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† Background and Aims Lychnophora ericoides (Asteraceae) presents disjunct geographical distribution in
cerrado rupestre in the south-east and central Brazil. The phylogeography of the species was investigated to
understand the origin of the disjunct geographical distribution.
† Methods Populations in the south and centre of Serra do Espinhaço, south-east Brazil and on ten other localities
in Federal District and Goiás in central Brazil were sampled. Analyses were based on the polymorphisms at chlor-
oplast (trnL intron and psbA-trnH intergenic spacer) and nuclear (ITS nrDNA) genomes. From 12 populations,
192 individuals were sequenced. Network analysis, AMOVA and the Mantel test were performed to understand
the relationships among haplotypes and population genetic structure. To understand better the origin of disjunct
distribution, demographic parameters and time to most recent common ancestor (TMRCA) were estimated using
coalescent analyses.
† Key Results A remarkable differentiation between populations from the south-east and central Brazil was found
and no haplotype was shared between these two regions. No significant effect of isolation by distance was
detected. Coalescent analyses showed that some populations are shrinking and others are expanding and that
gene flow between populations from the south-east and central Brazil was probably negligible.
† Conclusions The results strongly support that the disjunct distribution of L. ericoides may represent a climatic
relict and that long-distance gene flow is unlikely. With an estimated time to most recent common ancestor
(TMRCA) dated from approx. 790 655+ 36 551 years BP (chloroplast) and approx. 623 555+55 769 years BP

(ITS), it was hypothesized that the disjunct distribution may be a consequence of an expansion of the geographi-
cal distribution favoured by the drier and colder conditions that prevailed in much of Brazil during the Kansan
glaciation, followed by the retraction of the distribution due to the extinction of populations in some areas as
climate became warmer and moister.

Key words: Disjunct geographical distribution, climatic relict, vicariance, coalescent analysis, phylogeography,
endemism, Asteraceae, Lychnophora ericoides, Cerrado, cerrado rupestre, ITS, cpDNA.

INTRODUCTION

The origin of the disjunct distributions of plant species has
been a major concern in biogeography and several papers
tried to disentangle the mechanisms involved in the origin of
such distributions (e.g. Azuma et al., 2001; Karanth, 2003;
Gaudeul, 2006). Disjunct distributions may be caused by
range contraction in an ancient more widely distributed
species due to changes in climatic conditions that affected suit-
able habitat distribution (Cox and Moore, 2005). However,
long-distance dispersal to new suitable habitats may also be
responsible for disjunct distributions (Davis and Shaw, 2001;
Cox and Moore, 2005). Phylogeographical analyses may con-
tribute to distinguish between the two models because each
one has explicit phylogenetic predictions, which could be
used to determine the model that best explains the disjunct dis-
tribution (Avise, 2000; Karanth, 2003).

For instance, in the European Alps many taxa exhibit disjunct
distributions that have been explained by the hypothesis of cli-
matic relicts of the ice ages (e.g. Stehlik et al., 2000), or by the
hypothesis of glacial refuge with subsequent expansion. For

instance, the disjunction in Hypericum nummularium, from the
Pyrenees and Alps, is due to bidirectional colonization from a
single glacial refuge (Gaudeul, 2006). Long-distance dispersal
has been invoked to explain amphi-Atlantic disjunctions in
some tropical rain forest tree species such as Symphonia globuli-
fera (Dick et al., 2003) and Ceiba pentandra (Dick et al., 2007).
The hypothesis of climatic relicts of interglacial ages was
invoked to explain the discontinuous distribution observed for
some tree species from seasonal tropical dry forests in south
and central America (Prado and Gibbs, 1993; Pennington
et al., 2000). However, discontinuity in the distribution of neotro-
pical plant species is still poorly understood.

Climatic oscillations during the Tertiary and Quaternary
may have affected species distribution, leading to extinction
of some local populations and concomitantly stimulating the
evolution and speciation of some groups (Comes and
Kadereit, 1998). In such a scenario, traces of bottleneck
events may be found in extant populations, since only some
genomes may survive and expand in each new cycle (Hewitt,
1996). Moreover, a decrease in genetic variation and an
increase in homozygosity might be expected, which in turn
may modify gene interactions and cause a change in species* For correspondence. E-mail rosanegc68@hotmail.com
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response to environmental conditions and adaptability (Hewitt,
1996; Davis and Shaw, 2001). Evidence for the effects of
Tertiary and Quaternary climatic oscillations on species distri-
bution in Europe is ubiquitous due to intensive surveys of the
fossil record and numerous phylogeographical studies (e.g.
Bennett et al., 1991; Taberlet et al., 1998; Hewitt, 1999;
Petit et al., 2002).

In neotropical South America, a number of studies based on
the fossil pollen record are now available (e.g. Behling, 1998,
2003; Behling and Hooghiemstra, 2000; Marchant et al.,
2006). For the cerrado biome in central and south-east
Brazil, such studies indicate a drier period in the last glacial,
until 6000–5000 years BP (Salgado-Laboriau et al., 1998;
Behling, 2003). As a consequence, the distribution of savanna-
like vegetation in central Brazil was more extensive in early
compared with the late Holocene (Behling and Hooghiemstra,
2000), and this probably favoured the expansion of species
adapted to drier climates. Only a few studies on plant phylo-
geography are available to clarify how these climatic oscil-
lations may have affected species distribution in the cerrado
biome. Nevertheless, these studies focus on widely distributed
species from cerrado sensu stricto (Collevatti et al., 2003;
Ramos et al., 2007) and seasonally dry forest (Pennington
et al., 2004; Caetano et al., 2008). The present study is the
first attempt to study the disjunct geographical distribution of
an essentially rocky savanna (cerrado rupestre) species of the
Brazilian cerrado biome.

Cerrado rupestre is present at higher altitudes, on outcrops
of sandstone and quartzite soils of the cerrado biome in
central and south-east Brazil (Ribeiro and Walter, 1998). It
is characterized by the high number of endemic species and
the occurrence of fire during the dry season. The cerrado
biome covers nearly 22 % of the Brazilian territory (2.5
million km2) and comprises very heterogeneous vegetation,
with seasonal savannas (cerrado), hyperseasonal savannas
(vereda) on poorly drained soils, rocky savannas (cerrado
rupestre), mesophytic evergreen forests (gallery forest) and
deciduous and semi-deciduous seasonally dry forests (for
detailed description of the cerrado biome, see Furley and
Ratter, 1988).

Lychnophora ericoides (Asteraceae) is a diploid shrub
species with 34 chromosomes (2n ¼ 34, x ¼ 17; Mansanares
et al., 2002). Flowers are purple and pollinated by butterflies
and the small seeds are wind dispersed. The species is
endemic to outcrop quartzite and sandstone soils of cerrado
rupestre of the cerrado biome in altitudes above 950 m, but it
can also be found in ironstone and in seasonal savannas
(cerrado) in highlands, on rocky and litholic fields that resemble
the cerrado rupestre habitat (Semir, 1999). It is considered an
endangered species by the Environment Brazilian Ministry
(see http://www.mma.gov.br/estruturas/179/_arquivos/ 179_
05122008033615.pdf) due to its natural endemism and habitat
vulnerability, in addition to the over-harvesting of buds,
leaves and stems that are used by local inhabitants for home-
made medicinal recipes, which may affect population
dynamics.

Lychnophora ericoides presents disjunct geographical distri-
bution (Fig. 1) in Serra do Espinhaço, Minas Gerais (MG),
south-east Brazil, and on similar habitats in the Federal
District (DF) and Goiás (GO) in the Brazilian Shield, central

Brazil, such as in Serra dos Pirineus, Serra Dourada and
Serra dos Cristais (Coile and Jones, 1981; Semir, 1999).
Locally, it is distributed in well-delimited patches, because
of the patchily distribution of the suitable habitat.

The disjunct distribution of L. ericoides may have resulted
from one of two different scenarios: long-distance dispersal
to suitable habitats or vicariance due to range contraction of
a previously more widely distributed species due to changes
in climatic conditions that affected suitable habitat distri-
bution. The first scenario should result in isolation by distance,
low differentiation among populations, high levels of gene
flow and a more recent TMRCA (time to most recent common
ancestor) between populations from the south-east and
central Brazil (eastern and western localities of the geographi-
cal distribution). The latter scenario should result in higher
differentiation, no gene flow and a more ancient TMRCA

between populations from the south-east and central Brazil.
In the present work, phylogeographical analyses were used

to understand the origin of the disjunct geographical distri-
bution of L. ericoides and to try decoupling the mechanisms
described above. The working hypothesis was that the disjunct
geographical distribution is a climatic relict of the ice ages of
the Quaternary. For this, the polymorphisms were analysed at
two regions of maternally inherited chloroplast DNA, the non-
coding region between the genes psbA and trnH and the trnL
gene intron, and one region of the nuclear genome, the internal
transcribed spacer (ITS region) of the nrDNA.

MATERIALS AND METHODS

Populations, sampling and DNA extraction

Twelve populations of Lychnophora ericoides Mart.
(Asteraceae) were sampled throughout its geographical distri-
bution (Fig. 1). Distance between pairs of populations
ranged from 4 km to approx. 727 km. In each of these popu-
lations 16 adult individuals were randomly chosen and
expanded leaves were sampled and stored at 280 8C.
Genomic DNA extraction followed the standard CTAB pro-
cedure (Doyle and Doyle, 1987).

Sequencing analysis

Two fragments of chloroplast DNA (cpDNA) and one from
ITS nuclear ribosomal gene (nrDNA) were analysed. The
intron of trnL gene from cpDNA was amplified using the
‘c–d’ pair of primers as described by Taberlet et al. (1991)
and the non-coding region between the psbA and trnH genes
was amplified using primers described by Azuma et al.
(2001). Primers developed by Desfeux and Lejeune (1996)
were used to amplify the region ITS1 þ 5.8S þ ITS2 (ITS)
from nrDNA. Fragments were amplified by PCR in a 20 mL
volume containing 1.0 mM of each primer, 1 unit Taq DNA
polymerase (Phoneutria, BR), 250 mM of each dNTP, 1� reac-
tion buffer (10 mM Tris–HCl, pH 8.3, 50 mM KCl, 1.5 mM

MgCl2), 250 mg of BSA and 10.0 ng of template DNA.
Amplifications were performed using a GeneAmp PCR
System 9700 (Applied Biosystems, CA, USA) with the follow-
ing conditions: 96 8C for 2 min (one cycle); 948C for 1 min, 56
8C for 1 min, 72 8C for 1 min (30 cycles); and 72 8C for
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10 min (one cycle). PCR products were sequenced on an ABI
Prism 377 automated DNA sequencer (Applied Biosystems)
using DYEnamicTM ET terminator cycle sequencing kit (GE
HealthCare, Sweden), according to manufacturer’s instruc-
tions. All fragments were sequenced in forward and reverse
directions.

Data analysis

Sequences were aligned using CLUSTALX (Thompson
et al., 1997), and characters (each base pair) were equally
weighted before analysis. Nucleotide (p) and haplotype (h)
diversity (Nei, 1987) were estimated for each population and
overall populations using the software Arlequin ver. 2001
(Schneider et al., 2000). To understand the geographical distri-
bution and phylogenetic relationships among haplotypes,
intraspecific phylogenies for sequencing data were inferred
using median-joining network analysis based on parsimony
criteria (Bandelt et al., 1999). The analysis was performed
for each region separately with the software Network 4.2.0.1
(Forster et al., 2004).

To understand the origin of disjunct distribution the follow-
ing statistical analyses were performed. First, an analysis of
molecular variance (AMOVA; Excoffier et al., 1992) was per-
formed using Arlequin to test the hypothesis of genetic differ-
entiation among populations. The parameter u (Weir and
Cockerham, 1984) was estimated from AMOVA. Pairwise u
between all pairs of population were also estimated.
Significance of u and pairwise u were tested by a non-
parametric permutation test (Excoffier et al., 1992)
implemented in the Arlequin software. The Mantel test was
performed between pairwise u and pairwise geographical dis-
tance matrices to test the hypothesis of isolation by distance
(Wright, 1943) also using Arlequin software.

Then, a coalescent model (Kingman, 1982) was used to
understand the demographic history of the species better and
estimate time to most recent common ancestor (TMRCA). The

demographic parameters u ¼ 2 mNe (coalescence force or
mutation parameter, 4 mNe for nuclear genome), g (growth
force, or exponential growth rate), where ut ¼ unow

exp(2gtm) and t is time in mutational unit, and M ¼ 2Nem/u
(migration force or immigration rate, 4Nem/u, for nuclear
genome) were estimated based on a maximum likelihood esti-
mation using Markov Chain Monte Carlo approach
implemented in LAMARC 2.0.2 software (Kuhner et al.,
2006). Four independent analyses were run with ten initial
chains and two final chains. TMRCA (time to most recent
common ancestor in mutational unit) was estimated based on
Bayesian phylogenetic analysis implemented in BEAST
1.4.7 software (Drummond and Rambaut, 2007). For both,
nuclear and chloroplast genomes, a relaxed molecular clock
was assumed (uncorrelated lognormal), and exponential popu-
lation growth. Prior Ne was set to assume a lower boundary of
zero and infinity the upper boundary with exponential distri-
bution. Four independent analyses were run for 108 gener-
ations under HKY þ G substitution model. The model of
sequence evolution was chosen by hierarchical likelihood
ratio tests implemented in Modeltest 3.7 (Posada and
Crandall, 1998). Convergence and stationarity of Bayesian
phylogenetic analyses were checked using the software
Tracer 1.4 (Rambaut and Drummond, 2007). To estimate
TMRCA in years, mutation rates previously estimated for chlor-
oplast non-coding regions (Yamane et al., 2006) and for
ITS1 þ ITS2 (Kay et al., 2006) were used. For chloroplast
non-coding regions, Yamane et al. (2006) estimated an indel
mutation rate of 0.8 � 1029 per nucleotide per year and
1.52 � 1029 for the substitution mutation rate. As the chloro-
plast regions used in the present work may have both indels
and substitutions, a statistical distribution prior in BEAST was
used with both the mutation rates as prior distribution, incorpor-
ating the uncertainty of mutation rate into the analysis. For ITS,
Kay et al. (2006) estimated the mutation rates for different
Angiospermae families, including four Asteraceae genera.
Mutation rates for Asteraceae ranged from 2.51 � 1029
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FI G. 1. The sample sites of L. ericoides populations. Populations from central Brazil: AAS, Abadiânia, GO; CNA and CNNA, State Park of Serra de Caldas,
Caldas Novas, GO; COA and CON, Cocalzinho, GO; PBNA and PNBA, National Park of Brasilia, DF; PIR, Serra dos Pirineus, Pirenópolis, GO; SAA and
SANA, Santo Antônio do Descoberto, GO. Populations from south-east Brazil: DIAX, centre of Serra do Espinhaço, Diamantina, MG; SCO, south of Serra

do Espinhaço, Serra do Cipó, MG.
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(for Eupatorium, an herbaceous genus), 3.00 � 1029 (for
Hawaiian silverswords, woody plants) and 5.00 � 1029 (for
Dendroseris, a woody genus) to 7.83 � 1029 (for Robinsonian,
a woody genus). The full range of variation in mutation rates
within Asteraceae was used to estimate divergence times as
prior distribution. First preliminary analyses were performed
with initial values of Ne ranging from 0.001 to 0.1 to verify
the effect on TMRCA but no variation in TMRCA was observed.

RESULTS

Sequence characterization

Amplification of the non-coding regions trnL intron and
psbA-trnH intergenic spacer generated fragments of 431 bp
and 382 bp, respectively. All sequences were submitted to
GenBank database (accession numbers: for trnL, FJ031242
to FJ031400, FJ031413 to FJ031428 and FJ031439 to
FJ031454; for psbA-trnH, FJ031669 to FJ031844 and
FJ031867 to FJ031882,).

The trnL intron presented eight different haplotypes and 13
polymorphic sites for 192 sequenced individuals. Gene diver-
sity (h) overall population was 0.391+ 0.044 and nucleotide
diversity (p) was 0.003+ 0.002. For the intergenic spacer
psbA-trnH, eight different haplotypes were found, with 19
polymorphic sites for 192 individuals of L. ericoides. Gene
diversity for psbA-trnH (h ¼ 0.399+ 0.044) was very
similar to the value found for trnL and nucleotide diversity
(p ¼ 0.006+ 0.004) was higher.

Although higher nucleotide diversity was found for
psbA-trnH, chloroplast regions presented similar relationships
among haplotypes and all phylogeographic and demographic
analyses were performed for combined data. The combined
data presented 813 bp with 34 polymorphic sites and 20 haplo-
types for the 192 individuals of L. ericoides (see Supplementary
data, available online).

For ITS1 þ 5.8S þ ITS2 (ITS) a fragment of 533 bp was
obtained. All sequences were submitted to GenBank database
(accession numbers FJ031455 to FJ03163 and FJ031653 to
FJ031668). Eleven different haplotypes (see Supplementary
data) and 14 polymorphic sites were found. Gene diversity
overall population (h) was 0.726+ 0.029 and nucleotide diver-
sity (p) was 0.003+ 0.002.

Phylogeography and demography

For the combined chloroplast regions, the most frequent
haplotype (AAS02; Fig. 2A) was present in all populations
from central Brazil, but not in populations from the south-east.
Populations from central and south-east Brazil did not share
any haplotype (Fig. 2A). Populations of L. ericoides from
the eastern localities (DIAX and SCO; Fig. 2B) differed by
many mutations from the AAS02 haplotype, and presented a
remarkable relationship with haplotypes from the western
localities (Fig. 2B).

Relationships among ITS haplotypes were very similar to
those based on the chloroplast genome (Figs 2B and 3B).
Populations from the eastern localities did not share any hap-
lotype with populations from the western (Fig. 3A), but diver-
gences among haplotypes were lower than for the chloroplast

genome (Fig. 3B). The most frequent haplotype, AAS02,
was present in all populations from central Brazil, except
PIR, SAA and SANA (Fig. 3A, B).

Genetic diversity was slightly higher for the nuclear
genome, but nucleotide diversity was higher for chloroplast
combined data (Table 1). Some analysed populations pre-
sented no polymorphism at all for the two chloroplast
regions and for ITS (Table 1). Population PBNA presented
the highest gene diversity for chloroplast combined data, and
population PIR had the highest gene diversity for ITS, consid-
ering populations from the western localities (Table 1). But
considering all populations, DIAX presented the highest
gene diversity for the chloroplast genome, but no polymorph-
ism for ITS (Table 1).

AMOVA showed a high differentiation among populations,
for both chloroplast (u ¼ 0.837, P , 0.001) and for nuclear
ITS regions (u ¼ 0.700, P , 0.001). Differentiation was
mainly due to differences between populations from south-east
and central Brazil that presented high and significant pairwise
u (ranging from 0.713 to 0.973, P , 0.001, for the chloroplast
genome). Pairwise u between populations DIAX and SCO was
also significant (pairwise u ¼ 0.842, P , 0.001). In central
Brazil, only population PBNA presented significant differen-
tiation from the other populations (pairwise u ranging from
0.229 to 0.264, P ¼ 0.004+ 0.001 to P ¼ 0.025+ 0.006).
For ITS, besides the high differentiation between populations
from the south-east and central Brazil (pairwise u ranging
from 0.728 to 1.000, P , 0.001) and between populations
DIAX and SCO (pairwise u ¼ 1.000, P , 0.001), PBNA and
other populations from the western localities (PIR, SAA and
SANA) also significantly contributed to the high differen-
tiation among populations (pairwise u ranging from 0.277 to
1.000, P ¼ 0.007+ 0.002 to P , 0.001).

Differentiation was positively correlated with geographical dis-
tance for both chloroplast DNA (r2 ¼ 0.909, P , 0.001) and
nrDNA ITS (r2 ¼ 0.354, P ¼ 0.009). However, when analyses
were performed without populations from the south-east (DIAX
and SCO), correlations were no longer significant (r2 ¼ 0.215,
P ¼ 0.084, for chloroplast; r2 ¼ 0.002, P ¼ 0.466, for ITS).

Coalescent analyses performed with LAMARC software
showed that most populations are shrinking (Table 1), although
some incongruent results were obtained for chloroplast and
ITS regions. For the chloroplast genome, gene flow among
populations from south-east and central Brazil was negligible:
,1.50 � 1026 migrants per generation for all pairwise com-
parisons. The same result was found between populations
DIAX and SCO. Nevertheless, populations from the western
localities showed variable and asymmetrical migration rates.
For instance, the highest migration rate was from population
CON to SAA (4.03 migrants per generation). Migration from
population COA to PIR was also high (2.97 migrants per gen-
eration), but from population PIR to COA it was lower with
1.35 migrants per generation. For the nearest populations
(Fig. 1), migration rates were highly asymmetrical, such as
migration from population SANA to SAA (2.53), and from
population SAA to SANA (0.36). The same asymmetry was
found from population PNBA to PBNA (1.36 migrants per
generation) and from population PBNA to PNBA (8.70 �
1027). For all other pairwise comparisons, the number of
migrants per generation was ,0.60.
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When the ITS region was analysed, populations from south-
east and central Brazil presented higher migration rates than
for chloroplast genome, ranging from 7.14 � 1027 (DIAX to
PBNA) to 1.38 (SCO to CNA). Populations DIAX and SCO
also presented a higher migration rate –1.30 migrants per gen-
eration from DIAX to SCO, and 0.76 from SCO to DIAX.
Migration between populations CNA and CNNA was negli-
gible (,3.60 � 1027). For all other pairwise comparisons,
the number of migrants per generation was ,1.00.

Coalescent analyses performed with BEAST software indi-
cated an ancient time to most recent common ancestor
(TMRCA) for populations of L. ericoides from south-east and
central Brazil (Table 2): approx. 709 655+ 36 551 years BP

(years before present) for the chloroplast genome and
approx. 623 555+ 55 769 years BP for ITS, and also for the
two populations from Serra do Espinhaço (DIAX and SCO;
Table 2). The TMRCA for populations from central Brazil was
more recent (approx. 374 138+ 32 035 to 278 735+ 22 028
years BP; Table 2).

DISCUSSION

Lychnophora ericoides presented high gene diversity and
genetic differentiation among populations. Polymorphism pat-
terns for the two chloroplast regions were very similar but
nuclear ITS presented different patterns of haplotype and
nucleotide diversity. Coalescent analyses showed that some
populations are in expansion but most are shrinking, even

though some incongruence could be found for chloroplast
and ITS regions. Populations of L. ericoides usually present
a high variation in size and in proportion of adults and juven-
iles. Most populations had no juveniles at all and were very
small, such as PIR (20 adult individuals and no juveniles).
The largest populations were PBNA and PNBA, with
approx. 25 % of juveniles and nearly 200 individuals. In
addition, L. ericoides has low recruitment and growth rates
(J. D. Hay, Universidade de Brası́lia, Brazil, unpubl. res.),
which may constrain population growth and resilience. While
populations CNA and CNNA had high numbers of adults
and juveniles, coalescent analyses showed that these popu-
lations are shrinking. On the other hand, for population
SAA, a highly disturbed population with no juveniles and
small population size (nearly 50 individuals), the result on
coalescent analysis showed expansion. These apparently para-
doxical results may be caused by population dynamics. The
sandstone and quartzite habitat of L. ericoides is highly
unstable with high levels of disturbance caused by fire
during the dry season and sandstone and quartzite disruption,
mainly during the rainy season. These disturbances may be
highly variable among habitats and may cause sudden modifi-
cations in population size. The effect of population size
reduction on haplotype diversity and distribution may be
higher in the chloroplast genome than in the nuclear
genome, since effective population size for haploid genome
is half of the diploid genome due to genetic drift and bottle-
neck (Birky et al., 1983). This may lead to incongruent

TABLE 1. Genetic diversity and demographic parameters for L. ericoides populations based on maximum likelihood estimations
performed with LAMARC software, for combined cpDNA data from trnL and psbA-trnH, and for ITS nrDNA

Combined cpDNA ITS

Pop. h p u g h p u g

AAS 0.000 0.0000 0.0051 328.52 0.000 0.0000 0.0023 335.99
CNA 0.000 0.0000 0.0021 –253.31 0.050 0.0009 0.0019 –492.52
CNNA 0.000 0.0000 0.0032 –23.61 0.233 0.0005 0.0033 1202.40
COA 0.000 0.0000 0.0027 –121.74 0.000 0.0000 0.0006 –2376.52
CON 0.233 0.0003 0.0025 –548.67 0.325 0.0013 0.0035 636.87
DIAX 0.783 0.0042 0.0009 –2236.87 0.000 0.0000 0.0013 –422.60
PBNA 0.742 0.0039 0.0033 97.62 0.533 0.0031 0.0038 3656.26
PNBA 0.325 0.0004 0.0037 150.38 0.000 0.0000 0.0047 1297.68
PIR 0.000 0.0000 0.0023 –866.66 0.692 0.0025 0.0019 –212.72
SAA 0.350 0.0007 0.0069 258.01 0.625 0.0023 0.0022 1613.72
SANA 0.447 0.0006 0.0015 –344.69 0.000 0.0000 0.0022 –945.93
SCO 0.625 0.0024 0.0014 –1878.59 0.000 0.0000 0.0001 –5000.00

n ¼ 16 for all populations (Pop.).
h, haplotype diversity; p, nucleotide diversity; u, coalescent parameter; g, exponential growth parameter.

TABLE 2. Time to most recent common ancestor (TMRCA) in years before present estimated with BEAST software for populations of
L. ericoides from the west and east and for populations from each region, based on the combined cpDNA data from trnL and

psbA-trnH and on ITS nrDNA

Combined cpDNA ITS

Population u (+ s.d.) TMRCA (+ s.d.) u (+ s.d.) TMRCA (+ s.d.)

L. ericoides 0.00013+0.00005) 709 655 (+ 36 551) 0.0069 (0.0007) 623 555 (+ 55 769)
L. ericoides west 0.0007 (+ 0.0003) 374 138 (+ 32 035) 0.0016 (0.0001) 278 735 (+ 22 028)
L. ericoides east 0.0012 (+ 0.0006) 545 086 (+ 30 491) 0.0002 (0.00007) 403 489 (+ 26 565)
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results when data from chloroplast and nuclear regions are
compared. Notwithstanding, there is evidence of hybridization
in the Lychnophora genus (Coile and Jones, 1981). Although
there are no reports on hybridization in L. ericoides, differ-
ences in phylogenetic relationships between chloroplast and
nuclear genomes may also be caused by introgression in the
chloroplast genome. Nevertheless, a more in-depth phyloge-
netic analysis with all Lychnophora species is necessary to elu-
cidate this relationship better. In addition, historical events
may also be responsible for the patterns of haplotype diversity
and distribution.

The results indicated an ancient divergence between popu-
lations from Serra do Espinhaço, south-east Brazil, and popu-
lations from the highlands of central Brazil (Table 2).
Although estimations presented high variation, the TMRCA

for populations from the western and eastern localities dates
from the Middle Pleistocene and coincides with the
Cromerian Interglacial that occurred between 620 000 and
455 000 years BP. This interglacial was followed by the
Anglian Glaciation, also known as the Kansan Glaciation,
the most severe glaciation of the Pleistocene that lasted from
455 000 to 300 000 years BP (Gibbard and van Kolfschoten,
2005). The Kansan Glaciation probably had greater effects
on species distribution than the more recent glacial period,
the Wisconsin Glaciation (approx. 110 000 to 12 000 years
BP). In the southern hemisphere, forests shrank due to drier
and colder conditions modifying species geographical distri-
bution. The expansion and changing of geographical distri-
bution in the last glaciation is observed in the fossil records
for some species at high altitudes, such as Podocarpus (e.g.
Colinvaux et al., 1996), Aracauria and other conifer taxa
(Ledru, 1993). We hypothesize that L. ericoides expanded its
distribution in the Kansan Glacial period, favoured by the
colder and drier conditions that created suitable habitats.
With the warmer and moisture conditions of the following
interglacial (approx. 300 000 to 200 000 years BP), many popu-
lations were extinguished and L. ericoides has been restricted
to drier quartizite and sandstone soils at high altitudes in Serra
do Espinhaço and in similar habitats in central Brazil. Thus,
the major phylogeographical break in L. ericoides – the differ-
entiation between populations from the western and eastern
localities of the geographical distribution – occurred due to
the gene flow ceasing after the retraction of populations.
Thus, the present disjunct distribution may represent a climatic
relict of an ancient widely distributed population. This same
pattern was also suggested for species from seasonally dry tro-
pical forest of South and Central America (Prado and Gibbs,
1993; Pennington et al., 2000, 2004). The high differentiation
and low gene flow between populations from the eastern and
western localities are also evidence that vicariance is respon-
sible for the disjunct distribution.

The TMRCA for populations from central Brazil is more
recent and divergence may have occurred during the
Illinoian (Wostonian) Interglacial, when populations where
retracting causing a reduction in distribution range.
Haplotype sharing among populations from Serra de Caldas,
Serra dos Pirineus and Federal District is also evidence of a
common origin of these populations. Furthermore, the
sequence of several glaciations led to an advance of the
savanna-like vegetation in cerrado and retreat of the tree

species and forest vegetation during glaciations and the oppo-
site in interglacial periods (Salgado-Laboriau et al., 1998;
Burnham and Graham, 1999). This pattern of change may
have caused several cycles of spreading and extinction of
L. ericoides populations, leading to the extinction of haplo-
types with low frequency during interglacial periods.
Although the published cpDNA mutation rates are based on
herbs, which may present 2-fold faster rates of substitution
than woody plants (e.g. Smith and Donoghue, 2008) leading
to an underestimation of divergence times, the TMRCA range
was very similar to values obtained for ITS in which the sub-
stitution rate is based mainly on woody Asteraceae genus.

Although differentiation was correlated with geographical
distance, this effect was due to the high differentiation
between populations from the south-east and central Brazil.
In fact, coalescent analyses showed no migration between
populations from those localities. Migration was highly asym-
metrical and lower than 1.0 migrant per generation for most
pairs of populations from central Brazil. This may be caused
by pollination and dispersal systems of L. ericoides. This
species is pollinated by butterflies, and seeds (small achenes)
are wind dispersed. Although butterfly pollinators may
present variable flight distance and may fly long distances
(Proctor et al., 1996), the patchy distribution of L. ericoides
may favour the isolation of pollinators on patches of plants,
restricting pollen flow due to the long distance between suit-
able habitats. Wind may promote long-distance seed dispersal
(Horn et al., 2001), but habitat distribution may pose limit-
ations on the expansion of populations by diffuse or jump dis-
persal. Dispersal may be constrained because the species is
unable to cross barriers or because the species is a habitat
specialist and may not succeed in habitats available in the
barrier (Cox and Moore, 2005). The life history of
Lychnophora ericoides suggests that both factors may con-
strain species expansion. Hence, a modification in habitat
availability would be necessary for an expansion in the geo-
graphical distribution of the species.

In conclusion, our results strongly support that the disjunct
distribution of L. ericoides may represent a climatic relict
and that long-distance gene flow is unlikely. Moreover, the
present work showed that phylogeographical analyses
allowed the adequate hypothesis testing to decouple the mech-
anisms involved in the origin of the disjunct distribution of an
endangered cerrado rupestre species. Finally, this report shows
that besides the small population size, highly fragmented suit-
able habitat and harvesting of wild populations, L. ericoides is
also threatened due to the lack of polymorphism in many
populations, low migration among populations and because
most populations are shrinking. Thus, the probability of local
extinction due to demographic and genetic stocasticity could
be very high. This information is highly important for planning
and executing scientifically sound conservation programmes
for the species.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and gives a list of haplotypes of L. ericoides
based on the combined cpDNA data from trnL and
psbA-trnH, and on ITS nrDNA.
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