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Abstract Podocarpus sellowii (Podocarpaceae) is one of
only afew gymnosperms native to Brazil and the sole species
of the genus found in the northeastern region of that country.
It has a very restricted distribution in this region, with only
three known populations in highland forests (called Brejos
de Altitude), which apparently have been isolated from each
other since the Pleistocene. Due to this long-term isolation
and the fact that these populations have few adult individuals
and suffer great anthropogenic pressure, low genetic vari-
ability is expected, compromising their long-term viability.
The present work assessed the genetic variability and
structure of northeastern populations of P. sellowii to
investigate the role of Pleistocene glaciations on the genetic
relationships between them and to propose strategies for
their conservation by analyzing the SSR and ISSR markers of
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adult and juvenile individuals. Low genetic diversity was
found with both markers, associated with a high differenti-
ation of the Brejo de Baturité population in relation to the
others—suggesting their isolation at different points in time,
probably during the Pleistocene. Actions directed towards
increasing the genetic diversity of these populations will be
needed, such as planting seedlings with high genetic vari-
ability—but the high degrees of differentiation observed
between the populations must be taken into account.
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Introduction

The classical Pleistocene refuge hypothesis (Haffer 1969;
Vanzolini and Williams 1970) has been invoked for many
years as the main explanation for the high rates of ende-
mism and interspecific diversity observed in South
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American forests (Whitmore and Prance 1987; Carnaval
and Moritz 2008). Recent phylogeographic studies have
shown that refuges have played important roles in the
diversification of the Atlantic rainforest (Cabanne et al.
2008; Carnaval et al. 2009; Maldonado-Coelho 2012),
although their importance to the Amazon forest remains
controversial (Hoorn et al. 2010; Ribas et al. 2012; Thomas
et al. 2012). Brejos de Altitude (hereafter referred to as
Brejos) are relict enclave rainforests in Caatinga (dryland)
vegetation highlands, and are considered to be biogeo-
graphical sub-regions of the Atlantic Forest and forest
refuges within that xeric landscape (Andrade-Lima 1982;
da Silva and Casteleti 2003). Due to their distinct climates
in relation to the surrounding Caatinga vegetation and their
long geographic isolation from other Atlantic Forest rem-
nants (probably since the Pleistocene glaciations), these
areas exhibit high levels of endemism (Félix and Carvalho
2002; Siqueira-Filho 2002). However, due to their distinct
highland climates in relation to the surrounding dry Caat-
inga, these areas are well suited for agricultural use and
have therefore been largely degraded, making them the
most threatened portions of the Atlantic Forest domain
(Tabarelli and Santos 2004; Oliveira et al. 2007).

The few published phylogeographic studies of Brejo pop-
ulations have revealed moderate to high levels of population
differentiation, usually correlated with isolation due to Pleis-
tocene climatic fluctuations. Brejo populations localized in the
northernmost portion of their distribution range are believed to
have survived the driest periods of the Pleistocene (Carnaval
and Bates 2007), and were possibly connected to both the
Amazon and Atlantic Forests during cycles of forest expan-
sion (Andrade et al. 2007). Different levels of genetic diversity
have been observed in Brejo populations. Low levels of
genetic variability were observed in enclave populations of
two frog species (Carnaval and Bates 2007), while no reduc-
tions in the levels of genetic diversity were observed in the
plant Anthurium sinuatum (Andrade et al. 2009). According to
the latter authors, this might indirectly support the idea that
those relict areas were only recently formed (c. 5,000 years
BP) by the contraction of a formerly more widespread, for-
ested coast connected with the Amazonia forest.

Among the plant species found in Brejos sites, Podocar-
pus sellowii Klotzsch ex Endl. (Podocarpaceae) stands out,
with Podocarpus being the largest genus of gymnosperm in
the southern hemisphere. Two species of this genus have
been reported as being well distributed in Brazil: P. lamb-
ertii, found in the meridional region of the country with a
cooler climate; and P. sellowii, found both in warm and cold
regions, but with sparser distribution (Lima and Barbosa
1998). P. sellowii is the only conifer native to northeastern
Brazil (Lima and Barbosa 1998), with only four known
populations reported for the states of Pernambuco (Andrade-
Lima 1971), Ceara (Figueiredo et al. 1990), Sergipe and
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Bahia (Duarte 1973). It is not clear, however, if the popu-
lation from Bahia is that of P. sellowii, as it exhibits some
morphological characters more closely associated with P.
lambertii (L. Félix, unpublished results). Only small num-
bers of adult individuals comprise the Pernambuco and
Ceara populations (Lima and Barbosa 1998; Aratjo et al.
2007). Together with the long-term geographical isolation of
these Brejos areas, genetic isolation might have reduced the
genetic variability of this dioecious (and therefore exclu-
sively xenogamic) species (Aguilar et al. 2008). A positive
correlation between genetic and geographic distances has
been observed in another species of this genus, P. parlatorei
(which is characteristic of the montane Yungas forests
growing along the eastern slopes of the Andes Mountains and
occurring in disjunct populations in Argentina and Bolivia),
which has been attributed to the glacial events of the Pleis-
tocene (Quiroga and Premoli 2007).

Populations of P. sellowii found in the Atlantic Forest in
Minas Gerais State in southeastern Brazil (which have
large numbers of individuals and are not presently con-
sidered threatened) were recently analyzed using isozyme
markers, and revealed little differentiation among the eight
subpopulations analyzed, with high values of genetic
diversity (Gongalves 2008). Since the northeastern popu-
lations of P. sellowii have reduced sizes (Lima and Barbosa
1998; Aratjo et al. 2007) and are geographically isolated,
their genetic statuses should be evaluated and taken into
account when formulating strategies for their conservation.
Thus, the present work analyzed the genetic diversity and
population structures of three northeastern populations of
P. sellowii to shed light on the role of Pleistocene glacia-
tions and the subsequent isolation of Brejo populations, and
to provide information for the conservation of this species.

Materials and methods
Plant sampling and DNA extraction

Leaves were collected from adult and juvenile (at least 1 m
high, but non-reproductive) individuals from three populations
of P. sellowii (Fig. 1a): leaves from 15 juveniles and 15 adults
individuals within a population (BT) located on private prop-
erty between the counties of Guaramiranga and Pacoti, in the
Macico do Baturité (Ceara State, 04°15'46”S x 38°55'58"W);
from 15 juveniles and 20 adults in a second population at Brejo
dos Cavalos (BC) in the Professor Vasconcelos Sobrinho
Ecological Reserve in the city of Caruaru (Pernambuco State,
08°22'09”S x 36°05'00"W); and from 15 juveniles and 20
adults from a third population (IT) in the Serra da Itabaiana
National Park (Sergipe State, 10°40'52”S x 37°25'15"W). All
of the leaves were dried and stored over silica gel (Chase and
Hills 1991) until assayed.
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Fig. 1 Sampling sites of Podocarpus sellowii populations (a) and the
distribution of genetic diversity using SSR and ISSR markers (b-f).
a Map of Brazil, indicating the locations of the populations sampled:
Baturité (BT, red), Brejo dos Cavalos (BC, blue), and Itabaiana (IT,
green); b NJ phenogram based on SSR data; ¢ UPGMA dendrogram

DNA was extracted following the protocol described by
Doyle and Doyle (1987) (with minor modifications for time
optimization as described in the supplementary file), or
using the commercial Plant Genomics DNA Mini Kit
YGP100 (Real Biotech Corporation) following the manu-
facturer’s instructions. For SSR library construction, DNA
was extracted (according to Zellinger et al. 2007) from the
fresh leaves of one individual cultivated in the experi-
mental garden of the Laboratory of Plant Cytogenetics and
Evolution at the Federal University of Pernambuco—
UFPE. All DNA samples were quantified in 1 % agarose
gel stained with ethidium bromide (0.001 mg/mL), and the
gels visualized using a UV transilluminator coupled to a
Doc-Print-IT gel documentation system (Vilber Lourmat).

based on D (according to Nei 1972) using SSR data; d NJ phenogram
based on ISSR data; e UPGMA dendrogram based on D (according to
Nei 1972) using ISSR data; f Clustering of individuals based on
STRUCTURE analysis based on SSR data

SSR markers

The construction of a microsatellite-enriched genomic
DNA library for (GT)g and (CT)g repeats followed the
protocol described by Mori et al. (2010). Ninety-five SSR-
enriched clones were sequenced in both directions with
T7 and SP6 primers using the Big Dye® Terminator Cycle
Sequencing Kit v3 (PerkinElmer Applied Biosystems) in a
ABI PRISM® 377 automatic sequencer. Sequences were
aligned and edited using Geneious software. Microsatel-
lites were identified with the help of Gramene (Youens-
Clark et al. 2011). The primers were designed using
FastPCR v. 3.6.97 (Institute of Biotechnology, University
of Helsinki, Finland) and Primer3 v. 0.4.0 (http://primer3.
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sourceforge.net/), while the absence of dimers and hair-
pins was checked with NetPrimer (http://www.pre
mierbiosoft.com/netprimer/). The designed primers (Table
S1) were initially tested using the DNA of the same
individual from which the SSR-enriched library was
established, whereas those with satisfactory amplifications
were analyzed in the remaining individuals. Amplifica-
tions were carried out in 25 plL reaction volumes con-
taining 6 ng of genomic DNA, 1.25 U of Tag DNA
polymerase (GE), 1x PCR buffer (100 mM Tris—HCI pH
9.0, 15 mM MgCl, and 500 mM KCl), 0.16 mM of each
dNTP (GE), and 0.8 uM of each primer. All amplifica-
tions were performed in a Mastercycler thermocycler
(Eppendorf). PCR amplifications were composed of one
initial denaturing step at 94 °C for 1 min, followed by 30
cycles of 1 min at 94 °C, 1 min at 53-60 °C, and 1 min at
72 °C, with a final extension of 5 min at 72 °C. The PCR
products were initially analyzed in 3 % agarose in 1x
TAE buffer gels stained with ethidium bromide; those
with satisfactory amplifications were genotyped in 6 %
polyacrylamide in 1x TBE buffer gels with a 10 bp
ladder to determine product sizes (Invitrogen, CA, USA).
The DNA fragments were visualized by silver staining,
following Creste et al. (2001).

ISSR markers

A set of 28 primers (UBC set no. 9) developed by the
Biotechnology Laboratory of the University of British
Columbia were tested in a subset of individuals from dif-
ferent populations; the 14 primers found to be more poly-
morphic were used for genotyping fifteen juveniles per
population. One individual from the BC population (BC J3)
was excluded from the analysis due to poor amplification.
The primers were 17-18 nucleotides long and contained di-,
tri- or tetranucleotides anchored with one, two or three
nucleotides (Table S2).

Amplifications were performed according to the proto-
col described by Bornet and Branchard (2001), with the
following modifications: the reactions were carried out in
20 pL volumes containing 4 ng of genomic DNA, 1 U of
Tag DNA polymerase (Fermentas), 1x PCR buffer
(100 mM  Tris—-HCl pH 8.8, 0.8 % Nonidet P40 and
500 mM KCI), 2 mM MgCl,, 0.25 mM of each dNTP
(GE), and 0.5 uM of primer. All amplifications were per-
formed in a Mastercycler thermocycler (Eppendorf). PCR
amplification consisted of one initial denaturing step at
94 °C for 5 min, followed by 25 cycles of 45 s at 94 °C, 1
min at 50.4-58 °C, 30 s at 72 °C, with a final extension
of 15 min at 72 °C. The PCR products were separated in
1.5 % agarose in 1x TAE buffer gels and stained with
ethidium bromide.
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Data analysis

For each SSR locus, the number of alleles, total expected
heterozygosity (Hrt), expected heterozygosity within popu-
lations (Hs), and observed heterozygosity (Hp) (Nei 1987)
were calculated using Fstat v. 2.9.3.2 software (Goudet
2001), in addition to Wright’s F statistics (Fsr, Fis € Fir),
and the Rgt (non-weighted) and Gst genetic differentiation
coefficients between populations. Fstindicates the degree of
genetic differentiation between populations by the infinite
alleles model, whereas Rst uses a stepwise model. Ggr
allows better comparisons between loci with different levels
of genetic differentiation (Hedrick 2005). Deviations from
the Hardy—Weinberg equilibrium were tested for each locus
using GENEPOP 4.2 software (Raymond and Rousset 1995).

We also assessed the potential impact of mutation versus
drift on the detected genetic patterns by the permutation of
allele sizes using SPAGeDi 1.4 software (Hardy and Veke-
mans 2002). Permutation tests were applied to test the null
hypothesis that population differentiation is not affected by
differences in allele sizes (Hardy et al. 2003). Potential his-
torical signals were thus assessed by permuting allele sizes at
each microsatellite locus among allelic states (20,000 rep-
licates) to simulate the distribution of Rgt values (pRst) with
95 % confidence intervals (CI). These p values (pRst)
indicate whether there are significant differences between
permuted Rgt values compared to global Rgt values.

For the ISSR markers, clear amplification products were
scored as present (1) or absent (0). Fragments that were
present in less than 5 % or more than 95 % of the indi-
viduals were considered monomorphic, following the cri-
teria suggested by Ott (1992).

A dissimilarity matrix was created for both marker types
using the Jaccard index (Perrier et al. 2003) and was subse-
quently used to generate a phenogram based on the Weighted
Neighbor Joining algorithm (bootstrap of 1,000 replicates),
using DARwin 5.0 software (Perrier and Jacquemoud-Collet
2006). TFPGA v. 1.3 software (Miller 1997) was used to
estimate a genetic distance matrix (Nei 1972), which was used
to generate a UPGMA dendrogram. Additionally, gene
diversity (Hg) was computed for each population, and the
distribution of molecular variation within one hierarchical
level as measured by Analysis of Molecular Variance (AM-
OVA), as well as the total and pairwise Fsr were calculated
using Arlequin 3.5 software (Excoffier and Lischer 2010).
GENEPOP 4.2 software (Raymond and Rousset 1995) was
also used to compute the number of migrants (Nm) for the SSR
data. The population structure was tested using the SSR data
and STRUCTURE v 2.3.3 software (Pritchard et al. 2000),
with 10 replicates for each K value (which ranged from 1 to 5).
Each run consisted of a burn-in period of 10,000 with one
million MCMC replications after burn-in. The inference of
K was evaluated using the AK model (Evanno et al. 2005).
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Results
Selection and polymorphism of the molecular markers

The ninety-five sequenced clones obtained from the
microsatellite-enriched P. sellowii library were assembled
in 57 contigs, suggesting some redundancy among the
sequences. Thirty of them had at least one microsatellite,
with a total of 45 microsatellite regions. Even though the
library had been enriched for the dinucleotides (GT)g and
(CT)g, several other microsatellites were identified,
including tetra and pentanucleotides. Primers could be
designed for 14 SSR regions. Eighteen primer pairs were
tested for those regions, but only seven pairs showed sat-
isfactory amplifications, with fragments having expected
sizes (Table S1).

Three (C12_1, D4 and F2) out of the seven SSR loci
were polymorphic in the populations analyzed, with an
average of 2.33 alleles per polymorphic locus (Table 1).
The proportions of polymorphic loci (P%) per population
were equal in the three populations analyzed (0.2857), with
the BC and IT populations showing polymorphism for the
D4 and F2 loci, and the BT population for D4 and C12_1.

The 14 selected ISSR loci generated 83 clear fragments that
were used for genotyping (Table S2). These fragments had
between 300 bp and 2.5 kb, with 30 of them (36.15 %) being
present in 5-95 % of the individuals, and were thus considered
polymorphic. Fifty-three bands (63.85 %) were considered
monomorphic; fifty-two of them were found in all individuals,
whereas one was only found in a single individual.

Population variability

The total observed heterozygosity (Hy) for SSR loci was
0.393, ranging from 0.190 for C12_1 to 0.605 for F2. The
average expected heterozygosity within populations (Hg)
was 0.301, ranging from 0.137 (C12_1 locus) to 0.437 (D4
locus) (Table 1). The average gene diversity (Hg) was
0.302, ranging from 0.285 for the IT population to 0.323
for the BC population (Table 2). Fis values were negative
for all populations, ranging from —0.101 for the BT pop-
ulation to —0.558 for the IT population, indicating an
excess of heterozygotes. Even though polymorphism was

low, the Hardy—Weinberg test was congruent with this
result, indicating an excess of heterozygotes for the BT
(p = 0.0028) and IT (p = 0.0000) populations, whereas
the per locus test indicated excesses for the CI12_1
(p = 0.0222) and F2 (p = 0.0000) loci. The values for the
BC population were non-significant (p = 0.3543). Two
private alleles were found in the BT population, one for
C12_1 and one for D4 (Tables 1, 2).

The variability of the ISSR markers was also found to be
low, with 16 loci being polymorphic in the BT and BC
populations and 17 in IT. The BT population exhibited the
lowest value for average Hy (0.067), while the highest
value was found for IT (0.077). Private bands were highest
in the BT and lowest in the IT populations (Table 2).

Genetic structure

The genetic distance matrices computed from Fgt and from
the Nei diversity index (Nei 1972) obtained for the SSR
loci indicated that the BC and IT populations were differ-
entiated from BT (Tables 3 and S3), while the divergence
between BC and IT was very low (or not significant)
(Tables 3 and S3; Fig. 1c). With the ISSR loci, on the other
hand, the pairwise Fgr values indicated significant differ-
entiation between all of the populations, although the dif-
ference between BC and IT was lower than between BT
and BC or BT and IT (Table 3).

The results of the random permutation of different allele
sizes among allelic states at each locus and multilocus
revealed that Rgr estimates were not significantly higher
than pRgt (Table S3), suggesting that allele size is not
informative for population differentiation.

The genetic distance matrix computed from the Nei
genetic diversity index for ISSR markers showed that BT
was highly divergent from the other two populations (Table
S4). These population divergences can also be visualized in
the Weighted Neighbor Joining phenograms (Fig. 1b, d),
where the BT population was isolated from the others. For
the ISSR loci (Fig. 1d), all individuals of a given population
grouped together, although with two subpopulations within
IT (which correlated with the two subpopulations sampled in
that area). In general, the Fgr fixation indexes were high for
both makers, although most of the variation of the SSR

Table 1 Diversity indexes and differentiation parameters for the polymorphic SSR loci at three Podocarpus sellowii populations

Locus Allele size (bp) No. of alleles Ho Hg H; Gsr Rer Fer Fig F;r

Cl12_1 205%-235 2 0.190 0.137 0.173 0.205 0.273 0.273 —0.387 —0.008
D4 298-302%-310 3 0.385 0.437 0.634 0.311 0.378 0.410 0.105 0.473
F2 325-330 2 0.605 0.328 0.422 0.222 0.310 0.310 —0.862 —0.284
Total 2.33 0.393 0.301 0.410 0.266 0.298 0.357 —0.323 0.150

 Private alleles for population BT
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Table 2 Diversity indexes per population (Brejo dos Cavalos—BC,
Baturité—BT and Itabaiana—IT) for the species Podocarpus sellowii
with SSR and ISSR markers

SSR ISSR

n AN PA  Fis Hg n P PB Hg
BC 30 1.667 0 —0.101 0323 14 16 4 0.072
BT 35 1.667 2 —-0291 0299 15 16 6 0.067
IT 35 1.667 0 —0.558 0285 15 17 O 0.077
Total 100 0.302 44

AN, average number of alleles; PA, number of private alleles; P,
number of polymorphic bands; PB, Number of private bands

Table 3 Pairwise Fgy genetic distance matrix among Podocarpus
sellowii populations (Brejo dos Cavalos—BC, Baturit¢—BT and It-
abaiana—IT)

BC BT IT
BC - 0.71787* 0.43027*
BT 0.23522% - 0.64427*
IT 0.00000 0.27536* -

Values at upper right position refer to ISSR loci, whereas values at
bottom left refer to SSR loci

* Significant Fgy values (p < 0.05)

markers was seen within, and not among, populations, as
with the ISSR markers (0.259 for SSR and 0.633 for ISSR,
Table 4). The number of migrants calculated using the SSR
data after correcting for size was 0.037321. Simulations
performed using STRUCTURE software consistently iden-
tified K = 2 clusters (Figure S1), with BT individuals
grouped in one cluster; some analyzed individuals, however,
showed admixed ancestry (Fig. 1f).

Discussion

Genetic diversity

The results from the SSR and ISSR markers were con-
gruent, and indicated low genetic diversity in the north-

eastern populations of P. sellowii. Among the SSR and
ISSR loci analyzed, 57 and 63.85 % were monomorphic,

respectively. Similar low levels of variability have been
reported for some gymnosperms, with Peakall et al. (2003)
describing low levels of genetic diversity in three species
of Araucariaceae—ranging from no polymorphism at any
of the SSR loci analyzed in Wollemia nobilis and Agathis
robusta to only five out of 21 SSRs being polymorphic in
Araucaria cunninghamii. In a study with another species of
Podocarpaceae, Dacrycarpus imbricatus (a species also
suffering from habitat loss), a very high level of poly-
morphism was observed (96 %) using ISSR markers (Su
et al. 2010). Although genetic erosion is not an obligatory
consequence of habitat loss, low genetic variability was, in
fact, observed for the small isolated populations studied
here, indicating genetic erosion—possibly as a conse-
quence of genetic drift.

Besides the low observed proportions of polymorphic
loci, low numbers of alleles per loci were also seen at the
SSR loci. The mean number of alleles found for P. sellowii
(an obligate allogamous species) in the microsatellite
analysis was closer to those found in autogamous and/or
annual species (1.5-6.2) than those of allogamous ever-
green species (5.5-27.6) (Hokanson et al. 1998). Addi-
tionally, the gene diversity values (Hg) found for P.
sellowii were lower than those commonly observed in other
tropical tree species (Bizoux et al. 2009) or other conifers
(Peakall et al. 2003; Rungis et al. 2004; Marquardt et al.
2007). The low polymorphism associated with both types
of markers in P. sellowii indicated that the populations
analyzed had low genetic variability—which could lead to
increased vulnerability to external factors and increased
negative effects of deleterious alleles.

The low genetic diversity observed in the northeastern
populations of P. sellowii does not appear to be charac-
teristic of the species (or even the genus). Gongalves
(2008) used allozyme markers to analyze three populations
of P. sellowii from Minas Gerais State in southeastern
Brazil judged not to be threatened and observed eight
subpopulations, in accordance with natural geographic
barriers. Genetic diversity values were high, even higher
than those found for other gymnosperm species, and 100 %
of the loci analyzed were polymorphic (unlike the present
work). Additionally, when one individual from Minas

Table 4 Results for the analysis of molecular variance (AMOVA) for SSR (left) and ISSR (right)

Source of variation SSR ISSR
Sum of Variance Percentage of Sum of Variance Percentage of
squares components variation squares components variation
Among populations 3.514 0.02533 25.89 47.216 1.54915 63.28
Within populations 14.286 0.07252 74.11 36.852 0.89884 36.72
Total 17.800 0.09785 100 84.068 2.44798 100
Fst 0.259 0.633
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Gerais and two individuals from Rio Grande do Sul
(southern Brazil) were analyzed using polymorphic SSR
markers, new alleles for the C12_1 and F2 loci were found
(data not shown). This suggests that the low genetic vari-
ability observed in the northeastern populations of P. sel-
lowii is most likely related to high levels of genetic drift
due to the small sizes of the remnant populations at each
Brejo site, and to low levels of gene flow between these
populations (which have probably been isolated since the
Pleistocene) (Behling et al. 2000).

Population structuring

Although we cannot exclude the possibility that the high
observed differentiations between these small Brejo pop-
ulations are solely due to genetic drift, we favor the long
term isolation hypothesis. This high differentiation is par-
ticularly evident at the Brejo de Baturité site in comparison
to the others, and is reflected in: the number of migrants
(Nm) lower than 1; the presence of private alleles (more
numerous in BT); the high levels of pairwise genetic dif-
ferentiation (Fgr) in all comparisons including this popu-
lation; and the STRUCTURE results. The presumed
stronger isolation of the Brejo de Baturité population is in
accordance with previous studies (Carnaval and Bates
2007). This region is floristically more similar to the
Amazon and the Atlantic Forest north of the Sdo Francisco
River than to the other northeastern Brejos sites (Santos
et al. 2007). This pattern suggests that connections with the
Baturité site were lost earlier than the connections between
Brejo dos Cavalos and Itabaiana.

The strong similarity between the IT and BC popula-
tions suggests a recent loss of connectivity, or low levels of
gene flow, allowing relictual cohesion among individuals.
Interestingly, Silva (2011) encountered Coprophanaeus
bellicosus (Coleoptera) at Brejo dos Cavalos, a species
previously recorded only for the Atlantic Forest south of
the Sdo Francisco River. According to this author, this
represents a relictual population with a previously more
widespread distribution, providing further evidence of
connections between the Brejos located in central/south-
ernmost part of their distribution range and the Atlantic
rainforest.

Podocarpus sellowii populations from Minas Gerais, on
the other hand, exhibited low levels of differentiation
correlated with geographic distances (Gongalvez 2008).
The greatest geographic distance was slightly more than
two kilometers, which explains the low observed structur-
ing; the populations analyzed in the present study were
separated by at least 400 km (BC-IT: 400 km; BC-BT:
4700 km; BT-IT: £900 km). Another species of Podo-
carpus, P. parlatorei (native to Argentina, Bolivia and
Peru), showed strong genetic structuring (detected through

isozyme assays) between the different populations that
would likewise have suffered expansion and retraction
events during the Pleistocene (Quiroga and Premoli 2007).
Climatic oscillations during the Pleistocene appear to have
contributed in different ways to the distribution of genetic
diversity among populations of P. elatus (which is widely
distributed throughout Australia)—depending on the geo-
graphic locations of those populations (Mellik et al. 2012).
Likewise for P. sellowii, Caatinga expansions (with sub-
sequent range contractions of humid Brejos forests during
the Pleistocene) (de Oliveira et al. 1999; Behling et al.
2000; Auler et al. 2004; Wang et al. 2004) likely contrib-
uted to the current distribution of genetic variability in
northeastern populations.

Historical processes

According to pollen record studies undertaken by Ledru
et al. (2007), P. sellowii populations in northeastern Brazil
expanded rapidly (during only 50-100 years) approxi-
mately 16,000 years ago, with this rapid expansion indi-
cating the previous existence of several small habitat
patches suitable to the occurrence of this species, as well as
several routes between them. Despite uncertainties in the
paleoclimatic history of northeastern Brazil, P. sellowii
populations located in Caatinga enclaves are believed to
have been isolated since at least the end of the Pleistocene
(Behling et al. 2000), after periods of connectivity between
each other and with the Amazon and Atlantic rainforests
(de Oliveira et al. 1999). Both genetic markers used here
showed considerable levels of differentiation between the
populations analyzed— although losses of connectivity
between the different Brejos could have occurred at dif-
ferent times—as the BT population probably lost connec-
tivity first, while the BC-IT connectivity was later reduced.
These data are in accordance with previous results that
suggested high differentiation of the populations in Ceara
State (Andrade et al. 2007, 2009; Carnaval and Bates 2007,
Santos et al. 2007)

Conservation implications

Low numbers of adult individuals of P. sellowii were found
in the northeastern populations studied. A floristic inven-
tory of six areas in the Brejo de Baturité site identified only
16 individuals of P. sellowii in one area, among a total of
4,732 sampled plants (Aradjo et al. 2007)—making it a rare
species (Lima-Verde and Gomes 2007). This situation
reflects low recruitment, as already noted by Lima and
Barbosa (1998) and Aratjo et al. (2007), which might be a
consequence of the grouped distribution of the seedlings
around the mother trees, as was observed in the field (and
previously reported by Lima and Barbosa 1998).
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Reductions in effective population sizes may be contrib-
uting to genetic drift and mortality, due to lethal and sub-
lethal alleles. This situation will require attention, as the
diversity levels of these populations might become further
reduced over time. The low genetic diversity seen in these
northeastern populations indicates the necessity of imple-
menting measures that will increase population sizes
through the protection and improvement of habitats, the
reduction of existing threats, and by introducing genetically
differentiated individuals to increase genetic variability.
These measures are particularly important now because
these populations are greatly threatened by habitat loss,
fragmentation, and agricultural expansion (Tabarelli and
Santos 2004). However, due to the high differentiation of
the Baturité population, it should be treated as a genetically
unique and substantially differentiated site. More intact
populations, such as those found in national reserves in
Minas Gerais State, could provide sources of genetic var-
iability transferable to northeastern populations—but the
differences between the Brejo dos Cavalos, Itabaiana and
southeastern Atlantic Forest populations must first be
examined using morphological and molecular markers to
determine if variability can be introduced without the risk
of outbreeding depression. Conservation and restoration
efforts are particularly relevant in light of the fact that
Brejos are important reservoirs of diversity and represent
the only vehicles for rapid expansion of the Atlantic Forest
in response to future climate changes (Ledru et al. 2007).
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