Ho, and Hg,, respectively) among populations were
tested using a permutation procedure (10,000 iterations) with
the FSTAT version 2.9.3.2 software (Goudet 1995).

Departures from Hardy—Weinberg equilibrium (HWE)
at each population were tested, and a global test of het-
erozygote deficit across loci and populations was applied.
Analyses were performed using the GENEPOP version
4.0.10 software (Raymond and Rousset 1995). The Markov
chain method was employed to estimate the probability of
significant deviation from HWE using the GENEPOP
software with the following parameters: dememoriza-
tion = 1000, batches = 100, and iterations = 1,000.

The presence of null alleles and genotyping errors were
estimated in all loci within each population using MICRO-
CHECKER (van Oosterhout et al. 2004). The overall fre-
quency of null alleles (r) in each population was estimated
using the method of Brookfield (1996), and we reestimated
Hg from allele frequencies corrected for null alleles
(Hg-cor)- We also used the Individual Inbreeding Model
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(IIM) approach to partition out the influence of null alleles
on Fig values using the INEST software (Chybicki and
Burczyk 2009). In addition, we estimated global population
Fgr values using the FreeNA software (Chapuis and Estoup
2007) to obtain unbiased Fgy values in the presence of null
alleles and confidence intervals (CI) were reported.
Chloroplast genetic diversity was defined by the number of
alleles (N,.), effective number of alleles (Ng.), number of
private alleles (Nap.) and Nei’s gene diversity index (4.) (Nei,
1978). Haplotypes were identified based on the simultaneous
observation of all cpDNA polymorphisms due to the non-
recombinant nature of the chloroplast genome. Nei’s haplo-
typic diversity index (Hg.) was calculated (Nei 1987).
Except for allelic richness and Nei’s haplotypic diversity
index, genetic diversity estimators were calculated using
the GenAIlEx 6.5 software (Peakall and Smouse 2012).

Genetic structure

Genetic relationships between nuclear multilocus genotypes
or chloroplast haplotypes were analyzed by the distance-
based unweighted Neighbor-joining method (Gascuel 1997).
Based on the distance matrix an unrooted tree was con-
structed using the Darwin 5.0.84 software (Perrier and Jac-
quemoud-Collet 2006). The robustness of each node was
assessed by bootstrapping with 1,000 replications. Data
matrices are available from the corresponding author.

An Analysis of Molecular Variance (AMOVA) was
performed for both markers to examine the hierarchical
genetic structure (Excoffier et al. 1992). Populations used
for this analysis were defined a priori based on their geo-
graphic distribution without a genetic criterion. The global
Fsr index over all loci was calculated from AMOVA.
Statistical significance was calculated using 1,023 permu-
tations. Genetic differentiation between populations was
estimated by pairwise Fgt comparisons within and among
provinces. Analyses were performed using the Arlequin 3.5
software (Excoffier and Lischer 2010).

Population genetic structure was described using the
Bayesian theory (Pritchard et al. 2000). Within a given data
set the proportion of individuals correctly assigned to each
population can provide useful insights regarding the rela-
tive patterns of population genetic structure (Manel et al.
2005). This model-based method estimated the number of
genetic clusters (K) and assigned the total number of
individuals to these clusters (Pritchard et al. 2000).
Bayesian analysis was performed for ncSSR data using the
admixture model with independent allele frequencies
between populations. The number of genetically different
clusters (K) ranged from 1 to 6. The model was run with
ten independent simulations for each K using a burn-in
length of 500,000 and a run length of 750,000 MCMC
iterations. Other parameters were set to default values.

Similarly, each phytogeographic province was analyzed
independently to detect the genetic substructure. Analyses
were carried out with the Structure 2.3.3 software (Prit-
chard et al. 2000). The real number of clusters was deter-
mined using the ad hoc AK statistics (Evanno et al. 2005),
based on the second order of change in the log likelihood of
data (AK) as a function of K calculated over ten replicates
(Evanno et al. 2005). This estimation was calculated using
the STRUCTURE HARVESTER web application version
0.6.92 (Earl and von Holdt 2011).

Bayesian analysis was also performed for cpSSR data
using the mixture model for linked loci due to the non-
recombinant nature of cpDNA. Simulations were run using
similar settings to those used for the ncSSR data. The size of
ten best visited partitions with their log marginal likelihood
[log (ml)] values is used to estimate the “correct” number of
clusters (Corander et al. 2006). The partition with the highest
log (ml) value was considered as the optimal cluster number.
Relationships among clusters identified by Bayesian analysis
were determined by a dendrogram built using the Neighbor-
Joining clustering technique based on Kullback—Leibler
(KL) genetic distance matrix (Kullback and Leibler 1951).
KL index can be used as a measure of relative dissimilarity
between two data sets (Kasturi et al. 2003). This distance
measure was used as an alternative to Nei’s genetic distance
index since Tucuman samples presented a private haplotype
that resulted in a zero value for Nei’s similarity index and an
infinite value of genetic distance. Instead, KL estimated the
distance among all clusters and allowed their representation
in a dendrogram. All of these analyses were performed using
the BAPS version 5.3 software (Corander et al. 2006). BAPS
provides estimates of posterior probabilities for specific
partitions of given sampling units, as well as a hierarchical
tree representation of the closeness of the sampling units,
from which a Bayesian model-averaged partition can be
extracted (Corander et al. 2006).

Inbreeding was estimated using the Bayesian approach
implemented in the Hickory version 1.1 software (Hol-
singer and Lewis 2003). Hickory estimates the Bayesian
analog of Wright’s Fig (1951) designated in the program as
f (Holsinger and Lewis 2003) and the confidence interval
for this value (CI). Bayesian analyses of the ncSSR data set
in Hickory were performed with default parameter settings
(burn-in = 50,000, sampling = 250,000, thinning = 50)
under the full model analysis.

Results
Genetic diversity

The eight nuclear microsatellite loci were highly poly-
morphic, with numbers of detected alleles for each locus

@ Springer



1698

M. E. Barrandeguy et al.

Table 2 Diversity parameters assessed by nuclear and chloroplast microsatellite markers in Anadenanthera colubrina var. cebil populations

Phytogeographic province Paranaense Yungas Total

Population Candelaria Santa Ana Tucuman Jujuy

ncSSRs N 20 16 14 19 69
Nan 9.875 9.250 8.625 11.125 9.719*
Ngn 5.166 4.479 5.548 7.692 5.721*%
Npan 2.500 1.125 1.625 3.125 2.094*
Hon 0.698 0.703 0.748 0.752 0.725"
Hg, 0.780 0.756 0.785 0.841 0.791*
Hg. cor 0.796 0.779 0.789 0.851 0.804*
R, 6.388 6.353 6.573 7.698 6.753
Rpan 1.829 1.255 1.607 2.559 1.813
)4 <0.001 (0.000) 0.002 (0.001) 0.001 (0.004) <0.001 (0.000) <0.001
r 0.071" 0.060" 0.027" 0.070" 0.057*
Fis (IIM) 0.020-0.021 0.027-0.029 0.033 -0.035 0.023-0.025 0.026-0.028%

cpSSRs Nac 1.250 1.250 1.000 1.250 2.750
Nge 1.055 1.221 1.000 1.028 1.076*
Npac 1.000 0.000 1.000 2.000 0.250%
h. 0.045 0.117 0.000 0.025 0.047*
Hyg, 0.400 0.500 0.000 0.094 0.249*

The highest values for each parameter are indicated in bold

N number of individuals; N4, number of alleles (ncSSR); Ng, effective number of alleles (ncSSR); Np,, number of private alleles (ncSSR); Ho,,
observed heterozygosity (ncSSR); Hg, expected heterozygosity (ncSSR); Hg_.or expected heterozygosity corrected for null alleles (ncSSR); R,
allelic richness (ncSSR); Rp,, private allelic richness (ncSSR); p probability of significant deviation from HWE (Markov chain procedure,
p < 0.05), numbers in parentheses indicate the probability (p) of significant heterozygote deficiency; r estimated frequency of null alleles
(ncSSR); Fis (IIM) inbreeding coefficient for loci with null alleles; N, number of alleles (cpSSR); Nk, effective number of alleles (cpSSR); Npac
number of private alleles (cpSSR); i, Ne’s gene diversity index; Hg. Ne’s haplotypic diversity index

# Average value; 'denotes null alleles detected in at least one locus using MICROCHECKER (van Oosterhout et al. 2004)

ranging from 8 to 28 (Table 1). Levels of heterozygosity
were high for all loci (Table 1). A total of 152 alleles were
identified among 69 individuals across four natural popu-
lations from Argentina. Forty-one out of those 152 alleles
(27 %) were present only in the Paranaense province, 46
alleles (30 %) were present only in the Yungas province,
whereas 65 (43 %) were shared between provinces. The
overall mean number of alleles was 9.719 whereas popu-
lation values ranged from 8.625 to 11.125 in Tucuman and
Jujuy, respectively (Table 2). The effective number of
alleles (NVg,) in each population was lower than the mean
number of alleles (N4,) showing the presence of alleles at
low frequencies in all populations (Table 2). Among
genetic diversity estimators, number of alleles, effective
number of alleles and number of private alleles depend on
sample sizes, whereas allelic richness is independent of this
value (Gillet et al. 2005). In this regard, the highest allelic
richness was found in Jujuy followed by Tucuman, Can-
delaria, and Santa Ana. The highest private allelic richness
was also found in Jujuy populations followed by Cande-
laria, Tucuman and Santa Ana (Table 2). Allelic richness
and expected heterozygosity differences were statistically
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significant when Jujuy was compared with the other pop-
ulations (FSTAT comparison among groups: p = 0.029
and p = 0.038, respectively), whereas observed heterozy-
gosity showed no significant differences for all compari-
sons made.

Both global tests across loci within and among popula-
tions showed departures from HWE (p < 0.05). All popu-
lations exhibited heterozygote deficiencies (Table 2).

No evidence of genotyping errors was found using
MICROCHECKER. Null alleles were detected in at least
one locus in each population, but no locus showed null
alleles in all populations. The overall frequency of null
alleles (r) ranged from 0.071 to 0.027 in the populations
examined (Table 2). Deviations from HWE were primarily
due to the presence of null alleles, since Fig values were
reduced to essentially zero in all populations analyzed (IIM
Fs average range: 0.026-0.028) (Table 2). Simulation and
empirical studies have shown that null alleles lead to
underestimation of allelic diversity, and observed and
expected heterozygosity, but this bias is particularly low
for expected heterozygosity (Chapuis et al. 2008; Shama
et al. 2011). In that respect, expected heterozygosity from
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Table 3 Number of trees per chloroplast haplotype in each Anade-
nanthera colubrina var. cebil analyzed population

Haplotype  Population Total
Candelaria ~ Santa Ana  Tucuméan  Jujuy
HA 18 - - - 18
HB 02 10 - - 12
HC - 06 - - 06
HD - - 14 - 14
HE - - - 18 18
HF - - - 01 01
Total 20 16 14 19 69

allele frequencies corrected for null alleles (Hg.cor) Was
similar to expected heterozygosity. Global Fgr estimated
from uncorrected genotypes was 0.078 (CI: 0.053-0.11)
while Fgr estimated using the ENA method in FReeNA
was 0.076 (CI: 0.054-0.107) (Chapuis and Estoup 2007)
indicating that null alleles had only a small effect on Fgr
estimates. The overlapping confidence intervals indicated
that null alleles were evenly distributed among populations.

A total of 11 alleles were identified at the four chloro-
plast microsatellite loci among 69 individuals. Three out of
four populations had 25 % of polymorphic loci whereas
Tucuman is monomorphic for all loci tested (Table 2). The
combination of alleles from four cpSSR loci resulted in a
total of six haplotypes (Table 3). Five out of six haplotypes
were private while haplotype HB was found in both pop-
ulations of the Paranaense province (Table 3). Santa Ana
showed the highest population diversity (h. = 0.12,
Hg. = 0.50) and Jujuy showed the highest number of pri-
vate alleles (Nap. = 2.00) (Table 2).

Genetic structure

Approximately 90 % of the nuclear genetic variation was
detected within populations. The remaining variation was

equally distributed among populations and provinces
(~5 %) (Table 4). Nearly 70 % of the chloroplast genetic
variation was found between provinces, while 25 % of
variation was observed among populations (Table 4).

Global Fgrs were statistically significant and indicated
genetic differentiation in both genomes. According to
Wright’s qualitative guidelines for the interpretation of Fgr
(Hartl and Clark 2007) these populations are moderately
structured at the nuclear genome (Fgt = 0.11), but are
highly structured at the chloroplast genome (Fst = 0.95)
(Table 4). The highest values of pairwise Fgt based on
ncSSRs were observed between populations of the different
phytogeographic provinces (Table 5). Populations of the
Paranaense province are more differentiated than those of
the Yungas. Pairwise Fgr values based on cpSSRs were
high between all populations (Table 5).

Two nuclear clusters were defined by the Bayesian model.
Individuals were assigned to these clusters according to their
phytogeographic province of origin (Fig. 2a). Province-
specific analyses found differentiation among populations of
the Paranaense province, but no differentiation among those
of the Yungas province (Fig. 2b).

Six chloroplast clusters were defined by the Bayesian
model [log (ml) = 0.957]. Individuals were assigned to
each cluster according to their chloroplast haplotypes
(Fig. 3a). The dendrogram showed two main groups of
haplotypes corresponding to the phytogeographic origin of
individuals (Fig. 3b). One group was formed by clusters 3,
4 and 6, which included all the individuals from the
Yungas province, while the second group was formed by
clusters 1, 2 and 5, and comprises all the individuals from
the Paranaense province.

The unweighted Neighbor-Joining trees showed two
main groups in correspondence with the phytogeographic
province in both genomes (Fig. 4).

The global inbreeding coefficient estimated by a
Bayesian approach reached a low positive value,
Fis = 0.13 (CI: 0.093-0.135).

Table 4 Analyses of molecular variance (AMOVA) in Anadenanthera colubrina var. cebil populations

Source  Source of variation df Sum of squares  Variance components  Percentage of variation  Fixation index
ncSSR  Among provinces 1 14.600 0.123 Va 5.59 Fsr = 0.11%
Among populations within provinces 2 12.048 0.120 Vb 5.48
Within populations 134 261.403 1.951 Ve 88.94
Total 137 288.051 2.193
cpSSR  Among provinces 1 54.593 1.337 Va 69.690 Fst = 0.95%
Among populations within provinces 2 16.533 0.482 Vb 25.110
Within populations 65 6.497 0.010 Ve 5.200
Total 68 77.623 1.919

* Statistically significant. Significance of variance components using 1,023 permutations
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Table 5 Genetic differentiation at nuclear (above diagonal) and
chloroplast SSRs (below diagonal) estimated between pairs of popu-
lations in Anadenanthera colubrina var. cebil

Population Candelaria ~ Santa Ana Tucuman Jujuy
Candelaria 0.741* 0.972%* 0.963*
Santa Ana 0.075% 0.926* 0.921*
Tucumdn 0.122%* 0.123* 0.942
Jujuy 0.112* 0.088* 0.039*

Comparison of populations from different (dark gray) and identical
(light gray) phytogeographic provinces
* Statistically significant at 95

Discussion

High nuclear genetic diversity was observed within the
four populations considered (Table 2). This finding is
expected in forest tree species as a consequence of high
population sizes, longevity of individuals, high levels of
cross fertilization and/or high levels of gene flow between
populations (White et al. 2007). Nuclear genetic diversity
in A. colubrina var. cebil populations (Hg, = 0.756-0.841;
Table 2) is similar to Dalbergia monticola, an insect-pol-
linated tree species (Hg, = 0.64-0.81) (Andrianoelina
et al. 2009), while most tropical tree species are charac-
terized by lower genetic diversity ranging from 0.4 to 0.7
(e.g., Dutech et al. 2002; Born et al. 2008; Muller et al.
2009; Ndiade-Bourobou et al. 2010; Debout et al. 2011).

Studied populations from the Yungas province are located
in protected areas. The lowest number of alleles was
observed in the Tucuman population while allelic richness
in this population was similar to observed values in the
Paranaense province populations. These results deserve a
conservative analysis because the Tucuman population
contains the most restricted sampling size. The highest
nuclear genetic diversity was observed in the Jujuy popu-
lation, which also contains the highest number of private
alleles. In contrast, the lower number of private alleles
found in the other populations may indicate a reduction in
their population sizes, which is a strongly increasing
problem of the SDTFs. It has been suggested that the loss
of alleles is a primary consequence of population size
reduction (Leimu et al. 2006).

Analyses of molecular variance and Fgt indices showed
that although most of the nuclear genetic diversity was
contained within populations, they could be considered as
genetically distinct in accordance with their moderate
genetic structure (Fgt = 0.11). The Fgr value for this
species agrees with the level of genetic differentiation
expected for tropical tree species dispersing their seeds
mostly by abiotic vectors such as gravity or wind (Fin-
keldey and Hattemer 2007).

Pairwise Fgrs revealed that the highest differentiations
occur between the populations from different provinces,
and also that the populations from the Paranaense province
are more differentiated than that from the Yungas province

a I
. I .
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|
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300
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b K Candelaria Santa Ana Tucuman Jujuy
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100
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Fig. 2 Inference of K, the most probable number of clusters, based
on the second order of change in the log likelihood of data (AK) as a
function of K calculated over ten replicates. Bayesian clustering of
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Fig. 3 a Bayesian clustering of individuals using cpSSR genetic data
in a mixture model for linked loci. b Relationships among clusters
defined by the Bayesian analysis of genetic structure. HA to HF

represent the different haplotypes. Phytogeographic provinces of
origin were included in the figure
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Fig. 4 Genetic relationships between a nuclear multilocus genotypes
and b chloroplast haplotypes presented as unweighted Neighbor-
Joining trees. Numbers in branches are bootstrap values after 1,000

despite the close geographic relationship between the for-
mer populations. Correspondingly, the Neighbor-Joining
and Bayesian analyses grouped individuals according to
their phytogeographic provinces of origin. The strong
genetic substructure of the Paranaense province was also
evident from the province-specific Bayesian analysis. High

replications (only bootstrap values higher than 50 % are shown).
Populations: (1) Candelaria, (2) Santa Ana, (3) Tucuman and (4)
Jujuy

genetic differentiation of populations from this province
may be a consequence of recent fragmentation caused by
human impact. Recent fragmentation increases the isola-
tion of remaining populations due to the elimination of
possible intermediate populations, and thus limiting gene
flow (Young et al. 1996). Populations from the Yungas
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province showed less differentiation despite comparatively
high geographic distances among them. As these popula-
tions are located in protected areas, it is likely that regular
gene flow counterbalanced genetic drift (Templeton 2006).
Natural populations are usually part of spatial networks and
they are interconnected through gene flow (Chikhi et al.
2010). SDTFs in this region are well connected, and A.
colubrina var. cebil is distributed along the pedemontane
forest whereby pollen gene flow occurs along a network of
interconnected local populations maintaining high levels of
genetic diversity.

A low Fig value indicates that populations present minor
degrees of inbreeding. This is in agreement with the usual
outcrossing matting system of A. colubrina var. cebil
(Cialdella 2000) and its predominant pollination performed
by insects (von Altschul 1964).

Out of ten cpSSR loci tested four showed polymorphism
in the analyzed samples. Notwithstanding two of these
universal primers, Ccmp3 and Ccmp5, were previously
used by Barrandeguy et al. (2011), primer Ccmp3 did not
show polymorphism in the current study. This result could
be explained by differences in the methodologies used for
genotyping the individuals. In the previous study, indi-
viduals were genotyped using polyacrylamide gels and
visualized by silver staining while the allele size was
determined by comparison to a DNA ladder, whereas in the
current study individuals were genotyped by a capillary
electrophoresis system on an automated sequencer. Low
chloroplast genetic diversity was revealed by four cpSSR
loci, but variation detected in the data set was effective to
distinguish populations and provinces. High genetic dif-
ferentiation was indicated by a very high global Fgt index
(Fst = 0.95) (Table 4). These results suggest low levels of
seed-mediated gene flow between populations, and a long-
lasting isolation regarding the distribution of haplotypes in
each population. The different chloroplast haplotypes were
grouped according to their province of origin. Bayesian
analysis identified six clusters of individuals reflecting the
haplotypes and dendrogram of clusters which mirror dif-
ferentiation between provinces (Fig. 3).

According to the SDTF predictive distribution map
based on paleodistribution modeling (Werneck et al. 2011),
the Paranaense province corresponds to a historically stable
area whereas the Yungas to an unstable area. From a
genetic standpoint, temporally unstable areas are expected
to display lower levels of intra species genetic diversity
when compared with stable areas. On the other hand, stable
areas probably had higher persistence and are expected to
retain higher genetic diversity than those in recently col-
onized unstable areas (Hewitt 2004). Thus, populations
from the Paranaense province shared one haplotype that
could represent their historical diversity. On the other hand,
populations from the Yungas province showed high genetic
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distance and private haplotypes that could be a conse-
quence of subsequent colonization events.

Hamrick (2004) has proposed post-colonization pollen
flow between sites to explain the low structure for bipa-
rentally inherited traits. Both genomes showed the effects
of SDTF ancient fragmentation. Recent fragmentation
could be invoked to explain the nuclear differentiation of
populations from the Paranaense province while historical
stability might be indicated by higher genetic diversity and
lower genetic structure in the chloroplast genome of the
Paranaense populations compared to those from the Yun-
gas. Populations from the Yungas province show sub-
sequent colonization patterns and a consequential increase
in genetic differentiation for the chloroplast genome but
relatively low differentiation for biparentally inherited
traits.

In this study, ncSSR markers displayed lower genetic
differentiation among populations than cpSSR markers.
This is not surprising since similar results have been
reported for other forest species (Naciri et al. 2006; Pakkad
et al. 2008; Andrianoelina et al. 2009; Muller et al. 2009).
The causes for the discrepancy between the two marker
systems are different inheritances, effective population
sizes and mutation rates. In angiosperms, gene flow of
ncDNA occurs via both, seeds and pollen, while gene flow
of cpDNA occurs solely via seed (McCauley 1995). The
uniparental inheritance of cpDNA reduces effective popu-
lation sizes, and thus the extent of genetic differentiation
increases in this genome (McCauley 1995; Templeton
2006). Finally, higher mutation rates in ncSSRs determine
higher levels of genetic diversity and low genetic differ-
entiation (Provan et al. 1999).

The assessment of intraspecific genetic variation is
essential to understand the current genetic status and to
design appropriate conservation strategies. The highest
number of populations prioritizing those more diverse and
divergent from different localities should be preserved
(Inza et al. 2012).

Ancient fragmentation was detected at the genetic level
in both genomes. In this way, natural populations of A.
colubrina var. cebil from Northern Argentina represent
vestiges of ancient fragmentation. Therefore, demographic
instability resulting from ancient fragmentation played the
main role in determining genetic structure for these popu-
lations. At a lower scale, i.e., within phytogeographic
provinces, we draw different conclusions. In the Parana-
ense province, we highlight the effects of recent frag-
mentation on genetic structure, based on the fragmented
landscape where these populations are located, and the high
human utilization of these forests. In contrast, in the
Yungas province, we highlight the importance of gene flow
by pollen compensation of the effects of genetic drift. Petit
et al. (1998) suggested that populations with higher priority
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for conservation efforts can be determined by considering
allelic richness. In this regard, the Jujuy population is
considered as a maximum priority population for conser-
vation since it has the highest nuclear diversity. Fortu-
nately, this population is located in the Calilegua National
Park, a natural protected area. Populations from the Par-
anaense province, considered as a historically stable area,
displayed the highest chloroplast diversity and high nuclear
genetic differentiation. Thus, promoting the protection
status of Santa Ana area is advisable, and sustainable forest
management of Candelaria is urgent since it is located on
private property and, therefore, highly endangered by
logging activities.

The effects of historical fragmentation were identified in
both genomes, in natural populations of A. colubrina var.
cebil from Northern Argentina. This result was unexpected
for the nuclear genome considering the high mutation and
recombination rates of ncSSR, as well as the high levels of
gene flow by pollen that can erase these differences.
Chloroplast genome keeps valuable information about
historical population changes in this species that can be
used, i.e., to contrast different hypothesis about historical
distribution of SDTFs by phylogeographic studies. There-
fore, this study is valuable to further assess the current
genetic status of this valuable tree and to highlight the
importance of historical events in shaping the genetic
structure in a neotropical forest tree species. Despite low
number of populations analyzed this study has been useful
for generating new questions that may drive future genetic
studies on natural populations of neotropical forest species.
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