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ABSTRACT

Aim: Pilosocereus is one of the richest and most widespread genera of columnar

cacti, extending from south‐west USA to southern Brazil. Most species occur in the

seasonally dry tropical forest biome but can also be found in xeric microhabitats

inside woody savannas (Cerrado) and moist forests (Brazilian Atlantic forest). The

genus exhibits a highly disjunct distribution across the Neotropics. Using a 90%

complete species‐level phylogeny, we reconstructed the spatio‐temporal evolution

of Pilosocereus to explore the historical factors behind the species richness of

Neotropical dry formations.

Location: South America, Mesoamerica, Caribbean, south‐western North America.

Taxon: Genus Pilosocereus (Cactaceae, Cactoideae, Cereeae).

Methods: We used plastid and nuclear DNA sequences and Bayesian inference to

estimate phylogenetic relationships and lineage divergence times. Ancestral ranges

were inferred within the Pilosocereus subgenus Pilosocereus s. s. clade using the

Dispersal–Extinction–Cladogenesis model in a Bayesian framework to account for

parameter estimation uncertainty and the effect of geographical distance on disper-

sal rates.

Results: Pilosocereus was recovered as polyphyletic, with representatives of other

Cereeae nested within. The Pilosocereus subgenus Pilosocereus s. s. clade originated

around the Pliocene–Pleistocene transition (2.7 Ma), probably within the Caatinga

seasonally dry tropical forest (SDTF) formation. Species divergences were dated in

the Middle and Upper Pleistocene, often constrained to the same geographic region

but also associated to migration events to other xeric habitats in Mesoamerica and

northern South America; dispersal rates were not dependent on distance.

Main conclusions: Diversification dynamics in the Pilosocereus subgenus Pilosocereus

s. s. clade agree with other infrageneric studies in cacti. Species divergence was

rapid, driven by in situ diversification and migration events between SDTF dry for-

mations and xeric microhabitats within other biomes and probably linked to Pleis-

tocene climatic changes. This dynamic history differs from that found in woody

SDTF lineages, which are older in age and characterized by low‐dispersal rates and

long‐term isolation.
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1 | INTRODUCTION

The Neotropics are among the regions with the greatest floristic

diversity in the world (Kier et al., 2005). Throughout the region, a

variety of plant formations are arranged in alternating patches of

vegetation of different size, creating a mosaic‐like landscape (Olson

et al., 2001). These include moist (e.g., tropical rain forests and wet-

lands) and drier habitat types, such as seasonally dry tropical forests

(SDTFs), savannas and rocky fields, high‐elevation Andean grasslands,

and deserts, all embedded within a complex physiography with a

variety of edaphic, climatic, and topographic conditions (Antonelli &

Sanmartín, 2011; Burnham & Graham, 1999; Hughes, Pennington, &

Antonelli, 2013). Among these, the extremely rich tropical lowland

forests of the Amazonian region have attracted the attention of bio-

geographic studies (Hoorn et al., 2010; Rull, 2008), but there is

increasing interest in other biomes, especially SDTF dry formations,

characterized by high levels of beta diversity (Banda et al., 2016;

Pennington, Lavin, & Oliveira‐Filho, 2009).
The timing and potential diversification drivers behind the Neo-

tropic's hyperdiversity are still under debate (Antonelli et al., 2018).

Geological events during the Neogene (23–2.6 million years, Ma),

including the uplift of the northern Andes and the emergence of the

Isthmus of Panama, have been suggested as responsible for major

vegetation changes (Antonelli & Sanmartín, 2011; Bacon et al.,

2015). The rapid climatic fluctuations that characterized the Pleis-

tocene (2.6–0.01 Ma) have also been suggested as a driver shaping

geographic distributions at interspecies and species levels (Garzón‐
Orduña, Benetti‐Longhini, & Brower, 2014; Rull, 2008). Palynological

evidence supports vegetation changes in this period (Behling, Bush,

& Hooghiemstra, 2010; Van der Hammen & Hooghiemstra, 2000),

but whether Pleistocene glacial–interglacial cycles affected only spe-

cies distribution ranges or were linked to an increase in speciation

rates is a matter of debate, likely dependent on the age and phyto-

geographical adscription of the Neotropical lineage (De‐Nova et al.,

2012; Hoorn et al., 2010; Koenen, Clarkson, Pennington, & Chatrou,

2015). For example, molecular time estimates of Amazonian lowland

rain forest taxa support pre‐Pleistocene diversification (Antonelli et

al., 2018; Hoorn et al., 2010), though the age of extant species may

be younger (Garzón‐Orduña et al., 2014). For drought‐adapted
Neotropical taxa (Table 1), the age of diversification ranges between

the early Cenozoic and the Pleistocene. Most SDTF‐centred lineages

originated during the Late Miocene and Pliocene, when arid environ-

ments became dominant in the Americas (De‐Nova et al., 2012; Pen-

nington et al., 2009). These vegetation types differ also in their

biogeographic patterns; moist forests (Amazonian) are dominated by

a few taxa with large distributions, suggestive of high migration

rates. In contrast, woody SDTF species are often confined to small,

scattered patches or nuclei and exhibit a phylogenetic geographic

structure compatible with low‐dispersal rates and long‐term isolation

driven by niche conservatism (Pennington et al., 2009).

The cacti, family Cactaceae, are one the most conspicuous ele-

ments of SDTFs and other Neotropical arid and semi‐arid formations

(deserts, savannas, rocky outcrops, highland rocky fields) (Nyffeler &

Eggli, 2010). Comprising 1,850 species and 400 genera, the family

extends from southwestern USA and Mexico through Central Amer-

ica and the Caribbean to Peru and south‐west Brazil (Nyffeler &

Eggli, 2010). Initial diversification within Cactaceae was dated around

the Late Eocene–Oligocene Cooling Event (c. 34 Ma; Zachos, Dick-

ens, & Zeebe, 2008), while major cacti lineages (i.e., subfamilies and

tribes) did not start to diversify until the Mid‐Late Miocene (c. 15–
11 Ma), after a global drop in temperatures led to the expansion of

arid and semi‐arid habitats worldwide (Arakaki et al., 2011; Hernán-

dez‐Hernández, Brown, Schlumpberger, Eguiarte, & Magallón, 2014).

Although there are still few generic studies in cacti (Franck,

Cochrane, & Garey, 2013; Franco et al., 2017; Majure et al., 2012;

Silva, Antonelli, Lendel, Moraes, & Manfrin, 2018), estimates from

these, and more inclusive family‐level phylogenies (Arakaki et al.,

2011; Hernández‐Hernández et al., 2014), indicate an age of origin

of many genera around the Pliocene–Pleistocene transition (2.58 Ma,

www.stratigraphy.org), with species divergences dated well within

the Pleistocene (Bonatelli et al., 2014; Franco et al., 2017; Silva et

al., 2018). These studies suggest that events of rapid climate change

since the Paleogene have been important drivers in the evolution of

cacti. As with other SDTF elements, widespread cacti genera exhibit

disjunct geographic distributions across the Neotropics, with centres

of diversity in Mesoamerica (Mexico and Central America) and north-

eastern South America (Brazil) (Hernández‐Hernández et al., 2014).

In this work, we reconstruct a nearly complete phylogeny (90%

species diversity) of the widespread genus Pilosocereus Byles & Row-

ley (subfamily Cactoideae, tribe Cereeae) to infer the patterns of

spatio‐temporal diversification at the infrageneric level in cacti. Pilo-

socereus is one of the largest genera of columnar cacti, with 42 spe-

cies traditionally divided—based on morphological characters—into

two subgenera: Pilosocereus subgen. Gounellea (with three species:

Pilosocereus gounellei, Pilosocereus tuberculatus, and Pilosocereus fre-

wenii) and Pilosocereus subgen. Pilosocereus (with 39 species) (Cal-

vente et al., 2017; Zappi, 1994). The genus is a characteristic

element of Neotropical arid environments, abundant in SDTF habi-

tats as well as xeric microhabitats (rocky outcrops and highland

rocky fields in the Cerrado savanna, and rocky sandy soils in the

Brazilian Atlantic Forest) (Zappi, 1994). The genus stands out for its

exceptionally widespread distribution compared to other genera in

the family, extending from south‐west USA to Mexico and the Carib-

bean towards northern Paraguay, Bolivia, Peru, and south‐west
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Brazil. Most species are distributed in two core regions: eastern and

central Brazil, which harbour the highest species diversity, and Cen-

tral America and the Caribbean islands (Taylor & Zappi, 2004; Zappi,

1994). As in other cacti genera, phylogeographic work has been lim-

ited to the study of patterns within species or closely related species

complexes (Bonatelli et al., 2014; Figueredo, Nassar, García‐Rivas, &
González‐Carcacía, 2010). Recently, Calvente et al. (2017) recon-

structed species relationships within the genus based on a data set

of four plastid and one nuclear DNA marker for 33 species of Piloso-

cereus. They recovered a polyphyletic Pilosocereus, with P. gounellei

(subgen. Gounellea) and P. bohlei (subgen. Pilosocereus) more closely

related to representatives of other Cereeae genera than to the

remaining Pilosocereus species. However, limited taxon sampling

among outgroups outside Cereeae and poor resolution at deeper

nodes within Pilosocereus make it difficult to reconstruct the evolu-

tionary history of the genus.

Here, we increase the number of molecular markers (adding the

plastid coding gene ycf1) and extend taxon sampling among out-

groups outside Cereeae, and within Pilosocereus (from 33 to 38 spe-

cies, 90% of total diversity), to generate a robust phylogeny, which

is used as a template to estimate lineage divergence times, diversifi-

cation rates, and historical migration events in the genus. We aimed

to answer the following questions: (a) Did Quaternary climatic

changes play a central role in driving species divergence? (b) Which

was the ancestral range of Pilosocereus and how did it achieve such

a widespread and disjunct distribution? (c) Is there support for a pat-

tern of niche conservatism and dispersal limitation, in which closely

related species share the same geographic area and habitat, as

observed in other SDTF elements (De‐Nova et al., 2012; Pennington

et al., 2009)? (d) Are migration events directional, from SDTFs to

other vegetation habitats (De‐Nova et al., 2012)?

2 | MATERIALS AND METHODS

2.1 | Taxon sampling, DNA amplification, and
sequencing

Nyffeler and Eggli (2010) ascribed genus Pilosocereus to tribe Cer-

eeae (subtribe Cereinae), which comprises columnar and globular

taxa centred in South America, within subfamily Cactoideae, the

TABLE 1 Crown ages of drought‐adapted Neotropical taxa with distribution in different xeric environments

Family Genus Clade name
Number of
species

Crown
age (Ma) Distribution Environment Source

Anacardiaceae Loxopterygium Loxopterygium 3 spp. 8 South America SDTF and moist

forest

(Guianas and

Venezuelan

Guayana)

Pennington

et al. (2004)

Boraginaceae Tiquilia Tiquilia 30 spp. 33.1 North and South

America

Desert Moore and

Jansen (2006)

Cactaceae Cereus Cereus c. 30 spp. 2.33 South America Typically xeric

environment

Franco

et al. (2017)

Cactaceae Harrisia Harrisia 20 spp. 1.75–3.30 South America

and Caribbean

SDTFs Franck

et al. (2013)

Cactaceae Opuntia Opuntia s.s. 150–180 spp. 5.6 From North to

South America

Deserts and SDTFs Majure

et al. (2012)

Leguminosae Astragalus Clade F 90 spp. 1.89 South America Deserts Scherson, Vidal,

and Sanderson

(2008)

Leguminosae Chaetocalyx Chaetocalyx subclade 13 spp. 5.9 South America SDTFs Pennington

et al. (2004)

Leguminosae Centrolobium Centrolobium 7 spp. 9.9 Northern South

America

Typically SDTFs Pirie et al.

(2009)

Leguminosae Nissolia Nissolia 13 spp. 1.6 Mesoamerica SDTFs Pennington

et al. (2004)

Leguminosae Prosopis ASP + Xerocladia 43 spp. 28.4 From North to

South America

Arid and semi‐arid
environments

Catalano, Vilardi,

Tosto, and

Saidman (2008)

Heliotropiaceae Heliotropium Heliotropium Sect.

Cochranea

19 spp. 14 Peru and Chile Deserts Luebert and

Wen (2008)

Solanaceae Nolana Nolana 89 spp. 4.02 Peru and Chile Lomas formations Dillon, Tu, Xie,

Quipuscoa

Silvestre, and

Wen (2009)
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richest subfamily in Cactaceae (see Supporting Information

Appendix S1 for more details on the Study Group). To provide a

phylogenetic backbone for the position of Pilosocereus—and to sam-

ple relevant calibration nodes for molecular dating (see below)—our

data set included 10 outgroup taxa representing different genera in

tribes Rhipsalideae and Cereeae as well as several species from sub-

tribe Cereinae (sensu Nyffeler & Eggli, 2010); all outgroup taxa (ob-

tained from herbaria or fieldwork) were carefully examined and

identified by the first author or acknowledged experts on Cactaceae.

We did not include any representative of subfamily Opuntioideae,

sister to Cactoideae, due to difficulties in DNA sequencing (presence

of mucus); GenBank sequences were not used because several mark-

ers were missing. Pereskia grandifolia was used as the most external

outgroup to root the trees in agreement with other family‐level
phylogenetic studies (Hernández‐Hernández et al., 2014). Within

Pilosocereus, we increased taxon sampling, by adding new species

P. tuberculatus (subgen. Gounellea), P. lanuginosus, P. oligolepis,

P. piauhyensis, and P. polygonus (subgen. Pilosocereus) and increased

the infrasampling for species P. arrabidae, P. chrysostele, P. collinsii,

P. flavipulvinatus, P. gounellei, P. magnificus, P. multicostatus, and

P. parvus, relative to Calvente et al. (2017). Supporting Information

Appendix S1: Table S1.1 lists species names, voucher information,

and geographic location for all samples.

We sequenced six DNA regions: (a) four non‐coding intergenic

spacers of plastid DNA (cpDNA), sequenced also by Calvente et al.

(2017): trnS‐trnG, psbD‐trnT, trnL‐trnT, petL‐psbE; (b) the coding ycf1

gene (new for this study—a giant open reading frame that presents

potential to amplification in many Cactaceae (Franck, Cochrane, &

Garey, 2012); and (c) one low‐copy nuclear gene, phytochrome C

(PHYC). Genomic DNA was either extracted from silica‐dried stems

or roots or from herbarium specimens; protocols for extraction and

PCR amplification followed Calvente et al. (2017) and are listed in

Supporting Information Appendix S1: Table S1.2. Some regions could

not be sequenced for several species and were coded as missing data

in the matrix (Supporting Information Appendix S1: Table S1.1). In

total, we added 141 new sequences relative to Calvente et al. (2017)

molecular data set (comprising 134 sequences), so our final data set

included 275 sequences divided as trnS‐trnG (17 sequences), psbD‐
trnT (23 sequences), trnL‐trnT (18 sequences), petL‐psbE (22

sequences), ycf1 (43 sequences), and PHYC (18 sequences). Indels

were coded using Simmons and Ochoterena's (2000) simple coding

method as presence/absence data (0/1).

2.2 | Phylogenetic inference

Phylogenetic relationships were reconstructed using Bayesian infer-

ence implemented in MRBAYES 3.2.2 (Ronquist et al., 2012) hosted

on the CIPRES Science Gateway (Miller, Pfeiffer, & Schwartz,

2010). Substitution models were selected using the Akaike infor-

mation criterion (AIC) implemented in MRMODELTEST 2.2 (Nylander,

2004). Bayesian analyses were performed on individual genes

using the selected molecular substitution models: GTR, GTR+I,

GTR+G, GTR+I+G, F81+I, and HKY+G for psbD-trnT, petL- psbE,

ycf1, trnS-trnG, trnL-trnT, and PHYC respectively. Two analyses of

four chains each were run for 10 × 107 generations, sampling

every 1,000th. Convergence was assessed with the potential scale

reduction factor and by monitoring the standard deviation of split

frequencies (<0.01). A 50% majority rule consensus tree was con-

structed after discarding the first 25% samples as burnin. Clade

posterior probability values were considered as “weak” support if

PP < 0.70, “moderate” support if 0.70 < PP > 0.95, and high sup-

port if PP > 0.95, following Alfaro, Zoller, and Lutzoni (2003). No

incongruent clades receiving high support were found among the

individual gene trees (Supporting Information Appendix S2: Figures

S2.1a–f), so we concatenated all markers into a combined plastid/

nuclear data set, which was used for further analyses. Markers

were partitioned by genome (GTR+I+G was used for the plastid

regions; HKY+G for PHYC), with the overall substitution rate

unlinked between partitions, since plastid DNA generally exhibits

slower evolutionary rates than nuclear DNA (Wolfe, Li, & Sharp,

1987).

2.3 | Divergence time estimation

Lineage divergence times were estimated on the partitioned plastid/

nuclear data set using Bayesian relaxed clock models implemented in

BEAST 1.8.3 (Drummond, Suchard, Xie, & Rambaut, 2012) hosted on

CIPRES. Analyses were run with the birth–death (BD) model as tree

prior and the uncorrelated lognormal clock as the clock model. We

ran two MCMC chains for 10 × 107 generations, sampling every

1,000th, and used TRACER 1.6 to monitor convergence and adequate

mixing (Effective Sample Size, ESS >200; Rambaut, Suchard, Xie, &

Drummond, 2014). A maximum clade credibility (MCC) tree (burnin

10%) was constructed in TREEANNOTATOR 1.8.2 (Drummond & Ram-

baut, 2016).

There are not known fossils of cacti, so we used two higher‐level
phylogenetic studies on Cactaceae (Arakaki et al., 2011; Hernández‐
Hernández et al., 2014) to obtain secondary age estimates as calibra-

tion points in our phylogeny. In these studies, dating of Cactaceae

relied also on secondary calibration, derived from more inclusive,

fossil‐rich analyses of seed plants. Hence, estimates for major lineage

divergences within Cactaceae differed slightly between Arakaki et al.

(2011) and Hernández‐Hernández et al. (2014), so we decided to

carry out a preliminary sensitivity analysis to assess the influence of

calibration constraints on our age estimates (see Supporting Informa-

tion Appendix S1 for more details).

We set normal distribution priors to accommodate the uncer-

tainty in secondary calibration, with the mean of the prior distribu-

tion equal to the mean age estimate in the original study and the SD

spanning the upper and lower bounds of the 95% highest posterior

density (HPD) credibility intervals. Schenk (2016) criticized the use

of normal priors in molecular dating analysis because the posterior

distribution of age estimates may differ from that inferred in the

original study. To address this, we ran preliminary analyses under

our priors and next corroborated in Tracer that there was no signifi-

cant departure (in the mean and 95% HPD interval) between the
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prior and the estimated posterior distribution; see Supporting Infor-

mation Appendix S1 for more details.

We performed three different analyses: (a) Analysis “AE 1”

included two calibration points from Arakaki et al. (2011): the crown

age of Cactaceae (the root node in our data set) with M = 28.6 Ma,

SD = 1.9 (95% HPD 25.47–31.73 Ma), and the crown age of subfam-

ily Cactoideae (the node splitting P. grandifolia from all other taxa)

using M = 21.8 Ma, SD = 1.7; 95% HPD 19–24.6 Ma; (b) Analysis

“AE 2” included the Hernández‐Hernández et al. (2014) estimates for

the same calibration points: Cactaceae crown age (M = 26.88 Ma

SD = 6.2; 95% HPD 16.68–37.08 Ma) and Cactoideae crown age

(M = 17.15 Ma, SD = 3; 95% HPD 12.22–22.08 Ma); (c) Analysis “AE

3” added a third calibration point to AE2 from Hernández‐Hernández

et al. (2014): the crown node of Cereeae (M = 5.28 Ma, SD = 1.3;

95% HPD 3.14–7.41 Ma), which corresponds to the node splitting P.

grandifolia, Copiapoa cinerea, and Rhipsalis baccifera from the remain-

ing taxa.

The three calibration analyses generated divergence time esti-

mates with overlapping credibility intervals for all major clades

(Table 2). We selected the AE2‐MCC tree for further analyses and

discussion because: (a) it generated the narrowest 95% HPD inter-

vals; (b) is based on secondary age estimates from a well‐sampled

Cactaceae phylogeny (Hernández‐Hernández et al., 2014); (c) the lat-

ter study used a Bayesian relaxed clock whereas Arakaki et al.

(2011) assumed autocorrelated rates in molecular dating (see Sup-

porting Information Appendix S1).

2.4 | Diversification and biogeographic analyses

Since Pilosocereus was recovered as non‐monophyletic in our phy-

logeny (see below), diversification analyses were restricted to the

monophyletic clade containing the majority of species, Pilosocereus

subgen. Pilosocereus sensu stricto (s. s.), with the exclusion of P. boh-

lei. We first plotted the pattern of lineage accumulation through time

(LTT) using the R program language (R Core Team, 2016), package

ape (Paradis, Bolker, & Strimmer, 2004) to visually inspect the diver-

sification trajectory. We then used whole‐tree episodic BD models

implemented in the R program language (R Core Team, 2016), pack-

age ‘TreePar’ (Stadler, 2015) to compare the fit of this trajectory to

a BD process with a constant diversification rate (r = speciation

minus extinction) and turnover rate (ε = extinction/speciation) against

time–variable models in which these two parameters change at dis-

crete points in time. We estimated the magnitude and times of rate

and turnover rate changes using a grid with 0.2 Ma discrete time

intervals to detect potential rate shifts. We assumed that all lineages

were sampled at shift times (ρ = 1) except at present (ρ = 0.90) to

account for incomplete taxon sampling and used likelihood ratio

tests to compare models with an increasing number of rate shifts.

Biogeographic analyses used the Dispersal–Extinction–Cladogen-
esis model (Ree & Smith, 2008) implemented in a Bayesian frame-

work in RevBayes (Höhna et al., 2016). This allowed us to estimate

the mean and 95% credibility intervals for the rates of range expan-

sion and local extinction and to compute posterior probability values

TABLE 2 Results from three molecular dating analyses in BEAST using different calibration priors derived from secondary age estimates (see
text for further explanation); only values for clades with high support (PP > 0.95) are given. Values are given in millions of years (Ma): mean
divergence (95% high posterior density [HPD] credibility intervals); numbered nodes are those plotted in Figure 3

Nodes Analysis AE1 Analysis AE2 Analysis AE3

1 27.59 (24.00–31.25) 20.52 (13.08–28.85) 18.03 (11.37–26.01)

2 22.30 (19.15–25.40) 17.21 (11.81–22.54) 15.07 (10.16–20.21)

3 18.41 (13.18–22.87) 14.02 (8.55–19.40) 11.35 (6.88–16.41)

4 12.09 (7.35–17.14) 9.10 (4.77–14.03) 6.29 (4.30–8.39)

5 10.70 (6.29–15.40) 8.08 (4.11–12.54) 5.61 (3.64–7.62)

6 4.62 (1.44–9.10) 3.51 (0.89–7.26) 2.52 (0.70–4.80)

7 8.27 (4.63–12.46) 6.28 (3.07–10.15) 4.43 (2.68–6.36)

8 6.56 (3.42–10.00) 4.98 (2.35–8.21) 3.54 (2.07–5.27)

9 2.06 (0.40–4.56) 1.55 (0.31–3.60) 1.14 (0.25–2.47)

10 5.54 (2.87–8.62) 4.19 (1.95–7.04) 2.99 (1.66–4.52)

11 4.93 (2.54–7.79) 3.73 (1.70–6.31) 2.67 (1.47–4.09)

14 3.57 (1.74–5.81) 2.70 (1.17–4.71) 1.95 (1.02–3.11)

15 3.02 (1.47–4.94) 2.28 (1.0–4.02) 1.65 (0.82–2.64)

16 2.28 (1.05–3.91) 1.72 (0.67–3.14) 1.25 (0.59–2.14)

17 0.52 (0.05–1.45) 0.38 (0.03–1.11) 0.28 (0.03–0.78)

19 1.20 (0.48–2.26) 0.90 (0.31–1.77) 0.66 (0.26–1.22)

27 2.05 (0.98–3.54) 1.54 (0.63–2.81) 1.12 (0.55–1.89)

28 0.53 (0.10–1.32) 0.40 (0.07–1.02) 0.29 (0.06–0.70)

30 1.75 (0.85–3.04) 1.31 (0.54–2.40) 0.95 (0.46–1.60)

39 1.36 (–) 1.02 (–) 0.74 (–)
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(PP) for ancestral range inheritance scenarios. Nine areas were

delimited based on the distribution patterns of species, geological

and biome history (Antonelli, Nylander, Persson, & Sanmartín, 2009;

Olson et al., 2001), and areas of endemism used in previous works

to maximize biogeographic congruence (Givnish et al., 2014; Hernán-

dez‐Hernández et al., 2014; Zappi, 1994): (A) northeastern Brazil

(equivalent to the Caatinga ecoregion sensu Olson et al., 2001); (B)

Central Brazil (equivalent to the Cerrado ecoregion); (C) Coastal Bra-

zil (equivalent to the Brazilian Atlantic Forest ecoregion); (D) North

Brazil (State of Roraima, Guiana region); (E) northwestern South

America; (F) Central America; (G) western Mexico; (H) eastern Mex-

ico; and (I) the Caribbean. Geographic occurrence data were com-

piled from online databases: SpeciesLink (CRIA, http://splink.cria.

org.br/), Global Biodiversity Information Facility (GBIF, http://www.

gbif.org/), the Virtual Herbarium REFLORA (Flora do Brasil 2020,

http://floradobrasil.jbrj.gov.br/), totalling 2,617 records (Figure 1).

Supporting Information Appendix S1 provides more details on area

definition and corroboration of accuracy of geographic records.

Analyses were run for 10,000 generations with default values as

defined in the RevBayes tutorial (Michael Landis, http://revbayes.

github.io/tutorials.html), except for the migration rate parameter

“rate_bg” (representing the number of migration events per unit of

time), which was assigned a more restricted (informative) hyperprior,

bounding the migration rate between 0.001 and 10 events per Ma.

Ancestral ranges were constrained to include a maximum of three dis-

crete areas, the range size of the most widespread species in the phy-

logeny. To explore the influence of geographic distance in dispersal

rates, we ran a second analysis in which the migration rate parameter

(“rate_bg”) was scaled by the inverse of the geographic distance

between areas according to a factor, the “distance_scale” parameter

(a), which was estimated from the data. If (a) is ~0 (no scaling), then

the dispersal rate is equal for all areas. Pairwise area distances were

estimated in QUANTUM GIS 2.14.0 (QGis – Quantum GIS Development

Team, 2011) using the geographic centroids of the areas as defined

above. Supporting Information Appendix S1 gives more details on

these analyses and provides the corresponding RevBayes scripts.

3 | RESULTS

3.1 | Phylogenetic and divergence time estimates

Phylogenetic relationships among outgroup taxa and within Pilosocer-

eus were largely congruent between the MrBayes tree (Figure 2) and

the BEAST AE2‐MCC tree (Figure 3), with backbone nodes receiving

F IGURE 1 Map showing the geographic distribution of the cacti genus Pilosocereus (Cactoideae, Cereeae), with pictures of some
emblematic species
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mostly high support. Stephanocereus leucostele was recovered as sis-

ter to a polyphyletic Pilosocereus (PP = 1). Within the latter, a clade

formed by P. gounellei and P. tuberculatus (PP = 1) splits first, fol-

lowed by P. bohlei, which is sister to a clade composed of represen-

tatives of other Cereeae genera (Arrojadoa rhodantha, Cereus

jamacaru, and Melocactus zehntneri, PP = 1) and a second clade

grouping the remaining species in Pilosocereus subgen. Pilosocereus s.

s. (PP = 1). Within this clade, Pilosocereus aureispinus branches basally

to a clade divided into two well‐supported (PP = 1) subclades, Clades

A and B (Figures 2 and 3). Clade A further splits into two smaller

clades, each receiving high support (PP = 1): Clade AI comprising

Brazilian species: Pilosocereus glaucochrous, Pilosocereus pentae-

drophorus, and Pilosocereus piauhyensis (Figures 2 and 3, PP = 1), and

Clade AII grouping all extra‐Brazilian species (Figures 2 and 3, PP =

1). Clade B clusters together the remaining Brazilian species (PP = 1)

and is divided into three subclades (Clades BI, BII, BIII). Relationships

among these are unresolved in the MrBayes tree (Figure 2) and

receive weak to moderate support in the BEAST tree (Figure 3). Other

differences concern the clade Pilosocereus azulensis–P. floccosus,

which MrBayes includes in Clade BIII with Pilosocereus fulvilanatus

(Figure 2, PP = 0.86) and BEAST in Clade BII with Pilosocereus jauruen-

sis (Figure 3, PP = 0.52).

Table 2 and Figure 3 provide mean and 95% HPD intervals for

major divergences within Pilosocereus in the AE2‐MCC tree. The ori-

gin of genus Pilosocereus was dated in the Early Pliocene (c. 5 Ma,

Figure 3, Table 2), and that of Pilosocereus subgen. Pilosocereus s. s.

around the Pliocene–Pleistocene transition (2.70 Ma). The split

between Clades A and B was dated in the Early Pleistocene, Gela-

sian (2.28 Ma), and that of Clades AI and AII in the Calabrian

(1.72 Ma). Diversification in Clade B began also in this period

(1.54 Ma, 95% HPD 0.63–2.81, node 27). Most extant species are

dated as originating in the Middle (0.78–0.12 Ma) and Upper Pleis-

tocene (0.12–0.01 Ma), with a few species diverging slightly earlier

(Figure 3).

F IGURE 2 Majority‐rule consensus tree derived from the MrBayes analysis of the concatenated plastid–nuclear data set (trnS‐trnG, psbD‐
trnT, trnL‐trnT, petL‐psbE, ycf1, and PHYC); posterior probability (PP) values for clade support are shown above branches; numbers for clades
mentioned in the text are given at nodes
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3.2 | Diversification and Biogeographic analyses

The LTT plot of Pilosocereus subgen. Pilosocereus s. s. shows an

upshift in the cumulative number of lineages after 2 Ma (Supporting

Information Appendix S2: Figure S2.2). TreePar, however, did not

reject a model of constant net diversification (r = 1.26 Ma−1) and

background extinction (ε = 0.12) over the one‐ and two‐rate shift

models (p = 0.73 and 0.43, respectively), suggesting that the LTT

upshift is an artefact of the “pull‐of‐the‐present” (Stadler, 2011). To

incorporate the uncertainty in age estimates, we further estimated

net diversification rates for the clade Pilosocereus subgen. Pilosocer-

eus s. s., using the methods‐of‐moments estimator of Magallón and

Sanderson (2001). We used a total clade size of N = 38 (i.e., assum-

ing that three non‐sampled species of Pilosocereus belonged to this

clade based on morphology), the 95% HPD interval for estimated

clade age 2.70 (4.71–1.17) Ma, and the value of ε = 0.12 estimated

by TreePar. This gave us a net rate of diversification r = 1.26 (0.62–
2.51) Ma−1.

The unconstrained Bayesian DEC analysis (lnLik = 107.189)

estimated rate_bg as 0.104 Ma−1 (95% HPD 0.053–0.162) and the

extirpation_rate as 1.331 (0.272–2.824) Ma−1. In the distance‐
modelled DEC analysis (−92,642), these values were 2.230 (0.393–
5.253) Ma−1 for rate_bg and 0.979 (0.322–1.710) Ma−1 for extirpa-

tion. A low value was estimated for the distance_scale parameter:

0.0011 (0.0006–0.0016), suggesting that the baseline dispersal or

migration rate is independent of geographic distance, that is, equal

among all areas. Bayes factor comparison of the marginal likelihood

estimates of the two models (using the harmonic mean of posterior

likelihoods) favoured the distance‐modelled DEC analysis over the

unconstrained analysis (2lnBF = 29.1). However, exploration in Tra-

cer of the output showed poorer mixing and ESS values for all

parameters in the distance‐modelled analysis. This model provided

similar reconstructions to the unconstrained analysis, except that

area A was slightly favoured over other ranges for the root node.

Results below followed the unconstrained analysis (Figure 4).

The inferred ancestral area of Pilosocereus subgen. Pilosocereus s. s.

(node 1) was ambiguous in the unconstrained analysis with ranges

ACG (northeastern Brazil–Coastal Brazil–western Mexico) and A

(northeastern Brazil = Caatinga) receiving the highest posterior prob-

abilities (PP < 0.20, Figure 4; Supporting Information Appendix S1:

Table S1.1). The most recent common ancestor of Clades A and B

(node 2) was reconstructed as Caatinga, with low probability (PP =

0.10). The first migration event within Clade A was from northeast-

ern Brazil to western Mexico (node 3, Figure 4). Within Clade AI,

migration from Caatinga to Coastal Brazil was reconstructed in the

clade Pilosocereus glaucochorus–P. pentaedrophorus (node 5); within

Clade AII, there were dispersal events to the Caribbean (Pilosocereus

royenii–P. polygonus, node 12, Figure 4) and northwestern South

America (P. lanuginosus, node 11). Diversification in Clade B (node

14, Figure 4) was preceded by migration from northeastern Brazil to

central (B) and Coastal Brazil (C), followed by back migration events

to the Caatinga and northwards dispersal to area D in P. oligolepis.

4 | DISCUSSION

4.1 | Pliocene–Pleistocene origin and rapid
Pleistocene diversification in widespread cacti genera

Our temporal estimates for the origin of the Pilosocereus subgen. Pilo-

socereus s. s. clade (2.70 Ma, Figure 3) and the Middle–Upper Pleis-

tocene (0.78–0.02 Ma) age of divergence for extant species agree well

with those obtained by Franco et al. (2017) for the widespread cacti

genus Cereus. Comparable divergence time estimates in Cereus hild-

mannianus Mill. (Silva et al., 2018) and the Pilosocereus aurisetus spe-

cies complex (Bonatelli et al., 2014) are probably upwardly biased due

to the use of distant fossil calibrations and improper tree priors when

there is ongoing gene flow (Ho et al., 2015). If our age estimates are

right, species divergence was rapid with a net diversification rate

resembling those exhibited by some island radiations (Vitales et al.,

2014). This might explain the weak support for internal nodes recov-

ered in our study (Figure 2) and in other infrageneric studies of cacti

(Bonatelli et al., 2014; Franco et al., 2017).

The Pliocene–Pleistocene transition was a period of major climate

change globally, which marked the onset of Quaternary glaciations

(Zachos et al., 2008). Phylogenetic studies have supported a role for

Pleistocene climatic changes in structuring geographic patterns among

and within species in Cactaceae (Bonatelli et al., 2014; Franco et al.,

2017; Silva et al., 2018). According to the hypothesis of “interglacial

refugia” (Bonatelli et al., 2014), cacti species would have extended

their geographic ranges during Pleistocene glacial cycles, probably via

stepping stone dispersal, but became restricted to refugia during the

warmer interglacial periods. Large confidence intervals in divergence

time estimates in our phylogeny (Figure 4) prevent establishing a

direct correlation between migration events and specific glacial cycles.

Yet, it is interesting to note that mean ages for nodes associated to

migration and subsequent allopatric speciation are dated around two

especially dry and severe glacial periods: the Anglian Kansas glaciation,

c. 455,000–300,000 years (nodes 4, 11–13, 20, 22–24) and the LGM

(21,000–7,000 years, nodes 5, 32) (Figure 4). This pattern stands in

contrast to that found in other SDTF‐centred genera, where species

divergence largely predates the Pleistocene, and is therefore inconsis-

tent with a Pleistocene diversification scenario (De‐Nova et al., 2012;

Pennington et al., 2009; Pirie, Klitgaard, & Pennington, 2009). This

does not discard that intraspecies divergence within widespread SDTF

F IGURE 3 Maximum clade credibility (MCC) tree of genus Pilosocereus and related outgroups, showing 95% HPD credibility intervals for
phylogenetic relationships and lineage divergence times, inferred by BEAST using different calibration constraints: (a) Analysis AE2; (b) Analysis
AE1; (c) Analysis AE3. Red asterisks indicate the calibration points used in the different analyses. Numbers above branches indicate mean ages;
those below branches correspond to posterior probability (PP) values. Clades with numbers close to nodes are referenced in Table 2; those
with names are referred in the text
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taxa could be driven by Quaternary climatic changes (Pennington et

al., 2004).

4.2 | Inter‐region colonization of similar habitats as
a driver of diversification in cacti

Evolutionary studies in Cactaceae point to morphological key innova-

tions and the colonization of novel ecological niches—arid and semi‐
arid environments that became dominant across the America in the

Neogene—as the main drivers behind initial diversification in the

family (Arakaki et al., 2011; Hernández‐Hernández et al., 2014). Sub-

sequent diversification of cacti lineages, however, was associated to

range expansion and the colonization of geographic regions with

similar xeric conditions and involved reduced morphological variation

(Hernández‐Hernández et al., 2014). Genus Pilosocereus is one of

few genera of Cereeae that are distributed outside South America,

extending across arid habitats from southern Brazil and Peru to

southern USA, but exhibits a surprisingly homogeneous morphology

(Zappi, 1994; see Figure 1). That morphology alone is not a good

systematic criterion in cacti is suggested by the frequent recovery in

phylogenetic studies of non‐monophyletic genera and species (Bona-

telli et al., 2014; Franco et al., 2017; this study). This differs from

the pattern found in other Neotropical families (Carvalho & Renner,

2012; Lohmann, Bell, Calió, & Winkworth, 2013), where diversifica-

tion has been linked to the colonization of novel habitat types and

concomitant morphological change.

Cactaceae is one of the most species‐rich families and a charac-

teristic element of SDTFs (Pennington et al., 2009). Woody SDTF‐
centred lineages in South America often exhibit a high degree of

niche conservatism, with sister‐species living in the same nuclei, and

generally a stronger phylogenetic geographic structure and lower

immigration rates than savanna and rain forest taxa. When there are

habitat shifts, these are predominantly from SDTF patches to other

vegetation types (De‐Nova et al., 2012; Pennington et al., 2009).

Our reconstruction of the biogeographic history of Pilosocereus sup-

ports a pattern of niche conservatism, with diversification

F IGURE 4 (a) Geographic areas used in the biogeographic analysis. (b) Bayesian Dispersal–Extinction–Cladogenesis (DEC) reconstruction of
the spatio‐temporal evolution of the Pilosocereus subgen. Pilosocereus s. s. clade. The phylogeny is the AE2 MCC tree obtained in BEAST:
numbers below branches correspond to posterior probability values; numbered nodes refer to those listed in Supporting Information
Appendix S2: Table S2.1. Coloured rectangle close to taxon names indicates the present distributions. Range inheritance scenarios are
presented at each node: pie graph represents the posterior probability values (PP) for the alternative ancestral ranges; squares represent the
inherited descendant ranges immediately after speciation for the scenario with the highest posterior probability.
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constrained to the same geographic area and habitat type (67% of

the total number of nodes involve in situ diversification), or when

driven by migration events (33% of nodes), these involve other

Neotropical dry formations, for example, SDTFs in Mesoamerica

(Clade A), or xeric microhabitats embedded within woody savannas

and moist forest biomes, for example, rocky outcrops and sandy soils

in the Cerrado and the Atlantic Forest in Clade B.

The earliest migration events have their origin in the Caatinga (north-

eastern Brazil), the largest SDTF nuclei (Cardoso & Queiroz, 2011), which

was reconstructed in our study as the possible ancestral area of the Pilo-

socereus subgen. Pilosocereus s. s. clade (albeit with large uncertainty, Fig-

ure 4). The Caatinga dry formation was climatically more stable than

other regions during the Quaternary (Werneck, 2011), and, in our study,

it is the source area of dispersal events into xeric microhabitats within

nearby regions, such as the central Brazilian Cerrado (e.g., Pilosocereus

splendidus–Pilosocereus albisumums) and the Coastal Brazilian Atlantic

Forest (P. glaucochrus–P. peantaedrophorus, Figure 4). Although cacti are

sensitive to fire and therefore relatively rare in the Cerrado (where natu-

ral fires occur seasonally), Pilosocereus is an exception because species

are restricted to rocky outcrops, where fires cannot penetrate and are

very abundant in the Brazilian Central plateau (Taylor & Zappi, 2004).

Migrations from the Cerrado and Caatinga to Coastal Brazil (Atlantic For-

est) could have involved a coastal plain formation, “Portal de Torres,”

which acted as a corridor during the Middle Pleistocene (c. 0.4 Ma), link-

ing the central Brazilian savanna with rocky and sandy substrate micro-

habitats in the Brazilian coastal plains (Silva et al., 2018). When moist

forests expanded, these populations became isolated in “island‐like” refu-
gia inside the Atlantic forest, giving rise to endemic sister‐species such as

Pilosocereus azulensis and P. brasiliensis (Figure 4).

Some sister‐species in our phylogeny occur in similar habitats but

geographically distant regions, for example, SDTF patches in north-

western South America and Mesoamerica and the Caribbean (e.g., P.

lanuginosus and P. polygonus–Pilosocereus chrysacanthus), or highland

rocky fields and rocky outcrops in the Guiana Shield and central‐east-
ern Brazil (e.g., P. oligolepis and P. chrysostele–P. flavipulvinatus, Fig-
ure 4). Indeed, DEC suggests that geographic distance is not an

important constraint for the migration rate of Pilosocereus. These long‐
distance migration events probably involved biotic‐aided dispersal.

Chiropterochory—dispersal by bats—has been reported in Pilosocer-

eus (Zappi, 1994), while Salles et al. (2014) describe several fossil bat

species from the Late Miocene to the Holocene, with a disjunct distri-

bution in eastern Brazil (mainly rocky caves in the Caatinga) and Cen-

tral America and Mexico, similar to the one observed in Pilosocereus.

5 | CONCLUSIONS

We found a Pliocene–Pleistocene origin for the widespread columnar

cactus Pilosocereus, with species divergence occurring as late as the

Middle and Upper Pleistocene, in agreement with other infrageneric

studies in cacti. Diversification was driven by in situ speciation and

migration events to other SDTF patches and xeric microhabitats

embedded within woody savannas and moist forest biomes.

Although our study supports the pattern of phylogenetic niche con-

servatism observed in SDTF‐centred lineages (De‐Nova et al., 2012;

Pennington et al., 2009), it also implies that cacti genera are younger

in age and exhibit a more dynamic migration history, probably linked

to vegetation changes during the Pleistocene glacial cycles as well as

long‐distance dispersal events.
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