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ABSTRACT

Edited by: W. Durka

The area occupied by tropical forests in South America has continually experienced shrinkage since the Miocene,
with the formation of the Dry Diagonal, which is composed of seasonally dry tropical forests and savannas
(Caatinga, Cerrado, and Chaco). Here, we contribute to the understanding of the establishment of the Dry
Diagonal by testing the hypotheses of “ancestral fragmentation” and of “colonization” to explain the current
distribution of species in rocky humid formations of Cerrado, a Neotropical savanna in Brazil. Populations of
Mandirola hirsuta (Gesneriaceae) were sampled in 25 localities; these cover the species’ entire geographical
distribution, and the plastid intergenic regions psbA-trnH and trnQ-5′-rps16 were sequenced. The findings show
that intrapopulation genetic variability was low, whereas interpopulation variability was high. We detected
seven genetic groups that were geographically well delimited, and no signs of recent population expansion were
observed. Divergence between the seven main lineages took place between the late Miocene and the Pliocene
periods. In Approximate Bayesian Computation, the fragmentation scenario had a significantly higher probability than the colonization scenario. Results support the hypothesis of a former broader distribution for the
humid vegetation, which was fragmented with the expansion of savannas; results also indicate population differentiation promoted by a rapid expansion of the Dry Diagonal.
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1. Introduction
Fossil records suggest that the distribution of South American forests was quite ample during the Eocene and the Miocene, and such a
result was corroborated by climate simulations (Bush and Flenley,
2007; Fanton et al., 2012; Micheels et al., 2007). Since mid-Miocene,
global orogenic events – including the Andean uplift – have altered the
dynamics of heat circulation and rain on Earth, leading to effects such
as a reduction in temperature and an increase in climatic seasonality
(Armijo et al., 2015; Micheels et al., 2011; Potter and Szatmari, 2009).
This period coincided with the expansion of grassland prairies with C4
photosynthetic metabolism (Keeley and Rundel, 2005), and the conjunction of these events resulted in both a reduction of tropical forest
area and an expansion of open vegetation formations, such as savannas

and seasonally dry tropical forests (Pennington and Hughes, 2014;
Simon et al., 2009). This process gave rise to the Dry Diagonal, which
today comprises Caatinga, Cerrado, and Chaco biomes (Simon et al.,
2009; Werneck, 2011).
The Cerrado (Brazilian savanna) occupies a total of 204 million
hectares across central Brazil (Pennington et al., 2006). It exhibits a
wide variety of edaphic, geomorphological, and climatic characteristics
as well as vegetation types – grassland, savanna, and forest formations
are arranged side by side in a mosaic of vegetations (Carvalho et al.,
2014; Silva et al., 2006). The biome is exceptionally rich in species with
many of them being endemic, but these have been rapidly replaced by
pastures and cultivated lands, making it one of the 25 biodiversity
hotspots with priority for conservation (Myers et al., 2000). Simon et al.
(2009) suggested that fire resistant Rosids from the Cerrado originated
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Table 1
Mandirola hirsuta populations and genetic diversity. Pop = population, N = sample size, h = haplotype diversity, π = nucleotide diversity, σ = standard deviation. *
Values that were calculated exclude individuals with haplotype exhibiting the 414 bp deletion in the trnQ-5′-rps16 region. # = Shared haplotype. Abbreviations for
the Brazilian federative units: GO = Goiás, MG = Minas Gerais, MT = Mato Grosso, SP = São Paulo, and TO = Tocantins; DF = Distrito Federal. Vouchers deposited
in the herbarium HUFABC.
Pop

Locality

Voucher

M01
M02
M03
M04
M05
M06
M07
M08
M09
M10
M11
M12
M13
M14
M15
M16
M17
M18
M19
M20
M21
M22
M23
M24
M25
Total

Pedregulho-SP
Sacramento-MG
Paraúna-GO
Mossâmedes-GO
Caldas Novas-GO
Corumbá de Goiás-GO
Pirenópolis-GO
Brazlândia-DF
Niquelândia-GO
Alto Paraíso-GO
Alto Paraíso-GO
Alto Paraíso-GO
Teresina de Goiás-GO
Colinas do Sul-GO
Arraias-TO
Barra do Garças-MT
Barra do Garças-MT
Chapada dos Guimarães-MT
Chapada dos Guimarães-MT
Chapada dos Guimarães-MT
São Desidério-BA
Natividade-TO
Carolina-MA
Darcinópolis-TO
Parauapebas-PA

A.O.
A.O.
A.O.
A.O.
A.O.
A.O.
A.O.
A.O.
A.O.
A.O.
A.O.
A.O.
A.O.
A.O.
A.O.
A.O.
A.O.
A.O.
A.O.
A.O.
A.O.
A.O.
A.O.
A.O.
A.O.

Araujo
Araujo
Araujo
Araujo
Araujo
Araujo
Araujo
Araujo
Araujo
Araujo
Araujo
Araujo
Araujo
Araujo
Araujo
Araujo
Araujo
Araujo
Araujo
Araujo
Araujo
Araujo
Araujo
Araujo
Araujo

1094
1139
1089
1083
1133
1130
1129
1132
1128
1120
1117
1119
1115
1125
1111
1078
1077
1066
1073
1063
1098
1108
1104
1106
1150

N

Haplotypes (N)

h

6
8
4
3
6
4
4
5
6
6
4
8
6
4
4
6
4
14
6
6
3
4
8
4
6
139

H01(5), H02(1)
H03(8)
H05(2), H06(1), H07(1)
H08(2), H09(1)
H04(6)#
H11(4)
H12(4) #
H04(5) #
H12(2)#, H18(4)
H19(6)
H20(4)
H21(6), H22(2)
H23(5), H24(1)
H12(4) #
H12(4) #
H10(6)
H13(4)
H14(4), H15(4)#, H16(1), H17(5)
H15(6)#
H15(6) #
H25(3)
H26(4)
H27(8)
H28(4)
H29(6)

0.3333
—
0.8333
—*
—
—
—
—
0.5333
—
—
0.4286
0.3333
—
—
—
—
0.7582
—
—
—
—
—
—
—
0.9494

in situ via recent and frequent adaptive shifts during the past 10 million
years (My). Other studies also found that Pitcairnia (Bromeliaceae; Leal
et al., 2019) and Phyllopezus (Phyllodactylidae; Gekkota; Werneck et al.,
2012) persisted in patchy populations across Cerrado throughout climatic fluctuations. However, it is possible that humid areas of the
Cerrado were colonized after the Dry Diagonal formation by lineages
coming from humid forests refugia. Alternatively, lineages from humid
vegetations of the Cerrado may be remnants of a broader forest that
occupied the area until the Miocene and underwent fragmentation after
climatic alterations.
The fossil record of South American flora is scarce until the
Neogene; even in the Quaternary, it is concentrated in northwestern
sites (Burnham and Graham, 1999). Thus, the use of genetic markers is
especially important for a better understanding of the processes that led
to the current Cerrado biodiversity. The phylogeographic approach
provides evidence of past demographic and geographical processes,
such as population expansion, retraction, dispersion, and vicariance;
such an approach contributes to the understanding of how current
patterns of genetic diversity originated (Diniz-Filho et al., 2008). Phylogeographical studies can also contribute to establishing priority areas
for conservation, identifying cryptic lineages, and predicting possible
alterations in the biodiversity due to climate change – these are fundamental for planning strategies of biodiversity conservation
(Frankham et al., 2010).
The number of phylogeographical studies on Cerrado plants has
increased in recent years (e.g., Bonatelli et al., 2014; Buzatti et al.,
2017; Resende-Moreira et al., 2019). However, studies are mainly
concentrated on tree species that occur in grasslands or savannas (but
see Barbosa et al., 2012 and Leal et al., 2019). As the Cerrado is a vegetation mosaic, the evaluation of herbaceous organisms from humid
formations is fundamental for a more complete view of the biome’s
history, since groups with different tolerances respond differently to
environmental changes (Massatti and Knowles, 2014).
Gesneriaceae (Lamiales) diverged about 70 Mya (million years ago;
Perret et al., 2013). It presents around 3200 species, and it is particularly abundant in humid mountain forests where the individuals grow

π
(σ = 0.2152)
(σ = 0.2224)

(σ = 0.1721)
(σ = 0.1687)
(σ = 0.2152)

(σ = 0.0601)

(σ = 0.0069)

0.00105
—
0.00755
—*
—
—
—
—
0.00085
—
—
0.00034
0.00212
—
—
—
—
0.00487
—
—
—
—
—
—
—
0.01558

(σ = 0.00087)
(σ = 0.00526)

(σ = 0.00074)
(σ = 0.00039)
(σ = 0.00151)

(σ = 0.00274)

(σ = 0.00767)

as epiphytes or on rock outcrops; over the years, it has adapted to moist
environments that receive little sun. However, some of the representatives of the family are found in the Cerrado, and they occur
almost exclusively in humid and shady environments, as is the case of
Mandirola Decne. (Gesneriaceae, Gesnerieae, Gloxiniinae). Mandirola
diverged about 8 Mya and is endemic to the Brazilian Cerrado, where
populations occur disjointly – generally either near or into gallery
forests – and always on humid outcrops (see Supplementary Fig. 1F;
Araujo, 2019; Perret et al., 2013). These perennial herbs are characterized by vegetative propagation via a rhizome, dry fruits, small
seeds with no apparent adaptations for long-distance dispersal, and
flowers that are possibly pollinated by bees (Araujo, 2007). The individuals show an annual period of dormancy from July to November,
when the plants lose their leaves and survive as a rhizome; this dormancy period also coincides with the period of drought. Once the rainy
season begins, leaf and flower production starts; after the fruits have
matured, the plants return to the state of dormancy (Araujo, 2007).
The taxa described within the genus are characterized by a continuous of morphological variation (Araujo, 2007; Araujo et al., 2012;
Souza et al., 2018). Araujo (2007) proposed the synonymisation of all
these taxa as Mandirola hirsuta (DC.) A.O.Araujo & Chautems, recognizing the fact that this group may be a complex of species (see
Supplementary Fig. 1). The morphological variation observed in the
populations may be evidence of an ongoing differentiation process. As
the group also presents a wide distribution and an old estimated divergence time, M. hirsuta is a good model for phylogeographical studies
on perennial herbaceous species from Cerrado humid formations.
The aim of this study is to understand the processes underlying the
current distribution of the species (see Supplementary Table 1). Here,
we use matrilineal molecular markers to explore the evolutionary history of M. hirsuta and test the hypotheses of colonization and fragmentation. In a scenario of successive colonization events, we expect
the presence of genetic diversity gradients, gradual differentiation of
clades, signs of isolation by distance, and demographic signs of ancestral population expansion and recent colonization (Petit et al., 2003). If
there was fragmentation of a previous broad distribution with
2
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consequent reduction in population connectivity, we expect that the
genetic diversity will be low and more homogeneously distributed
through space, with a lack of isolation by distance signs. A synchronous
clade divergence and a stable or declining population size on demographic tests also suggests fragmentation.

2.4. Evolutionary relations and times of divergence between cpDNA
haplotypes
We inferred the haplotype network using the Integer NeighborJoining Networks algorithm without reticulation tolerance implemented in the PopArt 1.6 beta (Leigh and Bryant, 2015). The binary
encoding of indels was included in the matrix. The 414 bp deletion in
the trnQ-5′-rps16 region overlaps several substitutions; thus, in order to
infer the position of haplotypes H04 and H09 (both presenting the
deletion), we calculated an accessory network from a matrix that excludes the deletion region in all haplotypes. This procedure did not
change the general topology of the network that was obtained with the
main matrix.
We specified the Bayesian phylogenetic inference with BEAUti
1.8.1, and we performed it using BEAST 1.8.1 (Drummond et al., 2012).
We included the binary coding of the indels from each of the regions
studied as an independent partition of data. The model selection was
based on the Bayesian Information Criterion (BIC), which was implemented in JModelTest2 (Darriba et al., 2012). The HKY and
HKY + G models were selected for the nucleotide sequences psbA-trnH
and trnQ-5′-rps16, respectively. The frequency of the bases was empirically calculated and fixed to the observed proportions in the data
set. For the binary partitions, we used the Dollo stochastic model under
the premise that characters lost in a deletion will not be recovered.
Using a strict clock, we inferred trees under the constant size model. For
this, we used sequences from Chautemsia A.O.Araujo & V.C.Souza
(Gloxiniinae), Seemannia Regel (Gloxiniinae), and Sphaerorrhiza
Roalson & Boggan (Sphaerorrhizinae) as external groups. For Mandirola
we used a Tmrca of 7.12 My with 1.6 standard deviations (Perret et al.,
2013) and for Seemannia + Sphaerorrhiza a Tmrca of 35.00 My with 6.5
standard deviations (Roalson et al., 2008). We carried out 10,000,000
iterations with a sampling of trees for every 1000 generations. After
this, we verified the results using Tracer v1.5 (Rambaut et al., 2018);
the results were summarized with the TreeAnnotator tool 1.8.1 and
then visualized using FigTree (http://tree.bio.ed.ac.uk/software/
figtree/).

2. Methods
2.1. Sampling
Samples were collected from 25 locations that represent the entire
geographical distribution of M. hirsuta. For each location, leaves from
three to 14 individuals were collected and dried on silica gel, totalling
139 individuals (Table 1). We opted for a more extended geographic
sampling instead of individuals per area. To avoid the sampling of
clonal ramets of the same genet, a minimum distance of 10 m between
any two collected specimens was required. Vouchers were deposited in
the herbarium HUFABC (Table 1).
2.2. DNA extraction, amplification, and sequencing
DNA extraction and amplifications followed the procedure of
Barbosa et al. (2012). Among the 14 plastid intergenic regions traditionally used in phylogeographic studies of plants, we selected the psbAtrnH and trnQ-5′-rps16 regions (Shaw et al., 2007; Tate and Simpson,
2003) since they provided high-quality and polymorphic sequences. We
performed direct and reverse Sanger sequencing on the ABI PRISM
3730XL DNA Analyzer (Applied Biosystems). Consensus sequences of
forward and reverse sequences were obtained with Staden Package
1.7.0 (Staden, 1996). The alignment was generated with Muscle, implemented in MEGA 6 (Tamura et al., 2013). We visually inspected the
alignment to see whether we detect any spurious polymorphic sites.
Indels were coded according to the simple indel coding scheme
(Simmons and Ochoterena, 2000), implemented in SeqState (Müller,
2005). As psbA-trnH and trnQ-5′-rps16 are both intergenic spacers of
plastid DNA, we concatenated these regions for analyses.

2.5. Historical demography and model selection

2.3. Genetic diversity and geographic structure

To evaluate possible deviations from expected patterns under demographic stability for each BAPS genetic group, we calculated the
indices Fs (Fu, 1997) and D (Tajima, 1989) with Arlequin 3.5.1.3 and
R2 (Ramos-Onsins and Rozas, 2002) with DnaSP 5.10 (Librado and
Rozas, 2009). For each BAPS genetic group, we also verified the adherence of mismatch distributions to demographic and geographical
expansion models using the sum of square deviations (SSD) and also
calculated the raggedness statistic in Arlequin 3.5.1.3 (Excoffier and
Lischer, 2010). In addition, we explored the demographic dynamics of
the groups using skyline plots (Drummond et al., 2005), which were
specified with BEAUti 1.8.1 and performed with BEAST 1.8.1; we used
the same characteristics of the Bayesian phylogenetic inference, except
that the trees were inferred under the Bayesian Skyline model with four
groups. We calibrated the inference from the substitution rate that was
obtained from Bayesian phylogenetic inference, and we performed
50,000,000 iterations with a sampling of trees for every 5,000 generations. After this, we verified the results with Tracer v1.5, which we
also used for the inference and display of skyline plots (Rambaut et al.,
2018).
We compared the different diversification hypotheses for M. hirsuta
lineages using the Approximate Bayesian Computation (ABC) approach.
We carried out computational simulations under scenarios of colonization and fragmentation (see Supplementary Fig. 2). In the colonization scenario, in which populations diverged successively after the occurrence of population bottlenecks, we tested four models, namely the
colonization (a) from southeast to north (i.e., representing a colonization from the Atlantic Forest), (b) from southwest to north (i.e.,

To avoid spurious results, we excluded individuals with a 414 bp
deletion in the trnQ-5′-rps16 region from our diversity and structuring
calculations. We calculated haplotype (h) and nucleotide (π) diversity
using DnaSP 5.10 (Librado and Rozas, 2009) and Arlequin 3.5.1.3
(Excoffier and Lischer, 2010). We used BAPS 6.0 (Corander et al., 2008)
to detect genetic clusters with the Bayesian inference of population
groups using maximum limits of 5, 10, 15, 20, 25, and 29 groups and
without prior population information. To measure the percentage of
variation among these genetic groups, we hierarchized the analysis of
molecular variance (AMOVA) according to BAPS results and performed
it with Arlequin 3.5.1.3.
We performed a Mantel test using both the mean numbers of site-tosite substitutions in the concatenated matrix and also the geographical
distances between populations; for site-to-site substitutions in the matrix, sites with gaps were eliminated in peer-to-peer comparisons. Using
MEGA 6 (Tamura et al., 2013), we carried out the analyses at three
levels, namely population, intraregional (i.e., for BAPS groups comprising more than two populations), and regional (i.e., according to
BAPS genetic groups). We used geographical and genetic distances
between populations for the analysis at the population and intraregional levels. For the analyses at the regional level, we used the
mean genetic distances between populations and the distance between
the geographical centroids of BAPS groups. We excluded individuals
with the 414 bp deletion in the trnQ-5′-rps16 region from the calculations.
3
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colonization from humid Andean forests), (c) from north to south (i.e.,
originating in the Amazon), and (d) from centre to north and south (i.e.,
two fronts of colonization, as seen in Supplementary Fig. 2A-D). In the
fragmentation scenarios, the divergences were either simultaneous,
accompanied, or not by bottlenecks (see Supplementary Fig. 2E-F).
We conducted the model testing in two phases by firstly selecting
the best fitting model within each scenario and then comparing the
models with the highest probability in each scenario. We performed
500,000 simulations for each model with “ms” (Hudson, 2002). We
drew the parameters used in the simulations (theta, population sizes,
and bottleneck intensities) from uniform distributions; divergence times
were also drawn from uniform distributions, with ranges based on the
BEAST Bayesian phylogenetic inference (see Supplementary Table 2).
We calculated the summary statistics for the simulated genealogies with
a PERL script provided by Naoki Takebayashi (available at raven.wrrb.uaf.edu/∼ntakebay/teaching/programming/coalsim/
scripts/msSS.pl); these statistics include the total nucleotide diversity
(π), the number of segregating sites (SS), D (Tajima, 1989), the nucleotide diversity within populations (πw), and the nucleotide diversity
between populations (πb).
Finally, we assessed the most informative summary statistics by
grouping them in vectors and then conducting a preliminary rejection
step using 10 simulations of each model as pseudo-observed datasets
(PODs). We chose the best vector based on its ability to maximize the
probability of selecting the true model over the average probability of
choosing an incorrect model, as described by Tsai and Carstens (2013).
We used the R package “abc” (Csilléry et al., 2012) to select the highest
probability model with the rejection method, by keeping 0.05% of the
simulations closest to the empirical data.

indicate that there is a positive correlation between genetic and geographical distance matrices (R = 0.615, p = 0.010; Supplementary
Fig. 3A). However, the points are organized into two groups, and this in
turn invalidates the significance of the regression (Drummond and
Vowler, 2012). Among the seven groups inferred by BAPS, the correlation was not significant (R = 0.084, p = 0.382; Supplementary
Fig. 3B). Among the three groups that are inferred by BAPS and are
composed of more than two populations (Fig. 1), the correlation was
positive and low for Group I (R = 0.41, p = 0.043; Supplementary
Fig. 3C) and was not significant for both Groups II (R = 0.185,
p = 0.070; Supplementary Fig. 3D) and IV (R = 0.016, p = 0.225;
Supplementary Fig. 3E). However, in Group I the points are also
grouped into two groups, thus making the correlation invalid. The
matrices used in the Mantel tests are presented in Supplementary Tables
3 and 4.
3.3. Evolutionary relationships and historical demography
Fig. 1B shows the haplotype network of the concatenated sequences.
The positions of haplotypes H04 and H09 are presented in dotted lines
due to the 414 bp deletion. The network topology reflects the geographical distribution of groups inferred by BAPS, except for haplotypes
H25 and H26.
Fig. 2 presents the cladogram of Bayesian phylogenetic inference.
Each of the seven groups identified by the BAPS forms a monophyletic
lineage with posterior probability greater than or equal to 97%, and the
relationships between these lineages have posterior probabilities higher
than 90%, except for the relationship between Groups V and VI. The
crown age of most of the BAPS groups are in Pliocene or early Pleistocene, and the 95% highest posterior density (HPD) intervals for the
divergence times of the groups overlap. The inferred substitution rate
was 0.001016 substitutions/site/million years.
The indexes D (Tajima, 1989), Fs (Fu, 1997), and R2 (Ramos-Onsins
and Rozas, 2002) were not significant for M. hirsuta either as a whole or
for each of the groups (Table 3). The population demographic variation
of the skyline plots did not exceed the confidence intervals (Fig. 3).
Except for Group III, the mismatch distributions were multimodal
(Fig. 3); in Group III, although the observed histogram was unimodal,
the histogram does not fit the expected model of recent population
expansion. Thus, the mismatch distribution also indicates population
stability.
On the ABC, the most informative summary statistics were p and pw,
which we used to select the scenarios. Within the colonization scenarios, Models C (colonization from the Amazon) and D (two fronts of
colonization) presented the highest posterior probabilities as they are
equivalent to each other; within the fragmentation scenarios, the bottleneck model (F) presented a significantly higher posterior probability
(Table 4). In the final comparison between the best colonization scenario versus the best fragmentation scenario (C versus F), the scenario
of fragmentation with bottleneck (F) showed the highest posterior
probability (0.88; Table 4). However, the estimation of parameters
using the neural network method was not informative (see Supplementary Table 2).

3. Results
3.1. Sequence description and genetic diversity
The alignment of regions psbA-trnH and trnQ-5′-rps16 considers the
indels that comprised 285 pb and 1004 pb, respectively (GenBank accession numbers: psbA-trnH from MG953327 to MG953358, trnQ-5rps16 from MG953359 to MG953390). We did not consider sites located
between positions 80 and 106 of the psbA-trnH region because of the
impossibility of establishing an unambiguous alignment. After the
concatenation of the regions, we observed 17 indels and 73 substitutions, which were combined in 29 haplotypes. In the trnQ-5′-rps16 region, H04 and H09 haplotypes presented a 414 bp deletion. The H09
haplotype occurs only in the M04 population, and the H04 haplotype
was fixed in the M05 and M08 populations.
The total haplotype and nucleotide diversity were 0.9494
(σ = 0.0069) and 0.01558 (σ = 0.00767) respectively. In populations,
the haplotype diversity ranged from 0 to 0.8333 (σ = 0.2224) and the
nucleotide from 0 to 0.00755 (σ = 0.00526); the M03 and M18 populations were the most diverse for both indices (Table 1). Eighteen of the
25 populations have at least one exclusive haplotype, and only three
haplotypes were shared, namely H04, H12, and H15.
3.2. Genetic structure

4. Discussion

We identified seven groups of haplotypes in the BAPS analysis with
a probability of 0.99998 (Fig. 1A). Fig. 1C shows the geographical
distribution of these groups; the populations of each group are cohesively distributed across geographical space. Only population M04 has
mixed-group composition with haplotypes from two distinct genetic
groups (Fig. 1A). The hierarchical molecular variance analysis
(AMOVA) indicates that 73% of the variation is due to differentiation
between BAPS groups, while 21% of the variation is among populations
within groups, and only 6% of the variation is within populations
(Table 2).
The findings from the Mantel test, which considers all populations,

The genetic diversity, the geographical distribution of the lineages,
and the demographic patterns of M. hirsuta, associated with the model
selected in the ABC analysis, corroborate the hypothesis of a fragmentation of a previously connected distribution rather than successive
colonization events and recent expansions during the Pleistocene. This
contrasts with the observed pattern for some other plant species from
Cerrado (e.g., Buzatti et al., 2017; Collevatti et al., 2003; Novaes et al.,
2013). Changes in the humid rock outcrops’ adjacent matrix during the
Miocene may have isolated these regions and restricted the populations’
gene flow for long periods, thereby leading to the observed
4
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Fig. 1. Mandirola hirsuta genetic groups. A. Groups inferred by BAPS (bars represent individuals and group colours). B. Haplotype network; haplotypes H09 and H04
carry a deletion of 414 bp (see text). C. Population geographical distribution. The geographical distribution of the Cerrado biome is presented and the population
codes are shown in Table 1.

2001; Leal et al., 2019; Ribeiro et al., 2008). The seven genetic groups
observed in M. hirsuta are geographically clearly delimited, and all the
populations possess haplotypes from a single genetic group, except for
the M04 population. This population is found in the south-central area
of the M. hirsuta distribution and is composed of exclusive haplotypes;
this indicates that the migration event resulting in the mixed composition of this population is not recent. Furthermore, we found no evidence of isolation by distance, and differentiation is high even among
geographically close populations. In some cases, the spatial distribution
of the groups does not follow their phylogenetic relationships. For example, Groups II and V are geographically close but genetically very
distinct.
A low intrapopulation diversity, high interpopulation differentiation, and low haplotype sharing indicate a low seed dispersal rate for M.
hirsuta through the Cerrado matrix. This pattern is in accordance with
the propagule morphology, as seeds show no apparent adaptations for
long-distance dispersal (see Supplementary Fig. 1E). Roalson et al.
(2008) suggested that the dispersal in this group may be associated with
rare and incidental events occasioned by animals and watercourses,
which could explain the stochasticity in the geographical distribution of
the haplotypes belonging to each group. Despite M. hirsuta seeds being
secondarily dispersed by rainwater, the geographic structure of the
genetic groups does not seem to be associated with hydrographic basins, in contrast to the pattern observed for the palm Mauritia flexuosa
(Lima et al., 2014). The structure pattern of M. hirsuta also does not
seem to be linked to the Cerrado biogeographical regions (Françoso
et al., 2019; Ratter et al., 2003) or coincide with the geographical
patterns observed for both Dalbergia miscolobium Benth. (Novaes et al.,
2013) and Annona (Correa Ribeiro et al., 2016), which are species with
similar distribution. Nevertheless, the occurrence of exclusive haplotypes is a common pattern among populations of plants in the Cerrado
(Ramos et al., 2007; Resende-Moreira et al., 2017; Vieira et al., 2015).
In other locations worldwide, this pattern is more accentuated in plants
that occur in disjunct rocky formations, thus suggesting that divergence
through genetic drift is more prevalent in these types of environment
(Fiorini et al., 2019; Palma-Silva et al., 2011; Tapper et al., 2014a;

Table 2
Hierarchical analysis of molecular variance (AMOVA) of 25 populations of
Mandirola hirsuta. The populations are grouped according to Fig. 1
(p < 0.001).
Source of variation

% of total variance

Among groups
Among populations/within groups
Within populations
φST

73
21
6
0.940

differentiation.
The high haplotype and nucleotide diversities of M. hirsuta contrast
with its low intrapopulation variability, as 18 of the 25 populations are
monomorphic. This pattern may have been generated by genetic drift,
as small isolated populations are distributed within a wide area of occurrence. Some Cerrado plants exhibit a similar pattern, as seen in a
number of examples: the palm tree Mauritia flexuosa L.f., where 62% of
the populations are monomorphic (Lima et al., 2014); the cactus
complex Pilosocereus aurisetus (Werderm.) Byles & G.D.Rowley, in
which case 88% of populations are monomorphic (Bonatelli et al.,
2014); and the tree Ficus bonijesulapensis R.M.Castro, from Cerrado and
Caatinga, with more than half of its populations exhibiting only one
plastid haplotype and none with more than two (Vieira et al., 2015). It
is important to highlight that there are no studies about M. hirsuta’s
reproduction. Future ecological and genetic studies including nuclear
markers are required to better comprehend the interplay between
evolutionary and ecological factors on the genetic diversity of this
plant.
In the Cerrado, geographical structure is common in plants with
continuous distribution (Correa Ribeiro et al., 2016; Novaes et al.,
2013; Ramos et al., 2007); this is generally due to the isolation by
distance or isolation by environment. In plants that present disjunct
distribution, the geographical structure is even more evident, and some
have claimed environmental discontinuity as the main driver to this
pattern (e.g., Bonatelli et al., 2014; Collevatti et al., 2012; Jesus et al.,
5
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Fig. 2. Bayesian phylogenetic inference of haplotypes of Mandirola hirsuta. The 95% HPD intervals for the divergence times are indicated at the right-hand side of the
nodes and the posterior probability above the branches. The population haplotypes are presented in parentheses. * Locality presenting haplotypes from different
genetic groups; colours follow Fig. 1.

also with other Cerrado species that are restricted to riparian forests
(Leal et al., 2019).
In accordance with the hypothesis of fragmentation, the findings of
the demography tests did not indicate population expansions
throughout the Pleistocene. This point contrasts with the observations
for some other groups of Cerrado plants (Buzatti et al., 2017; Collevatti
et al., 2009; Silva et al., 2018); however, the variety of phylogeographical patterns observed can be a consequence of the distinct responses of each lineage to the abiotic and biotic alterations that result
from changes in climate and in relief, as reported for some species in the
Caatinga (Thomé et al., 2016). As M. hirsuta, Pitcairnia species also
presented no significant departure from neutrality tests or changes in
the effective population size over time (Leal et al., 2019) and this
pattern may be a common pattern for plants from moist Cerrado formations.
Although almost exclusive to the Cerrado biome, M. hirsuta is associated with humid micro-habitats of rock outcrops (see
Supplementary Fig. 1), and it was possibly dispersed across the current
area of the biome before the establishment of the current savanna
matrix. Our data shows that a scenario of synchronous fragmentation is
a better explanation for the species’ current distribution. Between late
Miocene and Pliocene, a rapid expansion of the savannas seems to have
fragmented and may have restricted the connectivity among geographic
groups; the occurrence of bottlenecks also seems to have been relevant,

Table 3
Neutrality tests of the concatenated plastid markers of Mandirola hirsuta.
*Values that were calculated exclude individuals with haplotypes that show the
414bp deletion in the trnQ-5′-rps16 region.
Group

I*
II*
III
IV
V
VI
VII
Total*

N

20
32
14
36
7
8
10
127

D

Fs

R2

test

p-value

test

p-value

test

p-value

−0.97
0.38
−0.56
0.00
2.16
–
1.83
−0.54

0.19
0.67
0.27
0.56
1.00
–
0.98
0.35

6.80
0.90
2.87
2.99
8.59
–
6.86
6.74

0.99
0.74
0.91
0.89
1.00
–
0.99
0.93

0.10
0.14
0.16
0.12
0.29
–
0.27
0.08

0.17
0.69
0.54
0.56
0.94
–
0.94
0.38

Wang et al., 2018).
The origin of M. hirsuta and its sister genus Goyazia dates back to
about 8 Mya (Perret et al., 2013) when the climate became drier,
colder, and more seasonal all over the world (Micheels et al., 2011); this
points support the claim that the establishment of the Dry Diagonal was
a main event leading to speciation in the Cerrado. Despite the old origin,
our study supports the hypotheses that the M. hirsuta within-lineage
diversification took place during the past recent million years, as seen
6
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Fig. 3. Skyline plots and mismatch distributions of the six groups of Mandirola hirsuta that presented more than one haplotype, namely R1 (A), R2 (B), R3 (C), R4 (D),
R5 (E), and R7 (F). Ne = effective number; OBS = observed; GDM = expected values (for no recombination) in growing and declining populations; CM = expected
values (at equilibrium for no recombination) in a population with constant population size.

fragmented by a relatively rapid expansion of the savanna vegetation
during the formation of the Dry Diagonal. Following fragmentation,
genetic drift must have been an important driver of lineage diversification.

Table 4
Model selection within and between the colonization and fragmentation scenarios for Mandirola hirsuta, based on the rejection method. * = model chosen
in each comparison. See Methods for a description of the models.
Scenario

Model

Posterior model probability
Within scenario

Colonization

Fragmentation

A
B
C
D
E
F

0.0157
0.0173
*0.4902
0.4769
0.3550
*0.6450

Between scenarios
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*0.8782

as it occurred also on other plant groups (Leal et al., 2019). As M.
hirsuta present morphological variation, the observed lineage differentiation is an indication that this group could consist of different
species, in accordance with the fact that herbaceous intraspecific plant
taxa are estimated to be 5 My old or younger (Levin and Scarpino,
2017). This hypothesis is being investigated by our research group with
other molecular and morphological markers.
The capacity of rock outcrops to conserve humid micro-habitats
even in dry matrices (Main, 1997; Schut et al., 2014) may have favoured the maintenance of M. hirsuta over the past few millions of
years. Local persistence during past climatic changes and high levels of
isolation have been reported for organisms that occur in rock outcrops,
inselbergs, and Cerrado riparian forests (Leal et al., 2019; Pinheiro
et al., 2014; Tapper et al., 2014b); this may be related to the environmental stability that was provided by these formations (Hopper, 2009;
Main, 1997). In addition, the phenological cycle of Gloxiniinae, which
has an annual dormancy during the dry season from July to November
(Supplementary Fig. 1G), may have also favoured its maintenance over
the last 8 My.
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5. Conclusion
The use of cpDNA markers to test the hypotheses of fragmentation
and successive colonization events in M. hirsuta offers a first evaluation
of the diversification patterns of an herbaceous group that occurs in
humid patches of the Cerrado. Our study supports a broader past distribution of a vegetation that adapted to humid environments and was
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