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Abstract

Geographic isolation and reduced population sizes can lead to local extinction, low efficacy of selection and decreased
speciation. However, population differentiation is an essential step of biological diversification. In allopatric speciation,
geographically isolated populations differentiate and persist until the evolution of reproductive isolation and ecological
divergence completes the speciation process. Pitcairnia flammea allows us to study the evolutionary consequences of habitat
fragmentation on naturally disjoint rock-outcrop species from the Brazilian Atlantic Rainforest (BAF). Our main results
showed low-to-moderate genetic diversity within populations, and deep population structuring caused by limited gene flow,
low connectivity, genetic drift and inbreeding of long-term isolation and persistence of rock-outcrop populations throughout
Quaternary climatic oscillations. Bayesian phylogenetic and model-based clustering analyses found no clear northern and
southern phylogeographic structure commonly reported for many BAF organisms. Although we found two main lineages
diverging by ~2 Mya during the early Pleistocene, species’ delimitation analysis assigned most of the populations as
independent evolving entities, suggesting an important role of disjoint rock outcrops in promoting high endemism in this rich
biome. Lastly, we detected limited gene flow in sympatric populations although some hybridization and introgression were
observed, suggesting a continuous speciation process in this species complex. Our data not only inform us about the
extensive differentiation and limited gene flow found among Pitcairnia flammea species complex, but they also contain
information about the mechanisms that shape the genetic architecture of small and fragmented populations of isolated rock
outcrop of recently radiated plants.
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Species dispersal and colonization are determining ecolo-
gical processes that affect the dynamics of populations and
ecosystems in a changing world (Couvet 2002). In fact,
spatial isolation of populations may restrict connectivity,
leading to low levels of gene flow between fragments and
subsequent higher genetic structure and lower genetic
diversity in isolated populations (Honnay and Jacquemyn
2007). Furthermore, increased geographic isolation and
reduced population sizes can lead to reduced fitness and
survival rates (Leimu et al. 2006), promoting high levels of
local extinction, low efficacy of selection and decreased
speciation (Frankham et al. 2012). However, population
genetic structure does not always lead to extinction. For
instance, in allopatric speciation, a continuous process
(Nosil 2012), geographically isolated populations differ-
entiate and persist until the evolution of reproductive
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isolation and ecological divergence completes the specia-
tion (Allmon 1992). As such, population differentiation is
an essential step of diversification, implying that differ-
entiation and diversification should be associated over a
deep evolutionary time (Harvey et al. 2017). Surprisingly,
proper estimations of the evolutionary consequences of
habitat fragmentation and disturbance on naturally disjoint
species on plant diversification still lack strong experi-
mental and empirical support.

Deep genetic differentiation among populations due to
demographic constraints of limited intraspecific gene
exchange is a recurrent pattern observed in rock outcrops
and sky islands all over the globe (Neotropics: Barbara et al.
2007; Pinheiro et al. 2014; Gongalves-Oliveira et al. 2017;
North America: Wiens et al. 2019; Australia: Byrne et al.
2019; Asia: He and Jiang 2014). The high levels of genetic
differentiation found in some of these cases may suggest the
existence of several endemic species occurring in different
localities instead of only one broadly distributed species.
Likewise, high levels of genetic differentiation in naturally
fragmented populations suggest variable levels of repro-
ductive isolation (Pinheiro and Cozzolino 2013). Thus, the
reproductive barriers present among populations have great
potential to clarify the mechanisms underlying the first step
of speciation (Via 2009; Abbott et al. 2013), effectively
connecting microevolutionary processes within species and
the origin of species across macroevolutionary timescales.
In fact, the first step of speciation is better understood when
different populations from the same putative species are
studied. In this context, studies of fragmented populations
offer a great opportunity to illuminate the consequences of
gene exchange restrictions in allopatric speciation and
diversification.

The Brazilian Atlantic Rainforest (BAF) is the second
largest tropical rainforest in South America, recognized as
one of the most important biodiversity hotspots in the
world, containing more than 60% of all terrestrial species on
the planet (Myers et al. 2000; Mittermeier et al. 2005;
Oliveira-Filho and Fontes 2000). The BAF consists of a
complex of vegetation that shelters various types of plant
communities (Scarano 2002, 2009). In addition to the pre-
dominant semi-deciduous and humid forest types, the biome
has open-tree vegetation of sandy coastal plains, marsh
forests and vegetation growing in low- and high-altitude
rocky outcrops (Scarano 2002). Rocky outcrops are con-
sidered islands of terrestrial habitats due to their spatial and
ecological isolation, which offers a barrier against dispersal
and migration, thus allowing for the occurrence of species
with disjoint populations (Porembski 2007). Furthermore,
BAF rock outcrops are recognized as centres of species
diversity and endemism, with a significant contribution to
regional species diversity for the whole biome (Porembski
2007). Gradients in climatic and edaphic factors separate
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these rock outcrops from the neighbouring forest, which
explains their highly specialized biota (Meirelles et al.
1999).

Questions of attention are how this region became so
diverse, and whether its biota show similar patterns of
speciation. Several phylogeographic studies attempted to
reveal the complex evolutionary history of the BAF biota,
considering different groups of continuous and connected
forest-dwelling organisms as models to comprehend his-
torical patterns of diversification (Cabanne et al. 2007,
Carnaval and Moritz 2008; Palma-Silva et al. 2009;
Colombi et al. 2010; Martins, de 2011; Leite et al. 2016;
Menezes et al. 2016; Leal et al. 2016; Franco et al. 2017;
Paz et al. 2019; Aguiar-Melo et al. 2019; Rivera et al.
2020). Nevertheless, phylogeographic patterns of naturally
fragmented species from BAF rock outcrops remain largely
unclear (but see Palma-Silva et al. 2011; Hmeljevski et al.
2017; de Paula et al. 2017). Furthermore, its high floristic
diversity, species turnover, several ecological gradients and
complex geological history make rock outcrops an excellent
system for understanding evolutionary and ecological
dynamics of BAF complex biome. In addition, it would be
of interest to understand evolutionary processes promoting
species diversity in such fragmented habitats because loss of
the surrounding forest will certainly have an impact on rock
outcrops endemic species (Scarano 2009).

Bromeliads adapted to rock outcrops, such as the
recently radiated Pitcairnia genus (11.8 Mya, Schiitz et al.
2016; Schubert 2017), are particularly suitable for addres-
sing the potential role of intra- and interspecific gene flow
during plant speciation and radiation, and establishing
connections between macro- and microevolutionary pro-
cesses (Palma-Silva et al. 2016, 2020; Mota et al. 2019). In
fact, bromeliads are emerging as model systems for
understanding evolutionary genetics and the ecology of
species’ complex of radiations in naturally fragmented
habitats (Barbara et al. 2007; Boisselier-Dubayle et al.
2010; Lavor et al. 2014; Palma-Silva et al. 2011, 2015;
Lexer et al. 2016; Hmeljevski et al. 2017; Gongalves-Oli-
veira et al. 2017; Hirsch et al. 2020; Pinange et al. 2017,
Ruas et al. 2020; Wohrmann et al. 2020).

The P. flammea Lindl occupies a wide range of rocky
outcrops and inselbergs along the Brazilian Atlantic Forest
(latitudes 16°S-26°S—Fig. 2). This taxon has one of the
largest geographical ranges and morphological variation
among the species of the genus Pitcairnia (Smith and
Downs 1974). According to Flora Neotropica (Smith and
Downs 1974), seven varieties of P. flammea are recognized:
var. flammea, var. roeltzii (E. Morren) L.B. Smith, var.
corcovadensis (Wawra) L.B. Smith, var. glabrior L.B.
Smith, var. pallida L.B. Smith, var. floccosa Lindl and var.
macropoda L.B. Sm. & Reitz. P. corcovadensis was raised
to the species category by Wendt et al. (2000). In a
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phylogenetic hypothesis, based on macromorphological and
micromorphological characters, Saraiva et al. (2015)
recognized the P. flammea group. More recently, Schubert
(2017), based on a molecular phylogeny, recognized P.
flammea as a monophyletic clade with unresolved branches.
Furthermore, these species and varieties are found both in
allopatry and sympatry throughout their distribution, and
records of interspecific hybridization between sympatric
populations emphasize the role of introgression and/or
incomplete lineage sorting for the diversification of this
radiating group (Palma-Silva et al. 2011; Mota et al. 2019).
Here, we threaded the P. flammea group as proposed by
Saraiva et al. (2015), and the varieties proposed by Smith
and Downs (1974) as P. flammea species complex. Species
complexes are ideal models to understand speciation due to
the incomplete lineages’ divergence (Pinheiro et al. 2018).
Thus, we believe that studying species’ delimitation in the
P. flammea species complex will provide a framework for
gaining insights on the first step of species formation.
This study intends to answer the following questions: (1)
what phylogeographic and genetic structure patterns of the
P. flammea complex tell us about the evolutionary
mechanisms involved in speciation and diversification of
rock-outcrop taxa? Are these patterns consistent with those
previously reported for other dwelling-forest plants and
animals in the Atlantic Forest? What is the extent of long-
distance dispersal for this widely distributed species com-
plex? (2) How many genetically differentiated populations
exist throughout the distribution of the species, and can
these be considered different evolutionary lineages? (3) Are
the genetically differentiated populations corresponding to
taxonomic varieties and species proposed for the P. flam-
mea complex? (4) What interspecific gene flow tells us
about diversification in sympatric populations of this group?
To answer these questions, we reconstructed the evolu-
tionary and demographic history of the P. flammea complex
using phylogeographic approaches based on nuclear
microsatellite loci and plastidial DNA analysis.

Materials and methods
Species studied and sampling

This study included a total of 501 samples from 21 local-
ities, including 18 allopatric and three sympatric popula-
tions that cover most of the geographic range of P. flammea
(Bromeliaceae) species complex. Different varieties col-
lected in sympatry were considered different populations for
the subsequent analyses, totalling 25 populations. Five
varieties of the P. flammea complex were sampled, as well
as three other morphologically similar species, namely P.
carinata Mez, P. corcovadensis and P. curvidens L.B.Sm. &

Read, which were included to test the degree of genetic
differentiation among the populations of P. flammea (Table
1). The analysis of allopatric samples will provide estimates
of genetic differentiation influenced directly by the frag-
mented nature of such populations. On the other hand, the
analysis of sympatric populations will tell us if different
varieties maintain species cohesion even in the absence of
geographic barriers. Outgroup species were included from
the early-diverging species in the genus: P. heterophyla and
P. lanuginosa (GenBank accession numbers KJ188920/
AF537904, MK423244, respectively). Information on each
sampling locality and the number of individuals from each
population used in DNA sequencing is in Table 1. Voucher
specimens were deposited in Herbarium Rioclarense
(HRCB), Rio Claro, Brazil.

DNA extraction, Sanger sequencing and genotyping
of microsatellites

Fresh leaves were sampled from each individual plant, dried
on silica gel and stored at —20 °C in a freezer until DNA
extraction. Total genomic DNA was extracted using the
DNeasy 96 Plant Kit (Qiagen) according to the instructions
by the manufacturer.

Two plastid DNA regions (rpl32-trnL and rpsl6-trnK)
were amplified and sequenced for a subset of 176 indivi-
duals from the populations sampled, using the primers
described by Shaw et al. (2007). All polymerase chain
reaction (PCR) amplifications were carried out in a total
volume of 20 L containing 10ng of DNA template, 1x
GoTaq buffer, 2.5 mM MgCl,, 0.25 mM dNTP mix, 5 pmol
forward and reverse primers and 0.5 U GoTaq DNA poly-
merase (Promega), and run using the following parameters:
initial denaturation at 94 °C for 3 min, followed by 35
cycles of 94°C for 1min, 54°C (rpl32-trnL) or 58 °C
(rps16-trnK) for 1 min and 72 °C for 1 min, and a final
extension of 10 min at 72 °C. PCR products were sent for
both forward and reverse sequencing to Macrogen (Seoul,
Korea). The rpl32-trnL and rpsl6-trnK sequences were
visualized, edited and manually verified using the software
GENEIOUS version 10.2.3 (www.geneious.com, Kearse
et al. 2012). Alignments were made with use of the MUS-
CLE algorithm with default parameters and checked by eyes
for ambiguous alignments. Mononucleotide repeats were
removed due to uncertain homology, and indels longer than
1 base pair were recorded as single characters. Sequence
data of both plastid regions were then concatenated for
subsequent analyses.

We amplified ten nuclear microsatellite loci that were
previously developed for other bromeliad species (E6B:
Boneh et al. 2003; VgA04: Palma-Silva et al. 2007; PaA0S,
PaAQ9, PaA10, PaC05, PaD07 and PaB12: Paggi et al.
2008; Acom12.12: Wohrmann and Weising 2011; ngFos22:
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Wohrmann et al. 2012) in a total of 501 individuals. For
each microsatellite locus, the forward primer was synthe-
sized with a 19-bp MI13 tail (50-CACGACGTTG-
TAAAACGAC-30), following a method that uses three
primers: a forward SSR-specific primer with the M13 tail
added at its 5’-end, a reverse locus-specific primer and a
universal M13 primer labelled with one of four fluorescent
dyes: FAM, VIC, PET or NED (Applied Biosystems, Foster
City, CA, USA). PCR amplifications of nuclear micro-
satellites were carried out in 10-pL reaction volumes com-
prising 1x GoTaqColorless Master Mix (Promega,
Madison, WI, USA), 10 pmol of each forward and reverse
microsatellite primer, 1 pmol of M13 universal primer and
10ng of template DNA. We used a “touchdown” cycling
programme and followed the protocol described by Palma-
Silva et al. (2007). All reactions were performed using the
Veriti 96-well thermal cycler (Applied Biosystems).
Amplifications of nuclear microsatellites were conducted on
an ABI 3500 sequencer (Applied Biosystems, Warrington,
UK) and compared using GeneScan LIZ 500 molecular-size
standard (Applied Biosystems). The loci were visually
analyzed using GENEMARKER version 1.95 Demo
(SoftGenetics, Pennsylvania, USA).

Molecular analyses on cpDNA sequence data
Genetic diversity and structure analyses

The number of haplotypes was identified using DnaSP
(Rozas et al. 2017). We estimated the haplotype (Hd) and
nucleotide diversities (), and the number of polymorphic
sites () using ARLEQUIN version 3.5 (Excoffier and
Lischer 2010). This analysis was conducted for each
population, as well as for the whole dataset. The evolu-
tionary relationships between the haplotypes were esti-
mated with Network version 4.6.1.1 (available at
http://www .fluxus-engineering.com) using the median-
joining (MJ) method (Bandelt et al. 1999). The “fre-
quency > 1" criterion was used for MJ calculations to
ignore singletons.

We examined the population genetic structure using
“Clustering with linked loci” implemented in Bayesian
clustering analysis (BAPS) 6.0 (Corander et al. 2013). To
determine the most probable number of genetic groups (K),
we performed ten algorithm repetitions for each K, from 1
to 24, using the default software parameters. We assessed
the population structure with pairwise Fgy values calculated
with ARLEQUIN version 3.5. We also performed an ana-
lysis of molecular variance (AMOVA) to test the structure
among populations using the whole dataset and different
hierarchical levels based on groups detected by the phylo-
genetic tree inferred in BEAST, and sorting by taxonomic
varieties (Smith and Downs 1974).

Phylogenetic inference and divergence times

Phylogenetic trees were inferred based on Bayesian ana-
lyses, as implemented in BEAST version 1.8.4 (Drummond
et al. 2012). Two phylogenetic trees were inferred: species
tree for the entire dataset, and haplotype tree. The diver-
gence times for individuals and haplotypes were estimated
using P. lanuginosa and P. heterophyla as outgroups. The
best-fit model of nucleotide substitution for each locus
partition was estimated using jModelTest (Darriba et al.
2012) under default settings (NumModels = 88, +F, +1,
+G, ML optimized, BEST) and following the corrected
Akaike information criterion (AICM).

Analyses in BEAST consisted of three independent runs,
each with a Markov chain Monte Carlo (MCMC) analysis
performed for 10 x 107 steps, sampling every 10,000 steps.
We estimated divergence times using a relaxed Bayesian
molecular clock with uncorrelated lognormal rates (Drum-
mond et al. 2012; Drummond and Rambaut 2007), a coa-
lescent constant population-size prior. We applied a
secondary calibration based on divergence time as inferred
by Schubert (2017), set as a normal distribution. We ver-
ified the stationary posterior distributions of parameters
(ESS >200) and compared the likelihood of runs using the
MCMC AICM in TRACER version 1.6.

Demographic analyses

To assess population demographic history, Tajima’s D and
Fu’s Fs neutrality tests were carried out in Arlequin, based
on 10,000 simulations. In addition, we estimated changes in
population size over time with an Extended Bayesian
Skyline Plot (EBSP) analysis. The analysis was run in the
BEAST version 2.4.0 with the following priors: the HKY
DNA substitution models (prior selected using jModelTest
2.1.10), and a strict clock prior using substitution rate
intervals inferred by the BEAST tree (1.706E—3 + 0.826).
Two independent runs of 200,000,000 generations with a
thinning interval of 20,000 were combined using Log-
Combiner to generate the final output after checking for
convergence and stationarity in Tracer 1.7. To avoid bias in
the demographic analysis interpretation due to the genetic
structure found in P. flammea (see “Results”), we also
performed neutrality tests and EBSP considering the two
genetic groups recovered by BEAST using the same para-
meters described above.

Species delimitation
To determine genetic clusters representing possible inde-
pendent evolving entities in the P. flammea complex, we

applied the generalized mixed Yule coalescent method
(GMYC). GMYC uses an ultrametric single-locus MCC
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tree to find a threshold in time between inter- and intras-
pecific branching rates, by maximizing the model like-
lihood. The analysis used the phylogenetic tree generated on
BEAST, inferred for the entire dataset, and was imple-
mented in software R using the package “splits” under
the single-threshold version (https://r-forge.r-project.org/
projects/splits/).

Molecular analyses on microsatellite data
Genetic diversity and structure analyses

The nuclear genetic diversity of microsatellite loci was
characterized based on the number of alleles (A), allelic
richness (Ag), observed heterozygosity (Ho), expected
heterozygosity (He) and inbreeding coefficient (Fig) calcu-
lated for each locus using MSAnalyzer version 4.05
(Dieringer and Schlotterer 2003). Deviations from
Hardy—Weinberg equilibrium (HWE) were calculated in
GENEPOP on the Web version 4.6 (Raymond and Rousset
2006).

To estimate the population genetic structure and admix-
ture proportion of nuclear DNA, we performed a model-
based BAPS using STRUCTURE version 2.3.2 (Pritchard
et al. 2000). It was carried out under the admixture model
assuming independent allele frequencies and using a burn-
in period of 250,000 and run length of 1,000,000 with the
MCMC and ten replicates per K, ranging from 1 to 30. No
prior population information was used for analysis. To
determine the most probable number of genetic groups (K),
we used the method by Evanno et al. (2005) implemented in
STRUCTURE-HARVESTER Web version 0.6.94 (Earl and
vonHoldt 2012). We also assessed the population genetic
differentiation with pairwise Fgr values and performed
AMOVA to test the hierarchical structure within popula-
tions and among populations, using the whole dataset and
sorting by varieties, all calculated on Arlequin version 3.5.
To determine whether divergence among populations is an
effect of isolation-by-distance, we tested the correlation
between geographical and genetic distance matrices (Fst/
(1 — Fgt) with a standardized Mantel test using GENEPOP
on the Web version 4.6 (Raymond and Rousset 2006).
Significance was assessed with a randomized test using
10,000 Monte Carlo simulations. Estimates of gene flow
were generated in BayesAss 3.0.3 (Wilson and Rannala
2003). The analysis consisted of 10 million iterations with
the first 1 million iterations discarded as burn-in, and AA,
AF and AM set to 0.3, 0.5 and 0.1, respectively.

Demographic analyses

In order to detect a recent and pronounced reduction in
effective population size (Bottleneck effect), the two-phase
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mutation model (TPM) was implemented in BOTTLE-
NECK version 1.2 using the recommendation for micro-
satellite data stated in the user manual (12% variance and
95% stepwise mutations) (Piry et al. 1999). Statistical sig-
nificance was assessed in 10,000 replicates using a one-
tailed “Wilcoxon signed-rank” test of heterozygosity excess
for each population. In addition, we calculated the M ratio
by Garza and Williamson (2001) for each population to
detect recent decreases in effective population size using the
software M_P_Val.exe. The M value represents the ratio
between the total number of alleles and the range in allele
size for each locus (Garza and Williamson 2001). When
random alleles are lost due to a reduction in effective
population size, the number of alleles tends to reduce faster
than the overall allelic range (Garza and Williamson 2001).
Significance for each population was assessed by compar-
isons of M ratios and critical values (MC values) obtained by
simulating the M ratio under specific demographic and
mutational conditions using the software Critical M.exe
(available at http://swfsc.noaa.gov/textblock.aspx?Division=
FED&id=3298). M ratios below the critical M represent a
strong sign of recent past bottleneck events.

Results
Sanger sequencing of cpDNA
Genetic diversity

The concatenated alignment with 176 P. flammea cpDNA
sequences, measured 1480 base pairs (<5.00% missing
data), with 74 polymorphic sites resulting in 26 haplotypes
(Figs. 1 and 2). Extremely low intrapopulation diversity was
observed in P. flammea, with few to no variations within
populations, so the genetic diversity indexes were zero for
most populations (Fig. 2; Table 2), with only three excep-
tions (CARMG, IBIMG-fla and JURSP, with two haplo-
types each). Only two haplotypes were shared between
different populations: TERJ-fla and GARIJ shared haplotype
H16, whereas PGSP-fla and BESP shared haplotype H21.
The overall haplotype diversity for the whole dataset was
h=0.957 (SD =0.0035) and nucleotide diversity was t =
0.0072 (SD = 0.0036) (Table 2).

cpDNA population structure

The haplotype network (Fig. 1) showed a star-like pattern,
with H22 as the central haplotype. Most haplotypes are
connected by one or two mutational steps. However, some
haplotypes have more mutational steps from central H22.
BAPS of the cpDNA sequences revealed an optimal struc-
ture of nine genetic clusters (K=9) for P. flammea


https://r-forge.r-project.org/projects/splits/
https://r-forge.r-project.org/projects/splits/
http://swfsc.noaa.gov/textblock.aspx?Division=FED&id=3298
http://swfsc.noaa.gov/textblock.aspx?Division=FED&id=3298

From micro- to macroevolution: insights from a Neotropical bromeliad with high population genetic...

N2
O
“ BESP  ggqp

MCPR

PISP

B mper-H10

B BnvG-fla-HI

B BMG-fla-H12

B ®mve-flo-H13

O BnMG-ceu-H14

B TERI-co-HI5

B TERI-flaGART-H16
[3] mFsp-H17

B rari-His
PISP—H19

[] sssp-m20

[ posp-flaBESP-H21

JURSP [:l PGSP-sp —H22
[] atisp-m23
[ sursp-m24
JURSP - H25
Sen’a da C E MCPR —H26
Mant e Serra do Mar 0 75 150 300 KM

Fig. 1 Geographic distribution of cpDNA haplotypes of Pitcairnia
flammea species complex. Records were obtained from the GBIF
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online databases and filtered according to each species’ checked

Fig. 2 Median-joining network
of cpDNA haplotypes of
Pitcairnia flammea complex.
Filled circles indicate each
haplotype. The size of each
circle being proportional to the
observed frequency of each
haplotype, and numbers
represent the mutation steps
between them.
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Pairwise Fgr values for cpDNA ranged from 0.745 to
1000, the latter being most of the values obtained between
the populations (Fig. 4a; Table S1). All AMOVA tests
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Table 2 Genetic diversity

A L Population
indices for Pitcairnia flammea p

cpDNA (sequence)

nDNA (SSR)

species complex based on N S Hd 7

Ny Haplotypes N A Ar Ho Hg Fis

cpDNA (sequence data) and

nDNA (SSR data). STES 4 00 0 1 HI 19 43 3276 0.490 0.522  0.149%%*
CARMG 4 14 05 0.0047 2  H2,H3 23 69 4319 0526 0.608  0.084%%*%*
CAPES 8 0 0 0 1 H4 22 1.5 1.220 0.035 0.042 0.216
MTMG 5 00 0 1 H5 20 7.5 4956 0.657 0.733  0.099%%**
DESRIJ 4 00 0 1 H6 20 6.3 4.208 0.528 0.685  0.289%%**
SMARJ 8 0 0 0 1 H7 21 3.1 2.642 0.434 0484  0.061%**
NFLRJ 7 00 0 1 H8 20 34 2555 0313 0358  0.111%
NFRJ 8 0 0 0 1 H9 21 6.6 4762 0471 0.745 0.361%%**
MPPR 7 00 0 1 H10 25 6.5 3.997 0497 0.592  0.165%%**
IBIMG-fla 9 1 0222 0.0001 2 HIL,HI2Z 20 3.6 2709 0375 0439 0.181%**
IBIMG-flo 6 0 O 0 1 H13 16 4.8 3.774 0.625 0.622 -0.030%**
IBIMG-ceu 8 0 O 0 1 H14 20 89 5.268 0.709 0.687 —0.059%**
TERIJ-co 9 0 0 0 1 H15 21 89 5.610 0.524 0.789  0.352%%**
TERJ-fla 8 0 0 0 1 H16 24 9.1 4775 0514 0.646  0.224%%*
GARJ 8 0 0 0 1 H16 12 5 4.144 0.673 0.644 -0.060
MFSP 9 0 0 0 1 H17 24 84 4782 0597 0.655  0.083%**
PARJ 6 0 0 0 1 H18 16 43 3279 0543 0.545 -0.009**
PISP 8 0 0 0 1 H19 22 3.5 2727 0425 0465 0.066
SSSP 5 00 0 1 H20 27 3.8 3.012 0315 0485  0.343%**
PGSP-fla 7 00 0 1 H21 7 2.6 2557 0264 0339 0.152
PGSP-sp 7 00 0 1 H22 7 26 2599 0509 0479 -0.090
ATISP 8 0 0 0 1 H23 22 5.5 3.888 0521 0.637  0.182%%**
BESP 8 0 0 0 1 H21 21 3.1 2358 0.243 0.344  0.329%%*
JURSP 9 1 0222 0.0001 2  H24,H25 28 5.1 3537 0341 0.604 0.415%%*
MCPR 6 0 0 0 1 H26 23 6.7 4.540 0.495 0.613  0.241%%**

Inbreeding coefficients (Fis) departing significantly from Hardy—Weinberg equilibrium (HWE) are indicated
by asterisks (*P <0.05, **P <0.01, ***P <0.001).

N number of samples, S number of polymorphic sites, N number of haplotypes, Hd haplotype diversity, 7
nucleotide diversity, A number of alleles, Ar allele richness, Hy mean observed heterozygosity, Hr mean
expected heterozygosity, Fjg inbreeding coefficient.

(Table 3) indicated extremely high and significant genetic
differentiation among populations and groups of P. flam-
mea. For the whole dataset, the genetic variation was the
highest among population (Fsy=0.985, P<0.001).
AMOVA also showed significant genetic differentiation
when contrasting genetic clusters indicated by BEAST
(Fcr=0.434, P<0.001). On the other hand, sorting by
varieties was not significant among the groups (Fcer=
0.065, P> 0.05), suggesting that taxonomy was not a good
predictor of population genetic differentiation. Regardless
of the clustering method utilized in the hierarchical
AMOVA, differentiation among populations was always
higher than among groups and within groups.

Divergence times and demographic analysis

The Bayesian phylogenetic analysis of the cpDNA region,
for both species/individuals and haplotype trees, clustered
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most of the populations into two strongly supported groups
(posterior >0.95), one comprising populations DESRIJ,
NFLRJ, NFRJ and SMARIJ, distributed in the North region
of Serra do Mar, in the state of Rio de Janeiro, and the
second with the remaining populations, including popula-
tions in the northernmost region of the geographic dis-
tribution in the states of Minas Gerais and Espirito Santo
(Fig. 5; Supplementary Fig. 1). The haplotypes of P.
flammea diverged from a common ancestor with P. het-
erophylla at 3.866 Mya, during the late Pliocene. The time
of the most recent common ancestor (TMRCA) of all P.
flammea haplotypes was estimated at 2.008 Mya [95%
highest posterior density (HPD)] in the early Pleistocene
(Fig. 6), which corresponds to the divergence time between
the two possible main haplotype lineages (Northern Rio de
Janeiro with haplotypes H6, H7, H8 and H9, and all others).
All the remaining divergence events are suggested to have
occurred at less than 1Mya. The phylogenetic tree
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Fig. 3 Clustering analyses of
genomic variation across the
range of Pitcairnia flammea
populations. a Indicates the
results for STRUCTURE, with
optimal K =22, and b indicates
the results for BAPS, with
optimal partition of nine groups.
Individuals are arranged by
population. Distinct colours
represent distinct genetic groups.
See Table 1 for abbreviations of
each population.
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Fig. 4 Fgr values for pairwise comparison between populations of Pitcairnia flammea. (a) Fst pairwise of cpDNA and (b) Fsr pairwise

of nuDNA.

constructed with all individuals recovered the same pattern
of haplogroups, with 4.454 Mya for divergence with P.
heterophylla and 2.089 for the TMRCA among P. flammea
species complex (Figs. 5 and 6).

The results of Tajima’s D and Fu’s FS neutrality tests for
cpDNA were not significant (P >0.005). Hence, no demo-
graphic changes were detected for the P. flammea popula-
tions included in this study. The results were also not
significant when tested for the two BEAST genetic groups.
The EBSP analyses, with the present dataset, did not gen-
erate satisfactory results for any level of population

clustering. The BEAST runs did not converge, presenting
ESS <200 in any cases, likely due to the high population
structure observed among populations. Thus, we were
unable to assess changes in population size over time.

The GMYC single-threshold results recovered 24 mole-
cular operational taxonomic units (MOTUs) and identified a
coalescence time threshold at 0.157 Mya. Thus, most
populations were identified as a single independent MOTU,
with few exceptions. CAPES was divided into two MOTUs:
the geographic close populations of TERJ-fla and GARJ
were grouped together into two MOTUs, similarly to
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Table 3 Analysis of molecular

variance (AMOVA) based on Model Source variation d.f.  Variation (%) F-statistic P value
CRDNA sequences and nDNA cpDNA
microsatellites.
All populations Among populations 24 98.53 Fgr: 0.985 <0.001
Within populations 151 1.47
BEAST clustering®  Among groups 1 4342 Fer: 0.434 <0.001
Among populations within groups 23 55.57 Fgsr: 0.990
Within groups 151 1.00 Fgc: 0.982
Variety clustering®  Among groups 6 652 Fer: 0065  N.S.
Among populations within groups 18 92.03 Fgr: 0.985 <0.001
Within groups 151 1.44 Fsc: 0.984 <0.001
nDNA
All populations Among populations 24 3741 Fsr: 0.374 <0.001
Within populations 991  62.59
Variety clusteringb Among groups 6 -0.29 Fer: -0.002  N.S.
Among populations within groups 18  37.65 Fgsr: 0.373 <0.001
Within groups 991  62.64 Fgc: 0375 <0.001

For cpDNA, groups of populations were defined according to BEAST phylogenetic tree, and by the varieties
of Pitcairnia flammea. For the nDNA, only variety groups were defined.

d.f. degrees of freedom.
See Fig. 3.
"See Table 1.
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Fig. 5 Species tree resulting from the BEAST analysis of plastid times are shown with 95% HPD. The timescale is in millions of years
DNA regions of Pitcairnia flammea species complex. Posterior ago (Mya). Collapsed branches indicate the possible genetic lineages.
probabilities are shown above the branches, and estimated divergence
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IBIMG-fla/ceu/flo. The sympatric populations of PGSP-sp
and PGSP-fla were each grouped into different MOTUs:
PGSP-sp was grouped together with JURSP, and PGSP-fla
together with BESP.

Microsatellite data of nDNA
Genetic diversity

Twenty-five populations of P. flammea were analyzed,
totalling 501 individuals, with a mean of 21 individuals per
population (Table 1). Allelic richness (Ag) varied from
1.220 to 5.610, mean number of alleles (A) ranged from 1.5
to 9.1, observed heterozygosity (Hp) ranged from 0.035 to
0.709 and expected heterozygosity (Hg) ranged from 0.042
to 0.789 (Table 2). The population-level inbreeding coeffi-
cient (Fis) was high and significant for most populations,
ranging from —0.090 to 0.414 (Table 2).

nDNA population structure

Bayesian admixture analysis revealed K =22 genetic clus-
ters. Most of the populations were grouped in independent
genetic clusters, indicating extremely low gene flow among
populations. Few geographically close populations of
BESP, PISP and PGSP-fla, IBIMG-fla and TERJ-fla,
IBIMG-flo and IBIMG-ceu and MPPR and MCPR were
grouped together in the same genetic cluster. However, the

Mantel test was not significant, showing that genetic dif-
ferentiation was not correlated with geographic distance (P
=0.369, P>0.05), thus suggesting that populations were
not differentiated under the isolated-by-distance model.
Among the three sympatric populations, only one (TERJ-fla
and TERJ-co) showed genetic admixture (Fig. 6), suggest-
ing hybridization and introgression between these two
species (P. flammea and P. corcovadensis), as previously
reported by Mota et al. (2019).

Fgr values were generally lower for nDNA than for
cpDNA data, ranging from 0.116 to 0.750 (Fig. 4b; Table
S2). AMOVA detected high and significant genetic differ-
entiation, among all populations for nuclear microsatellite
(Fst=0.374, P<0.001—Table 3). Such high genetic dif-
ferentiations are in agreement with limited gene flow among
populations revealed by gene flow analysis in BayesAss
(Table S3). For the hierarchical AMOVA, the genetic dif-
ferentiation among varieties/species of the P. flammea
complex was low and non-significant (Fcp =-0.002, P>
0.05) (Table 2), in agreement with the results found using
cpDNA data.

Demographic analysis

No excess of heterozygosity was detected in the bottleneck
analysis for any of the 25 populations investigated with
microsatellite loci, suggesting no recent changes in popu-

lation sizes (Table 4). M-ratio values ranged from 0.632 to
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Table 4 Bottleneck probability test results (TPM: two-phase mutation
model) and M-ratio values based on ten nuclear microsatellite loci.

Population TPM* M ratio
STES 0.984 0.961
CARMG 0.884 0.877
CAPES 1.000 0.947
MTMG 0.461 1.045
DESRJ 0.995 0.878
SMARJ 0.188 0.767
NFLRJ 0.973 0.914
NFRJ 0.161 1.117
MPPR 0.947 0.934
IBIMG-fla 0.527 0.648
IBIMG-flo 0.326 0.989
IBIMG-ceu 0.884 0.999
TERJ-co 0.385 1.029
TERJ-fla 1.000 1.065
GARJ 0.903 0.850
MFSP 0.995 0.860
PARJ 0.784 0.781
PISP 0.787 0.835
SSSpP 0.918 0.695
PGSP-fla 0.994 0.885
PGSP-sp 0.064 0.822
ATISP 0.539 0.632
BESP 0.918 0.772
JURSP 0.813 0.994
MCPR 0.988 0.749

*Significant value for P <0.05.

A population is considered to have undergone a bottleneck if its
M-ratio value falls below the threshold of the critical M ratio
(Mc=0.771). In bold are populations in which bottlenecks were
detected according to Garza and Williamson (2001).

1.117 across all populations. However, M-ratio analysis
showed signs of recent past genetic bottleneck events in five
populations (SMARJ, IBIMG-fla, SSSP, ATISP and
MCPR) (Table 4).

Discussion

Extremely high genetic structure among rock
outcrops

We found strong genetic structure at population level for
both cpDNA and nDNA (Figs. 3 and 4), with the almost
complete fixation of haplotypes within each population and
a high number of clusters obtained in Structure (K = 22).
Our results show low gene flow and genetic connectivity
among P. flammea populations and the absence of isolation-
by-distance, reinforcing the geographic isolation of
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populations restricted to naturally fragmented rock out-
crops. The low gene flow for both nuclear and plastidial
markers caused by limited pollen and seed dispersal
demonstrates that genetic drift has a large influence on
genetic diversity, randomly removing alleles from the gene
pool. Assuming maternal inheritance of plastidial DNA as a
rule for angiosperm (Ennos 1994) and biparental inheritance
of nuclear DNA, population genetic differentiation results
(see AMOVA—Table 3) indicated that gene flow via seed
is comparatively less efficient than via pollen, despite the
fact that both nuclear and plastidial genomes show high
levels of population genetic differentiation. In fact, P.
flammea has small and inconspicuous seeds without any
flight appendages, characteristics of autochoric seed-
dispersal syndrome, which might have limited their dis-
persal capability to maintain extensive gene flow among
populations. However, infrequent but relatively long-
distance dispersal of P. flammea seeds may also be spor-
adically expected during colonization process. For instance,
the only bromeliad colonizing Africa has the same seed
morphology of P. flammea and was an event of long-
distance dispersal (P. feliciana: ~12 Mya, Givnish et al.
2004), demonstrating that long-distance dispersal events
may be underestimated in the widely distributed genus
Pitcairnia. Thus, it is plausible to accept that colonization
of disjunct outcrops may be facilitated by the occasional
long-distance dispersal (over several km), as shown for
other rock-outcrop plants in Australia (Acacia woodma-
niorum: Millar et al. 2013). Moreover, the P. flammea
species is self-compatible (Wendt et al. 2002), suggesting
that its populations can tolerate variable levels of inbreed-
ing, as observed in our data (Fig up to 0.415), which might
facilitate population colonization via rare events of long-
distance dispersal.

Furthermore, the reduced nuclear gene flow among P.
flammea populations (see Table S3) also suggests limited
pollen dispersal and reduced ability of pollinating hum-
mingbirds (Wendt et al. 2002) in maintaining gene
exchange between rock outcrops, and ultimately promoting
allopatric speciation, a key hypothesis raised for explaining
diversification of this radiation family (Givnish et al. 2014,
Kessler et al. 2020). In fact, reduced seed and/or pollen
dispersal has likely promoted allopatric speciation in several
Neotropical plants adapted to naturally fragmented habitats,
such as inselberg (Alcantarea spp. and Encholirium ssp.:
Barbard et al. 2007; Gongalves-Oliveira et al. 2017;
Hmeljevski et al. 2017), rock outcrops (Pinheiro et al.
2014), gallery forests (P. lanuginosa: Leal et al. 2019),
Andean mountains (Fosterella rusbyi: Wohrmann et al.
2020), iron outcrops (Dyckia excelsa: Ruas et al. 2020) and
campos rupestres (Vellozia compacta: Lousada et al. 2013;
Pilosocereus aurisetus: Bonatelli et al. 2014; Barres et al.
2019). In addition, differences in nuclear and plastidial
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levels of genetic differentiation are also likely reflecting
their differences in mutation rates, recombination effects,
effective population sizes and coalescent times.

Phylogeography of the endemic rock outcrop P.
flammea species complex

We detected significant demographic changes in population
sizes through time for five out of 25 populations, suggesting
that most populations of P. flammea likely had a history of
long-term persistence across time (Table 4). Moreover, the
variable responses of demographic changes in the popula-
tions were observed all over the species’ range, suggesting
that the effects might be due to uneven ecological and local
adaptation responses in each population. High-altitude rock
outcrops may have acted as refugia for xerophilic and/or
cold-adapted species during glacial-interglacial periods
(Scarano 2002; Speziale and Ezcurra 2012; Millar et al.
2013; Tapper et al. 2014; Maswanganye et al. 2017),
implying that climatically stable microhabitats could have
contributed to the maintenance of these rock-outcrop
populations. Indeed, the complex topography and ecologi-
cal peculiarity of BAF (Martinelli 2007), where rock out-
crops provide habitat heterogeneity and a range of climatic
and edaphic niches, with a mosaic of soil types, range of
soil depth and water-retaining depressions (Benites et al.
2007), have likely allowed for the persistence of P. flammea
populations during prolonged drought periods. Even though
it is important to acknowledge high genetic structure and
low gene flow, they might promote a bias in the inferences
of demographic analysis. We believe that future high-
throughput sequencing combined with a coalescent frame-
work will increase our ability to infer demographic changes
in highly fragmented populations.

The Bayesian phylogenetic reconstructions indicate the
existence of two evolutionary lineages for P. flammea,
which diverged c. 2 Mya during the early Pleistocene,
revealing a distinct genetic grouping in the northeastern
region of Serra do Mar. Thus, our results indicate a
plausible role of the early Quaternary glaciations in
shaping population divergence of this species complex,
despite many studies pointing to climatic oscillations
connected with the late Pleistocene and Last Glacial
Maximum (LGM—about 21,000 ka) as major forces on
promoting population divergence of South American
species (Palma-Silva et al. 2009; Carnaval et al. 2014;
Batalha-Filho and Miyaki 2016; Turchetto-Zolet et al.
2016; Vergara et al. 2017). In fact, several other studies
have indicated the importance of older geological and
climatic events as main drivers of the lineage diversifi-
cation and speciation events on the plants and animals of
the Atlantic Forest (Pennington et al. 2004; Menezes et al.
2016; Peres et al. 2019; Silva et al. 2018).

Despite the strong genetic structure and low levels of
gene flow observed in P. flammea populations, a weak
phylogeographic structure was evident in our results for
both nDNA and cpDNA datasets. The BAF is a mosaic of
different dynamics and patterns of diversification, where
past climatic oscillations and geographic barriers probably
influenced each organism in a different way (Cabanne et al.
2007; Carnaval and Moritz 2008; Colombi et al. 2010;
Thomé et al. 2010; Ribeiro et al. 2011; Martins, de 2011;
Menezes et al. 2016; Aguiar-Melo et al. 2019; Paz et al.
2019). The heterogeneous nature of the southern and
northern regions of the BAF is a well-observed fact for both
animals and plant groups (Costa 2003; Grazziotin et al.
2006; Cabanne et al. 2007; Tchaicka et al. 2007; Carnaval
and Moritz 2008; Palma-Silva et al. 2009; Pinheiro and
Cozzolino 2013; Paz et al. 2019). The northern portion of
BAF was less affected by glacial/interglacial cycles (Car-
naval and Moritz 2008), and shows floristic similarities with
the eastern Amazonian forest (Oliveira-Filho and Fontes
2000). On the other hand, several signs of fragmentation are
observed during glacial cycles in the southern portion of the
BAF (Carnaval and Moritz 2008), which is floristically
related to southwestern portions of Amazonian forest (Oli-
veira-Filho and Fontes 2000). Unlike most of the studies,
we could not detect a clear sign of phylogeographic breaks
between the northern and southern populations, demon-
strating a much more complex history underlying current
phylogeographic patterns in this species’ extremely rich
biome. In fact, a lack of phylogeographic structure was
reported for few other BAF animals and plants, such as
Vriesea incurvata (plant: Aguiar-Melo et al. 2019), Schif-
fornis virescens (bird: Cabanne et al. 2013) and Myceto-
phylax simplex (ants: Cardoso et al. 2015).

Hybridization, introgression and species’
delimitation on recently radiated species complex

Species delimitation, which is assigning organisms to spe-
cies, is a major challenging topic of phylogenetic and
population genetics research (Coyne and Orr 2004), with
important implications for modern systematics, evolu-
tionary biology and conversation. There are two main issues
that complicate species delimitation. The first is how to
proceed with naturally fragmented populations, and the
other is how to make decisions regarding nascent species
that are hybridizing and introgressing (Wiens 2007). Our
study allows us to explore these topics in this taxonomically
challenging and recently radiated bromeliad species com-
plex adapted to naturally disjoint habitats.

The Bayesian phylogenetic results supported the exis-
tence of two evolutionary lineages for the P. flammea
species complex (Fig. 5). One comprising four populations
distributed in the North region of Serra do Mar, situated in
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the state of Rio de Janeiro, and the second with the
remaining populations. This lineage is composed of four
distinct morphological taxa: P. flammea var. flammea, P.
flammea var. roeltzii, P. flammea var. macropoda and P.
carinata (Table 1). In the same way, AMOVA showed high
genetic differentiation among populations of each lineage
(Fsc =0.982, Table 3), indicating that the population con-
tinues to diversify as an independent unit within each main
lineage. Consequently, the GMYC species’ delimitation
analyses with cpDNA acknowledged most populations as
independent evolving entities (24 MOTUs). Accordingly,
nDNA in Structure revealed K =22 independent clusters
out of 25 populations. Sorting by varieties in AMOVA (for
both nDNA and cpDNA) was not significant among the
groups (here considered taxonomic varieties), but was high
and significant among populations within varieties, sug-
gesting that genetic clusters do not agree with the typolo-
gical/morphological descriptions (Table 3). Thus, extremely
high genetic differentiation among all populations may
possibly be related to long-term population isolation, and
the morphological variances found between the different
varieties are likely the result of convergent evolution asso-
ciated with local adaptations and/or phenotypic plasticity.
Hence, the pattern observed here was an absence of con-
gruence in genetic structure and the species or taxonomic
varieties described in the literature (Smith and Downs
1974), which means our data do not support the classifi-
cation in seven varieties. Naturally fragmented species’
groups are known for their challenges faced during dis-
crimination between intraspecific differentiation and spe-
ciation (i.e. Folk and Freudenstein 2015; Hedin et al. 2015;
Khan et al. 2018). Further studies investigating the origin of
reproductive barriers in this group, as well as the role of
environmental gradients in potential local adaptation events,
would contribute to clarify how many species could be
recognized in this morphological puzzling group (Suku-
maran and Knowles 2017).

The current phylogeographic study offers some useful
insight into possible species boundaries. Populations
IBIMG-flo and IBIMG-ceu, although described as being of
different taxa (P. flammea var. floccosa and P. curvidens,
respectively) by Monteiro and Forzza (2008), were not
delimited as distinct lineages in the haplotype and species’
phylogenetic trees. Moreover, these two populations were
assigned to the same genetic cluster in the Structure and
BAP analyses (Fig. 3). Altogether, the evidences indicate
that these previously considered two different taxa effec-
tively belong to the same population and species, although
they are clearly different from the third taxa reported in the
same population (P. flammea var. flammea—see Structure
Fig. 3). P. carinata (DESRJ population) was the only
population with a significant statistical support in the hap-
lotype phylogenetic tree. In agreement with this, Structure
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classified it as a single genetic cluster, indicating that this
species is an independent lineage.

Besides the high genetic differentiation and structure
among populations, one sympatric population of Ter-
esopolis (TERJ-fla and TERJ-co) showed intermediate
admixture proportions in the Bayesian admixture analysis,
suggesting interspecific gene flow, between P. flammea and
P. corcovadensis, as previously reported by Mota et al.
(2019). Strong but permeable reproductive isolation barriers
for species occurring in sympatry were also reported for
other Pitcairnia species (Wendt et al. 2001; Palma-Silva
et al. 2011; Mota et al. 2019), supporting the hypothesis that
rock outcrops of bromeliad species are maintained as dis-
crete evolutionary units, despite the presence of low levels
of intraspecific gene flow. On the other hand, sympatric
populations of Ibitipoca (IBIMG) and Mogi das Cruzes
(PGSP) showed no nuclear gene flow between the sympa-
tric taxa. In addition, none of the taxa in sympatric popu-
lations shared haplotypes, suggesting the strength of
reproductive isolation barriers among these taxa. Overall,
those results indicated contrasting patterns of interspecific
gene flow among the three sympatric populations, sug-
gesting a continuous speciation process in this species
complex, as reported for other inselberg bromeliad species
(i.e. Alcantharea spp: Lexer et al. 2016). We believe that
our results will pave the way to knowledge of the con-
sequences of limited intraspecific and sporadic interspecific
gene flow as crucial for assessing the process of speciation
and species delimitation among recently radiated taxa
occurring in naturally fragmented habitats (Lexer et al.
2016; Pinheiro et al. 2018). In the future, the use of wide
genomic datasets (i.e. RAD-seq and whole-genome
sequencing) together with a multispecies coalescent
approach will greatly improve species delimitation, as well
as providing a framework for getting insight into the spe-
ciation process and the first step of species formation on this
complex taxonomic group.

Conclusion

Our study adds important information on how naturally
fragmented species are maintained as discrete evolu-
tionary units, despite their long-term isolation, low levels
of genetic connection and low intraspecific gene flow.
No phylogeographical break was observed between
northern and southern populations of P. flammea as
commonly reported for continuously distributed taxa
from BAF. Our study has shown that the high genetic
structure found in this species complex is the result of
limited gene flow, random genetic drift and inbreeding,
which is a consequence of a long-term isolation among
populations, as well as demographic stability and
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persistence. Although most populations of P. flammea
maintained constant population sizes during most Qua-
ternary climatic oscillations, our study indicates an
impact of early Quaternary glaciations (~2 Mya) on the
distribution and population divergence of this species.
Moreover, our results showed a high genetic structuring
among populations, regardless of taxonomic variety,
reinforcing the idea that these populations have been
evolving and diversifying for a long time independently
of each other, and the morphological discrepancies found
among different varieties are likely the result of local
adaptation, and/or a consequence of phenotypic
plasticity.
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