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Tropical Andes are located in northern South America and run from northern 

Chile and Argentina through Bolivia, Peru, Ecuador, Colombia and Venezuela. They are 

classified as a biodiversity hotspot and harbor more than 20,000 endemic species of 

plants. Páramos are ecosystems located above 2600 meters of altitude located on the 

northern portion of the tropical Andes starting in northern Ecuador through Venezuela. 

Páramos have been available for colonization since the Quaternary, ca. 4 mya, and 

currently have ca. 3,300 species of plants. The páramo flora is a mixture of tropical and 

temperate elements and only by studying them we are able to understand the evolutionary 

history behind the current páramo plant diversity. 

Erioculaceae is a pantropical family present in the páramos and other highland 

formations of South America such as campos de altitude in the Brazilian shield and the 

tepuis in the Guiana shield. The most speciose genus in the family is Paepalanthus, 

which is divided into six subgenera; P. subg. Platycaulon is the only subgenus with a 

disjunct distribution in the páramos and the campos rupestres in the Brazilian shield. 

Previous studies have reconstructed the evolutionary history of Erioculaceae, but their 
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results about P. subg. Platycaulon are not conclusive because they did not include 

páramo species in their analyses.  

The main goal of the present study is to evaluate the monophyly of páramo 

species of Erioculaceae, as well as to investigate their age, origin and possible forces that 

could be driving their evolution in the páramos. In order to answer these questions, we 

used plastid and nuclear molecular markers as well as genome sequences to reconstruct 

the phylogenetic and biogeographical history of P. subg. Platycaulon. Our results show 

that páramos species of P. subg. Platycaulon are not monophyletic and most of them 

come from Brazilian ancestors and are 2 my old or less. Incongruence between plastid 

and nuclear genome data supports the hypothesis of gene flow between páramo species of 

P. subg. Platycaulon. 
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Chapter 1: Introduction. 

Páramos are young tropical, montane ecosystems located in the northern Andes in 

Venezuela, Colombia, Ecuador and northern Peru where they are called Puna (Luteyn 

1999). Páramos, along with the campos rupestres and campos de altitude in the Brazilian 

shield and tepuis in the Guiana shield, constitute the most prominent highlands in 

northern South America. Previous studies on different biological groups like birds, 

insects, and plants have found that their presence in the Andes can often be explained by 

independent long-distance migrations from tropical areas like the Brazilian and Guiana 

shields (Lynch 1979; Brown 1987; Haffer 1987; Sánchez-Baracaldo 2004). The current 

páramo flora is not older than 4 my old and constitutes a mixture of tropical and 

temperate elements (Sklenář et al. 2010). Several phylogenetic studies have been 

conducted in order to understand the complexity of this flora, but only a few of them 

explore the origin and role of tropical elements in páramo plant diversity (Bello et al. 

2002, Rauscher 2002, con Hagen & Kadereit 2003, Sánchez-Baracaldo 2004, Nesom & 

Robinson 2007, Knox et al. 2008) . 

The Eriocaulaceae is a pantropical family of monocotyledons with a main center 

of diversification in the northern half of South America. It comprises eleven genera with 

Paepalanthus being the largest. Paepalanthus is distinguishable by having pistillate 

flowers with stigmatic/nectariferous branches that are free at the insertion point and free 

petals (Trovó et al. 2013). Different authors have suggested Paepalanthus is a good 

tropical candidate for exploring the evolution of the páramo flora (Rapini et al. 2010, 

Sklenář et al. 2010, Trovó et al. 2013). Paepalanthus is divided into six subgenera and of 

these only Platycaulon species have fasciculated capitula and a disjunct distribution 

between the páramos and the campos rupestres of south eastern Brazil. Previous studies 
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have indicated that the Brazilian species of P. subgen. Platycaulon are monophyletic but 

the lack of Andean species in these studies made it impossible to make conclusions about 

the evolutionary relationships of the entire subgenus and how the Andean and Brazilian 

species are related (Giulietti et al. 2000; Unwin 2004; Andrade et al. 2010; Trovó et al. 

2013). The present study addresses the phylogenetic and biogeographic history of P. 

subg. Platycaulon in order to resolve evolutionary relationships within the subgenus, 

reconstruct the ancestral areas and origin of the páramo species of Eriocaulaceae, and 

explore possible forces that could be driving the evolution of subgenus in the páramos. 

Chapter 2 addresses the molecular phylogeny of Paepalanthus subg. Platycaulon 

based on nuclear (ITS) and plastid markers (trnL/F, psbA/trnH, trnL intron) widely used 

in Eriocaulaceae and applied to 32 species of P. subg. Platycaulon and 36 species of four 

other subgenera of Paepalanthus. The analysis showed that all species of Paepalanthus 

subg. Platycaulon are in a well-supported clade with two species of P. subg. Xeractis, P. 

argenteus and P. nigrescens, nested within this clade. Moreover, even though the Andean 

species are not monophyletic, most of them form a derived monophyletic group within 

the subgenus indicating that they all originated from Brazilian ancestors.  

Chapter 3 reconstructs the biogeographic history of the Andean species of 

Eriocauaceae in order to determine their age, the origin of their ancestors, and if their 

radiation in the páramos is related to significant shifts in diversification rates. We 

performed a molecular dating analysis of 336 species of Poales, including 68 species of 

Eriocaulaceae, in order to obtain a dated phylogeny of the family. We used the dated 

phylogeny to run an ancestral area reconstruction analysis, and finally we did a lineage 

diversification analysis looking for significant shifts in diversification rates. The results 

showed that Andean species of Eriocaulaceae are not monophyletic and most of them are 

2 my old or less, with the exception of Paepalanthus lodiculoides. Most of the Andean 
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species are derived from ancestors that dispersed long distances from Brazilian, and a few 

are the result of vicariance of taxa from the Guiana shield. The lineage diversification 

analysis recovered one significant shift in the diversification rates at the base of the clade 

of P. subg. Platycaulon + P. subg. Xeractis. Inside this clade there is a subclade ca. 1 my 

old that contains nine Andean species. These species are the product of in situ speciation 

in the páramos. This rapid speciation may be linked to the rate shift found in the analysis. 

Chapter 4 explores the speciation of P. subg. Platycaulon in the páramos and the 

forces that may be mediating this process. Based on the results of chapter 3, we sampled 

the nine species of P. subg. Platycaulon that diversified in the páramos, and sequenced 

plastid genomes and the nuclear ribosomal RNA region for each of them. Then we ran a 

separate phylogenetic analysis for each dataset. We chose P. alpinus as the outgroup 

because this Andean species shares a most recent common ancestor with the clade of 

study. The results are not congruent between datasets, which suggests that other factors 

like gene flow and incomplete lineage sorting can be influencing the results. In order to 

visualize a common scenario without combining the datasets, we reconstructed a 

consensus phylogenetic network that shows not only that gene flow is happening, but also 

that there are no reproductive barriers that prevent sympatric species from interbreeding. 

These results also have implications for taxonomy, especially for species that have been 

traditionally considered complexes of different morphologies. Based on observations, 

literature, and our analyses, it is recommended more phylogeographic analyses be 

performed to generate a more accurate taxonomic delimitation inside the Andean species 

of P. subg. Platycaulon.  
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Chapter 2:  Molecular phylogeny of Paepalanthus subg. Platycaulon 
(Eriocaulaceae): Implications for taxonomy and biogeography. 

INTRODUCTION 

The Eriocaulaceae is a pantropical family of monocotyledons with a few 

representatives in the temperate regions of the southeastern United States. Its major 

center of diversification is located in the northern half of South America, where the plants 

are distributed in the high Andean páramos, the Guiana shield, and the Brazilian shield.   

The family currently comprises 11 genera and ca. 1200 species (Trovó et al. 2013). In 

terms of morphology, the Eriocaulaceae consists of rhizomatous or caulescent perennial 

herbs with leaves that are usually whorled or distichously arranged along the main axis. 

Flowers are unisexual and inflorescences are capitula composed of mixed male and 

female flowers (Fig. 2.1). Traditionally, the family has been divided into two subfamilies 

(Koernicke 1863; Ruhland 1903): Eriocauloideae and Paepalanthoideae. This separation 

is based on the number of stamens with respect to the number of petals. If the number of 

stamens is twice the number of petals, then it belongs to Eriocauloideae. On the other 

hand, if the number of stamens and petals are the same, the plant belongs to subfamily 

Paepalanthoideae (Ruhland 1903). Paepalanthoideae contains the majority of genera 

(9/11) and the most species rich genus in the family, Paepalanthus Mart., with ca. 380 

species (Giulietti and Hensold 1990; Stützel 1998; Trovó et al. 2013). The distinguishing 

traits of Paepalanthus are pistillate flowers with stigmatic/nectariferous branches that are 

free at the insertion point and free petals (Trovó et al. 2013). Paepalanthus is subdivided 

into six subgenera (Ruhland 1903). Of these, P. subg. Platycaulon is typically 

distinguished by possessing fasciculated capitula at the end of the scapes instead of 

solitary capitula. Recent phylogenetic studies of the family (Giulietti et al. 2000; Unwin 

2004; Andrade et al. 2010; Trovó et al. 2013) found that the Brazilian species of P. subg. 
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Platycaulon formed a monophyletic group. However, these studies did not include any of 

the Andean Platycaulon species, so the monophyly of the subgenus is still uncertain. The 

disjunct distribution of P. subg. Platycaulon necessitates the inclusion of Andean species 

to assess adequately its monophyly. 

Paepalanthus subg. Platycaulon comprises 57 taxa: 47 species, five varieties, and 

five geographical forms. These species are disjunctly distributed in the high Andean 

páramos of Venezuela, Colombia, Ecuador, and northern Peru (16 species), and in the 

campos rupestres and campos de altitude of SE Brazil (31 species and four varieties). 

Paepalanthus subg. Platycaulon consists of two sections (sects. Divisi and Conferti) 

proposed by Martius in 1835 based on the branching degree of the scapes. According to 

this classification, species in P. subg. Platycaulon sect. Divisi have highly branched 

scapes, while species in P. subg. Platycaulon sect. Conferti have single or “barely” 

branched scapes (Fig. 2.2). Since 1835, the only monograph of the subgenus was 

published by Tissot-Squalli (1997). 

A phylogenetic analysis of the Eriocaulaceae by Giulietti et al. (2000) based on 

morphological data but including taxa mainly from the Brazilian and Guiana shield 

formations suggested that Paepalanthus is polyphyletic but P. subg. Platycaulon is a 

monophyletic group. Unwin (2004), Andrade et al. (2010), and Trovó et al. (2013) 

performed phylogenetic analyses of representatives of the entire family using molecular 

data and their results indicated the polyphyly of Paepalanthus and monophyly of P. subg. 

Platycaulon. However, as we mentioned above, these studies only included species of the 

Brazilian shield; no species from the Andes were included so the only conclusion that can 

be drawn from these studies is that the Brazilian species of P. subg. Platycaulon form a 

clade but the monophyly of the subgenus as a whole could not be evaluated. 



 6 

Some morphological traits like the presence/absence of either pubescence or wax 

on the leaf blade as well as leaf color, width, or length of the marginal membrane have 

been used by some authors (Ruhland 1903; Tissot-Squalli 1997) to discriminate species 

of P. subg. Platycaulon. However, these characteristics are very variable and have posed 

difficulties for identification of specimens in the herbarium and in the field. This 

variability may be the result of hybridization since there are reports of spontaneous, 

viable hybrids produced between P. subg. Platycaulon species in greenhouses (Stützel 

pers. comm.). 

The ambiguous nature of some morphological characters for diagnosing species 

of P. subg. Platycaulon and the absence of Andean species in the previous molecular 

phylogenetic studies of the Eriocaulaceae emphasize the necessity of a molecular 

phylogeny that includes Andean taxa. Two main goals of our study were to produce a 

phylogeny of species with all distributional areas well represented to assess the 

infrageneric taxonomy of Paepalanthus, particularly P. subg. Platycaulon and to provide 

a phylogenetic framework for explaining the current disjunct distribution of the subgenus 

in the northern Andes and campos rupestres of SE Brazil. In this respect, the inclusion of 

Andean species is even more relevant since it can provide general information about the 

relationships between Andean and Brazilian species and the number of possible dispersal 

events between the Brazilian campos rupestres and the Andes. In order to address these 

goals, we reconstructed the evolutionary history of Paepalanthus subg. Platycaulon 

based on molecular data. 
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MATERIALS AND METHODS 

Taxon sampling. 

Sixty-eight species of Paepalanthus were included in the analysis (Appendix 1): 

32 species of P. subg. Platycaulon (32 sampled / 47 total), 21 species of P. subg. 

Paepalocephalus (21/139), five species of P. subg. Xeractis (5/27), four species of P. 

subg. Monosperma (4/23), and one species of P. subg. Thelxinöe (1/2). No specimens 

from monotypic P. subg. Psilandra were included since it is known only from the type 

specimen (Trovó et al. 2013).  Also, five species classified as incertae vel dubiae by 

Ruhland (1903) were included. Specimens from other genera of the family were also 

included in order to test the hypothesis that they belong to the Paepalanthus sensu lato 

clade (Trovó et al. 2013): four species of Actinocephalus, two species of the 

synonymized genus Blastocaulon, and the only representative of the monotypic genus 

Tonina.  Four outgroup species: Comanthera jenmanii, C. vernonioides, Syngonanthus 

longipes, and Philodice hoffmannseggii were also sampled for a total of 79 species. Most 

of the species of P. subg. Platycaulon that are not included in the analysis are known 

exclusively from the type specimen or are endemic to very small and restricted areas 

(microendemics). The complete list of species and voucher specimens is given in 

Appendix 1. 

Specimens from the three northern Andean cordilleras of Colombia and from the 

campos rupestres in SE Brazil were collected during three field trips in the summer 

seasons of 2010 (Eastern Cordillera of Colombia), 2011 (Central and Western 

Cordilleras, Colombia), and 2012 (States of Minas Gerais and Saõ Paulo, Brazil). Leaf 

material for DNA extraction was collected in silica gel. Voucher specimens of all new 

collections were deposited at major herbaria in their home countries (ANDES, HUA, 

HECASA, SPF, BHCB) with duplicates placed in The University of Texas at Austin 
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Herbarium (TEX). To complete the sampling, specimens from other areas like the Guiana 

shield and the Andes of Ecuador and Peru by establishing collaborations inside and 

outside the US with other institutions and herbaria (Appendix 2). 

Laboratory methods 

DNA from silica-dried leaves was extracted from ca. 20 mg of tissue following 

the protocol of Doyle and Doyle (1987) and (Cullings 1992). The concentration and 

purity of the extracted DNA was determined using a spectrophotometer (Nanodrop - 

Thermo Scientific, Inc.). Those DNA extractions with low purity levels based on their 

color and concentration were cleaned starting at step nine of the DNeasy mini kit 

protocol. Once the samples were clean, they were all diluted to 10 ng/µl, the minimum 

concentration that proved to give good results for polymerase chain reaction (PCR) 

amplification of both nuclear and chloroplast regions. 

Three regions from the chloroplast (trnL/trnF spacer, trnL intron, psbA/trnH 

spacer) and one region of the nucleus (Internal Transcribed Spacer - ITS) were chosen as 

molecular markers based on results of previous molecular studies in the family (Unwin 

2004; Andrade 2007; Andrade et al. 2010). The entire trnL/trnF sequence contains the 

trnL intron, as well as the spacer region. The nuclear ITS amplified region includes the 

following gene partitions: 18S, ITS1, 5.8S, ITS2, and 26S. Amplification of all regions 

was conducted using 25 µl reactions containing 2X Failsafe PCR reaction buffer, premix 

H (Epicentre Biotechnologies), 0.25 µM each primer (Table 2.1, Appendix 3), and one 

unit of Taq DNA polymerase (Roche). Table 2.2 shows the PCR profiles for each of the 

four regions.  

PCR products were visualized under UV light on a 1.5% agarose gel prepared 

with SYBR safe DNA gel stain (Invitrogen, Carlsbad, CA, USA). Successful 
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amplifications were cleaned by adding Shrimp Alkaline Phosphatase and Exonuclease I 

to the PCR tube and sequenced using BigDye v. 3.1 terminator Cycle Sequencing 

(Applied Biosystems, Foster Cuty, CA, USA) at the Institute for Cell and Molecular 

Biology Core Facility at The University of Texas at Austin. 

All individual sequences were trimmed, edited, and contigs were aligned using 

GENEIOUS v.7.1.4 (Biomatters 2014). The markers from the same taxon were 

concatenated and then sequences of all taxa were aligned using MUSCLE (Edgar 2004). 

For each separate marker we also built a data matrix that included all species that 

amplified for that region. In the case of the plastid (trnL/F + trnL intron + psbA/trnH) 

region, we built a matrix that included species that amplified at least two of the three 

chloroplast loci, whereas in the case of nuclear (18S + ITS1 + 5.8S + ITS2 + 26S) matrix, 

we included species that contain information of at least three of the five nuclear loci. For 

the plastid + ITS combined data set, we ran an analysis with species that amplified for 

ITS, plus one, two or three regions of the chloroplast (Table 2.3). In all cases those 

individual regions that did not amplify in certain species were scored as missing data 

(coded as “?”). 

Phylogenetic analysis 

We evaluated three possible data partitions (combined, data partitioned by 

genome, and partitioned by marker) using Bayes factors and stepping stone analysis in 

Mr. Bayes (Huelsenbeck and Ronquist 2001) (Appendix 4) . Both methods supported an 

analysis of the data based on a partition scheme gene by gene (Table 2.4). An appropriate 

model of evolution was chosen for every region by model averaging in Mr. Bayes. This 

approach is very powerful, since it takes into account all 203 GTR submodels and 

provides the best models based on the data. 
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Plastid and nuclear analyses 

In order to compare the information provided by plastid and nuclear genomes 

separately, we ran a partitioned Bayesian analysis for each dataset. The analyses ran for 

10,000,000 generations using four chains and sampling one tree every 1000 generations 

(Appendices 5 and 6). We used Mr. Bayes (Huelsenback & Ronquist 2001) implemented 

through the Cipres Science Gateway Portal (Miller et al. 2010). 

Combined analysis 

Once we obtained the results for every genome dataset separately, we proceeded 

to concatenate the matrices to run a combined analysis. Even if the two separate detasets 

result not to be congruent, this is not a reason not to combine them, given the possibility 

of applying different substitution models to the most appropriate partitions according to 

the data. 

We used a Bayesian approach using Mr. Bayes (Huelsenback & Ronquist 2001) 

implemented through the Cipres Science Gateway Portal (Miller et al. 2010). The 

analysis ran for 10,000,000 generations using four chains, sampling one tree every 1000 

generations. The burn-in was set at 25% (Appendix 7). 

A partitioned maximum likelihood analysis with 100 bootstrap replicates was 

performed by using the tool Garli 2.0 (Zwickl 2006) through the Cipres Science Gateway 

Portal (Miller et al. 2010) (Appendix 8). Models of evolution for every partition were 

implemented in each analysis according to the results from the model averaging analysis 

(Table 2.5.).  
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RESULTS 

The best models for each partition according to the model averaging analysis and 

based on the number of substitution types are: models with two substitution types, 

specifically HKY, for psbA/trnH (112111), trnL intron (112211), and 5.8S (121121); 

models with three substitution types for ITS2 (122321) and 18S (122131), and models 

with four substitution types for trnL/F (123411) ITS1 (112341), and 26S (112314) (Table 

2.5). 

Topologies recovered from separate Bayesian analyses of plastid and nuclear 

datasets are not congruent, being the nuclear dataset the one that conveys a more resolved 

phylogeny with higher branch support values (Figs. 2.3 and 2.4). Given this results, we 

will base our results and discussion on the combined partitioned Bayesian analysis. 

According to the 50% majority rule consensus tree resulting from the combined 

partitioned Bayesian analysis (Fig. 2.5), Paepalanthus sensu lato (including 

Actinocephalus, “Blastocaulon,” Tonina, Paepalanthus subgenera Monosperma, 

Paepalocephalus, Platycaulon, and Xeractis) forms a monophyletic group (Fig. 2.5, clade 

A) that is the sister to Philodice + Syngonanthus (clade B). Inside clade A, there is a large 

clade (clade C) that contains most of the species and is sister to a smaller clade that 

contains P. bifidus and P. ciliolatus (clade D). Clade C contains a larger clade (clade E) 

sister to a smaller Monosperma clade that includes P. fulgidus, P. schomburgkii, P. 

venustus, and P. stegolepoides (clade F). Clade E contains most of the species of 

Paepalanthus sensu stricto along with genera Actinocephalus, Tonina, and 

“Blastocaulon.” However, there are two subclades inside clade E. The first, clade G, 

contains all species of Actinocephalus (clade H) along with Tonina and some species of 

Paepalanthus subg. Paepalocephalus, and the second, clade I, contains “Blastocaulon” 
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and other species of Paepalanthus subg. Paepalocephalus in one subclade (J) and 

Paepalanthus subgenera Platycaulon and Xeractis in the second subclade (K). 

Paepalanthus subg. Platycaulon is contained in Clade L with two species of 

Paepalanthus subg. Xeractis (P. argenteus and P. nigrescens) sister to P. vellozioides 

(clade M). 

Inside Paepalanthus subg. Platycaulon (Fig. 2.5, clade L) the series Divisi and 

Conferti are not recovered as monophyletic clades. Instead, species in the tree show an 

ancestral condition with branched scapes (green, ser. Divisi) and a derived condition of 

unbranched scapes (blue, ser. Conferti) that appears at least four independent times (Fig. 

2.5). Inside clade L the Brazilian species of Platycaulon are located at the base, and one 

crown clade (clade N) contains all Andean species of Platycaulon sampled except for P. 

lindenii, which appears in an unresolved basal polytomy of primarily Brazilian species. 

 

DISCUSSION 

The evolutionary relationship between Paepalanthus subg. Platycaulon and P. 

subg. Xeractis was not resolved in previous molecular studies of Eriocaulaceae. Andrade 

et al. (2010) did the first comprehensive phylogenetic analysis of the family based on 

nuclear (ITS) and plastid (trnL/trnF and psbA/trnH) data. Their analysis, which included 

two Brazilian species of P. subg. Platycaulon and three species of P. subg. Xeractis, 

found that P. subg. Platycaulon was monophyletic and that Xeractis was split into two 

groups. The three clades were part of a larger clade containing other Paepalanthus 

species but the relationship among them was not resolved. In contrast, Trovó et al. 

(2013), in their molecular phylogeny of the subfamily Paepalanthoideae based on nuclear 

(ITS) and plastid (trnL/trnF) data found that both subgenera Xeractis and Platycaulon 
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were monophyletic, and that they were sister to each another. Since the present study 

includes the widest sampling of subg. Platycaulon to date, it is possible that our results 

are presenting a more realistic relationship of P. subg. Xeractis and P. subg. Platycaulon. 

Our results also suggest that subclade L contains Paepalanthus subg. Platycaulon along 

with a clade of P. argenteus and P. nigrescens (both belonging to P. subg. Xeractis) is 

sister to P. vellozioides (clade M). The rest of P. subg. Xeractis species are in a single 

clade (Q) that is sister to P. subg. Platycaulon and the two species of P. subg. Xeractis 

(clade L, Fig. 2.5). 

Species belonging to P. subg. Xeractis have been traditionally identified based on 

the presence of large, often showy involucral bracts that usually surpass the capitulum 

and internally hairy corollas in the male flowers (Koernicke 1863; Hensold 1988). In 

vegetative and other floral traits, P. subg. Xeractis is relatively unspecialized (Hensold 

1988). All species in the subgenus are endemic to the campos rupestres of the Sierra do 

Spinhaço in southeastern Brazil, where many of the Brazilian species of Platycaulon are 

also present. 

Hensold (1988), in the taxonomic treatment of Paepalanthus subg. Xeractis, 

identified twelve cases of hybridization based on field observations that showed 

intermediate phenotypes between purported parent species. Ten of these hybrid taxa 

represented crosses between different series, subsections, and even subgenera of 

Paepalanthus. Also, eight of these hybrids had either P. nigrescens or P. argenteus as a 

parent. Based on field and herbarium observations, Hensold (1988) reported that 

hybridization is a common phenomenon among species of P. subg. Xeractis or between 

P. subg. Xeractis and other subgenera, and that P. nigrescens and P. argenteus are highly 

prone to hybridize, perhaps because they flower year-round. Both often colonize 

disturbed areas and are relatively widespread. Tissot-Squalli (1997) also reported that 
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hybridization is very common for Paepalanthus subg. Platycaulon, basing her 

conclusions on morphological observations in the field and in herbarium specimens. 

Usually hybrids look intermediate between two parental species and they all inhabit in 

the Serra do Cipó where both subgenera coexist. 

Based on the observations and taxonomic treatments of Hensold (1988) and 

Tissot-Squalli (1997), the present study provides additional evidence of possible gene 

flow between species that traditionally have been placed in P. subg. Platycaulon and P. 

subg. Xeractis, specifically P. argenetus and P. nigrescens. This means that even though 

the two subgenera are morphologically distinguishable, P. argenteus and P. nigrescens 

are capable of exchanging genes with species of P. subg. Platycaulon when they are 

sympatric. They are thus not completely genetically isolated entities, and a wider 

taxonomic circumscription of P. subg. Platycaulon that includes these two species of P. 

subg. Xeractis, with clade Q remaining as P. subg. Xeractis, would more accurately 

reflect relationships based on the present results and the previous reported observations 

by Hensold (1988) and Tissot-Squalli (1997). 

Ruhland (1903) placed Paepalanthus paulinus in P. subg. Xeractis in an 

infrasectional taxon of undefined rank called Simplices and based this classification on 

acaulescent habit and the lack of silvery-sericeous pubescence of P. paulinus. Since 

Hensold (1988) did not use the presence/absence of pubescence as diagnostic characters 

of species of P. subg. Xeractis, she excluded P. paulinus and five other species from the 

subgenus and proposed to place the excluded species provisionally inside P. subg. 

Paepalocephlaus sect. Eriocaulopsis. After the taxonomic treatments of Ruhland (1903) 

and Hensold (1988), the only phylogenetic hypothesis for Paepalanthus subg. Xeractis 

(Echternacht et al. (2011) was based on field and herbarium morphological observations, 

as well as literature information. In this work, the authors found that most sections (P. 
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sect. Xeractis, P. sect. Chrysostegis, P. sect. Gymnostegis, and P. sect Pleurophylon – see 

sectional description in Fig. 2.5) and series of P. subg. Xeractis were supported in their 

most-parsimonious tree, with some conflicts about the position of certain species and the 

relationships between sections. However, they did not include P. paulinus in their study, 

so it was not possible to test the taxonomic hypothesis of Hensold (1988) that P. paulinus 

should be excluded from P. subg. Xeractis. The results based on molecular data from the 

present study do not completely support the hypothesis of Echternacht et al. (2011) since 

P. sect. Xeractis and P. sect. Chrysostegis are not recovered as separate clades (Fig. 2.5). 

Also, in our study P. paulinus appears inside P. subg. Xeractis in a well supported clade 

(Fig. 2.5; clade Q). Since the complete molecular-based phylogeny of P. subg. Xeractis 

goes beyond the scope of the present study, these results are still tentative but provide 

evidence of the incongruence between molecular and morphological data for the group, 

and provide hypotheses to be tested in future studies. 

Monophyly of Paepalanthus subg. Platycaulon sections Divisi and Conferti. 

Our results allowed us to test the monophyly of the sections Divisi and Conferti 

(Martius 1835). According to Tissot-Squalli (1997), the extensively branched scapes seen 

in species of P. sect. Divisi correspond to a basal state, followed by an intermediate state 

with the species of P. sect. Divisi that have peduncles fused in the base and free near the 

heads with a single sheath in the leaf axils. The most derived state corresponds to the 

species of P. sect. Conferti with completely fused peduncles, a condition that can be 

evidenced anatomically by the position of the vascular bundles in the scape. Our results 

show a grade where the majority of species of P. sect. Divisi are located at the base of 

clade L and most of species of P. sect. Conferti toward the crown of the clade (Fig. 2.5). 

Branched scapes seem to have appeared at least two times in the evolution of P. subg. 
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Platycaulon, while non-branching scapes may have appeared at least three times (Fig. 

2.5). The relationship between P. alpinus and clades N and O at the base of clade P, is not 

resolved but regardless of whether P. alpinus is more closely related to clade N or to 

clade O, it does not represent an additional appearance of non-branched scapes. 

Implications for historical biogeography of Paepalanthus subg. Platycaulon. 

Results of the present study show that Brazilian species of Paepalanthus subg. 

Platycaulon are basal in the Platycaulon clade, with most of the Andean species in a 

crown clade (N) (Fig. 2.5), suggesting that Andean species are of Brazilian ancestry. This 

is not the first case of plant genera with species disjunctly distributed between the Andes 

and SE Brazil. According to Safford (1999), around one third of plant genera from the 

Serra do Itatiaia in Brazil are found in the Eastern Cordillera of Colombia. This is also a 

common pattern of distribution among several animal genera (Brown 1987; Haffer 1987; 

Safford 1999). In the present study our data indicate that clade N is primarily the result of 

in situ radiation, following a single colonization event from Brazil to the Andes. This is 

very similar to the pattern found in two fern genera Eriosorus and Jamesonia (Sanchez-

Baracaldo 2004), both of which appear to have experienced two independent colonization 

events from Brazilian ancestors to the Andes followed by rapid radiation. Recent rapid 

radiation in the Andes seems to be a common phenomenon in plant groups derived from 

either tropical and temperate ancestors (Sklenář et al. 2011). A good example of a large-

scale recent radiation is found in Lupinus (Hughes and Eastwood 2006), a temperate 

genus of the Fabaceae with 81 endemic species in the páramos, all in the same recent 

clade. According to Hughes and Eastwood (2006), this clade arose around 2 – 4 million 

years ago, when the páramo environments became available for colonization. In the case 

of P. subg. Platycaulon, the lack of any obvious morphological innovation in the Andean 
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species suggests that the radiation resulted from rapid expansion into new high elevation 

habitats. In order to find an explanation for this common pattern of rapid diversification 

and to the high number of endemics in the páramos across different plant genera, 

Madriñán et al. (2013) compared diversification rates of 73 dated molecular phylogenies 

in different fast-evolving biomes, and demonstrated that the average net diversification 

rate of páramo groups was faster than in any other hotspot. Apparently, uplift of the 

northern Andes during the Pleistocene forming areas with climates that now support 

páramos provided a patchwork of new habitats conducive to speciation (Madriñán et al. 

2013). For clades that underwent such rapid radiation, it is hard to reconstruct the series 

of events that happened within the clade using traditional molecular markers. The result 

is a series of entities (species) that are still very similar genetically to each other. With the 

advent of new tools like next generation sequencing, we have the possibility of exploring 

regions of the genome that actually have changed enough among species to tell us the 

evolutionary history behind the rapid diversification events in the páramos. 
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TABLES. 

 

Table 2.1. Primers used in the present study. 

 
Region Primers Reference 

psbA/trnH psbAF and trnHR Sang et al., (1997) 

trnL/trnF C and F Taberlet et al., (1991) 

trnL intron C and D Taberlet et al., (1991) 

ITS 
17SE and 26SE Sun et al., (1994) 

ITS1 and ITS4 Taberlet et al., (1991) 
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Table 2.2. PCR protocols used for each region. 

 
PCR profile 

Region 

Initial 

denaturation 

Temp./Time 

 

Denaturation 

Temp./Time 

Annealing 

Temp./Time 

Extension 

Temp./Time 

Final 

extension 

Temp./Time 

No. of 

cycles 

psbA/trnH 94ºC / 3 min 94ºC / 30 sec 59.6ºC / 40 

sec 

72ºC / 40 

sec 

72ºC / 5 

min 

45 

trnL/trnF 96ºC / 2 min 94ºC / 1 min 55ºC / 1 min 

 

72ºC / 2 

min 

72ºC / 10 

min 

40 

trnL intron 96ºC / 2 min 94ºC / 1 min 53.3ºC/1min 72ºC / 2 

min 

72ºC / 10 

min 

40 

ITS 94ºC / 3 min 94ºC / 1 min 61ºC / 30 

sec 

72ºC / 2 

min 

72ºC / 5 

min 

40 
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Table 2.3. Statistics of five data sets used in this study. 

 
Characteristic trnL/F – 

trnL 

intron 

psbA/trnH ITS Plastid Plastid + , 

ITS 

 

No. of 

taxa 

71 57 54 74 54 

 

Alignment 

length 

1175 424 945 1599 2253 

Constant 

characters 

124 326 278 450 499 

Variable 

characters 

1051 98 667 1149 1754 
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Table 2.4 Results of the stepping stone analysis to find the best partition scheme.  

 

Partition Marginal lnL estimates 

  Harmonic mean Stepping-stone 

  Run1 Run2 Total Run1 Run2 Mean (log 
transformed) 

Uniform 
(M1) 

-
17964.83 

-
17960.28 

-
17964.15 

-
18526.91 

-
18499.72 -18500.41 

By genome 
(M2) 

-
17696.68 

-
17626.92 

-
17697.83 

-
18277.16 

-
18219.15 -18219.84 

By Gene 
(M3) 

-
17494.94 

-
17493.22 

-
17494.41 

-
18177.38 

-
17993.87 -17994.56 

 

 

Marginal likelihoods, Stepping stone 

 
ln-Bayes Factos Raw Bayes 

Factors 

 280.57 7.08E+121 M2, M1 

225.28 6.88E+97 M3, M2 

505.85 4.87E+219 M3, M1 

 

 

 
.  
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Table 2.5. Results of model selection for each of the partitions. 

 
 Models with 

a posterior 

probability 

higher than 

0.05 

 

 

 

 

 

 

 

Posterior 

Probability 

Standard 

Deviation 

Minimum 

Probability 

Maximum 

Probability 

psbA/trnH [112111] 

[123121] 

[112131] 

[112113] 

[112313] 

[123221] 

0.106 

0.085 

0.059 

0.059 

0.057 

0.055 

0.005 

0.009 

0.006 

0.002 

0.008 

0.007 

0.103 

0.079 

0.055 

0.057 

0.051 

0.051 

0.109 

0.092 

0.063 

0.060 

0.063 

0.060 

trnL/F [123411] 

[112311] 

[123111] 

[112314] 

0.170 

0.162 

0.067 

0.065 

0.000 

0.006 

0.005 

0.006 

0.170 

0.158 

0.064 

0.061 

0.170 

0.166 

0.071 

0.069 

trnL intron [112211] 

[123322] 

[112311] 

[123422] 

[112213] 

0.172 

0.121 

0.084 

0.053 

0.053 

0.019 

0.003 

0.000 

0.008 

0.014 

0.158 

0.119 

0.084 

0.048 

0.043 

0.185 

0.123 

0.084 

0.059 

0.063 

18S [122131] 0.507 0.696 0.015 1 
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Table 2.5: Continued. 

ITS1 [112341] 

[111231] 

[122342] 

[123452] 

0.147 

0.092 

0.075 

0.059 

0.001 

0.002 

0.006 

0.008 

0.146 

0.091 

0.071 

0.053 

0.148 

0.093 

0.079 

0.065 

5.8S [121121] 0.505 0.699 0.010 1 

ITS2 [122321] 

[122123] 

[122121] 

[122324] 

[122323] 

0.262 

0.113 

0.099 

0.099 

0.067 

0.016 

0.006 

0.008 

0.006 

0.010 

0.250 

0.109 

0.093 

0.095 

0.060 

0.273 

0.117 

0.105 

0.103 

0.075 

26S [112314] 0.500 0.707 0 1 
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FIGURES 

 
Figure 2.1.  
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Figure 2.1. Growth forms found in Eriocaulaceae. 
A. Actinocephalus polyanthus with a caulescent habit and three main 
branching orders. The capitula are terminal and are organized in globular 
umbells, at the end of the secondary branches. B. Paepalanthus alpinus with 
a rosette habit and an underground rhizome, typical of plants of high 
altitude. C. Paepalanthus lodiculoides forming cushions of small rosettes. D. 
Individual of Paepalanthus dendroides showing the underground portion of 
the plant and the whorled leaves along the main axis. E. Entire plant of 
Paepalanthus crassicaulis showing the aerial green and senescent leaves and 
the underground portion made of the rhizome and shorter, yellow leaves. 
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Figure 2.2. Differences in scape branching between Paepalanthus subg. Platycaulon 
sections Divisi and Conferti.  
A. Paepalanthus alpinus has the typical unbranched scape of section 
Conferti. At the end of the scape, all capitula are attached directly to the 
receptacle. B. General aspect of P. alpinus in the field. C. Paepalanthus 
bromelioides exhibits the typical branching pattern observed in section 
Divisi. The end of the scape is divided, and each capitulum lies on a 
different branch. D. Paepalanthus latipes, another species that belongs to 
section Divisi, showing its general aspect in the field. 
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Figure 2.3. 50% majority rule consensus tree from the Bayesian analysis of the plastid 
data set. 
Numbers above the brances indicate Bayesian posterior probabilities of 0.80 
or higher.   
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Figure 2.4. 50% majority rule consensus tree from the Bayesian analysis of the nuclear 
data set. 
Numbers above the brances indicate Bayesian posterior probabilities of 0.80 
or higher.  
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Figure 2.5.  
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Figure 2.5. 50% majority rule consensus tree from the Bayesian analysis of the combined 
data sets (chloroplast + nucleus).  
Numbers above the branches indicate Bayesian posterior probabilities and 
numbers under the branches denote nodes with bootstrap values of at least 
70. The shaded area indicates the clade Paepalanthus sensu lato. Species 
names in blue belong to Paepalanthus subg. Platycaulon series Conferti, 
and species in green belong to series Divisi. Andean species of P. subg. 
Platycaulon are contained inside the rectangle on clade P. 
Clades are labeled with capital letters. 
(C) = Species that belong to P. subg. Xeractis sect. Fuscati. 
(XA) = Species that belong to P. subg. Xeractis sect. Xeractis ser. Albidi. 
(XF) = Species that belong to P. subg. Xeractis sect. Xeractis ser. Fuscati. 
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Chapter 3: Origin and Biogeographic History of the Andean Species of 
Eriocaulaceae (Poales) with emphasis in Paepalanthus subg. 

Platycaulon. 

INTRODUCTION 

Highlands over 1000 m occupy more than 30% of the South American landmass 

and are part of the Precambrian formations like the Guiana and Brazilian shields as well 

as young, complex groups of geomorphological units like the northern Andes formed 

during the Tertiary and Quaternary (Simpson, 1979, Clapperton 1993) (Fig. 3.1). 

Highlands of the Guiana shield mainly consist of table top mountains known as tepuis 

with altitudes that may reach up to 3000 m elevation. 

In the case of the Brazilian shield, the São Francisco craton, located in East 

Central Brazil, has its most prominent highlands along the Espinhaço range, a mountain 

chain that runs across the states of Minas Gerais and Bahia and is considered the main 

cordillera of Brazil (De Almeida 1977) (Fig. 3.1). Campos rupestres and campos de 

altitude are two biomes that occupy the highlands in the Espinhaço range. 

In the northern Andes, most highlands above 2600 m occur in Venezuela, 

Colombia, Ecuador, and northern Peru (Fig. 3.1). These high elevation regions and their 

vegetation formations are known as páramos. 

Many tropical mountainous areas, like the páramos, tepuis, and campos rupestres, 

have been identified as biodiversity hotspots, with high diversity and often with a 

corresponding high level of endemism (Simon & Proença 2000, Rapini et al. 2002, Orme 

et al. 2005, Salerno et al. 2012, Madriñan et al. 2013). Because of the high elevation and 

archipelago-like distribution of páramos and tepuis, these high-elevation areas have 

received the informal name of “islands in the sky.” As a consequence, numerous genera 

of different taxonomic groups like birds, butterflies, frogs, beetles, and plants are 
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disjunctly distributed across the páramos, the tepuis, and the Espinhaço Range (Lynch 

1979; Brown 1987; Haffer 1987; Sánchez-Baracaldo 2004). In order to explore a 

geological explanation for the current disjunct distributions of different biological groups 

like insects, birds and plants, we discuss each of the mountainous areas in more detail. 

The tepuis  

Cratons are solid, Precambrian rocky formations that are tectonically stable and 

are the result of extensive sedimentary layers that accumulate in certain areas of a 

continental shield. Because of their tectonic stability, accumulation of river sediments as 

well as erosion has played an important role in molding topography (Lujan & Armbruster 

2011). In northern South America, the South American craton was a continuous unit that 

later separated into the Guiana shield and the Brazilian shield (Fig. 3.1). This separation 

took place around 550 million years ago during the Cambrian, and was caused by the rift 

of the Amazon basin. 

The Guiana shield occupies more than 700,000 km2 above 300 m in northern 

South America (Clapperton, 1993). According to Huber (1988, 2006) there are three 

main altitudinal levels recognized on the Guiana shield based on landscape types, 

associated ecosystems, and endemic plant communities: Lowlands (0 – 500 m.a.s.l.), 

Uplands (500 – 1500 m.a.s.l.), and Highlands (Above 1500 m.a.s.l.). Tepuis constitute 

most of the highlands. They reach heights above 2000 m (Cerro Roraima, 2810 m) and in 

some cases they even go beyond 3000 m (Serra Imeri, 3014 m) in southern Venezuela 

(Clapperton 1993). In some cases, these table mountains are separated into smaller hills 

like the Chimantá massif, which consists of eleven table mountains (over 2600 m) 

separated by narrow valleys (Briceño et al., 1990) that are remnants of the Auyán-tepui 

formation. 
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The current climate of the Guiana shield is tropical, with a relatively high mean 

annual temperature at low elevations (25 ºC) that drops dramatically as the elevation 

increases (12ºC at 2000 m). Seasonality is defined by rainfall periods rather than by 

temperature variation, so the biota depends on rainfall more than on any other climatic 

factor (Clapperton 1993). In the specific case of the tepuis, there are daily temperature 

fluctuations and rain falls almost consistently during the year, with the two lowest rainfall 

periods in March and September. Rainwater is not only an important vehicle for making 

nutrients available for vegetation, but also it is the main agent of erosion and modeling of 

the tepui landscape (Briceño et al. 1990). 

Serra do Espinhaço 

Highlands south of the Amazon Depression are mostly concentrated in the 

Espinhaço range, which is part of the São Francisco craton. Campos rupestres and 

Campos de altitude are the two different vegetation formations found at the highest 

altitudes in these mountainous ranges. Campos rupestres occur above 900 m and are 

disjunctly found in the most elevated regions of the Espinhaço range on serras de São 

João d’El Rey, da Canastra, and Ibitipoca. Campos rupestres usually experience daily 

fluctuations in temperature, high exposure to winds, and hydric restrictions. As a 

consequence, the vegetation is mainly xeromorphic. 

Campos de altitude are a series of cool, humid, grass-dominated formations at 

1800 – 2000 m scattered among the highest summits of the southeastern Brazilian 

highlands, specifically in the states of Minas Gerais, São Paulo, and Santa Catarina. 

According to the pollen records, campos de altitude have been extant at least since the 

Late Pleistocene ca. 126,000 ya (DeForest-Safford 1999a). The highest campos de 

altitude are found on three separated mountains: the Serra do Itatiaia or Itatiaia massif (a 
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subrange of the Serra do Mantiqueira), the Serra do Caparaó, and the Serra dos Órgãos, 

which is a subrange of the Serra do Mar (DeForest-Safford 1999a, b). 

The Brazilian highlands have a tropical seasonal climate because of their latitudes 

(between 5 – 25ºS; Clapperton 1993). At high elevations, summers are hot and rainy, 

whereas winters are relatively cold and dry, but annual rainfall exceeds 2400 mm 

(DeForest-Safford 1999b). In inland highland areas the rainfall is lower than along the 

coast and the majority falls between September and March, while the period between 

April and August is the driest season (DeForest-Safford 1999b). 

The high-Andean páramos 

The Andean cordillera consists of complex mountain ranges extending the length 

of South America, each with its own geological history (Simpson 1975, 1979, 

Vuilleumier & Monasterio 1986, Antonelli et al. 2009). For simplicity, the Andes can be 

separated into southern, central, and northern Andes, with the northern Andes the area 

where the páramos are found (Snow 1976). Geological reconstructions indicate that the 

uplift of the northern Andes occurred in discrete periods from west to east and that it 

affected different regions at different times (Antonelli et al. 2009). Despite its multiple 

origins, the high northern Andes exhibit an important geological feature - the recent age 

of high elevation areas dated to the end of the Tertiary or within the Quaternary. The 

most recent events have even been dated toward the end of the Pleistocene 2-5 mya 

(Simpson 1955). The uplift of the tropical Andes had a profound impact on the history of 

the South American continent. It changed the course of the Amazon system from flowing 

northwest to the modern system that flows to the east. Between 47 – 13 mya there was a 

long-lasting dispersal barrier between North America and Central Andes called the 

“Western Andean Portal” (Nuttal 1990, Hoorn 1993, Santos et al. 2008, Antonelli et al. 
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2009, Hoorn et al. 2010). The uplift of the Eastern Cordillera closed this barrier ca. 1.5-3 

mya (Taylor 1991, Hoorn et al. 1995, Hungerbühler et al. 2002, Antonelli et al. 2009), 

allowing dispersal of boreotropical lineages to the south and tropical elements north. The 

uplift of the central Andes also had a big impact ca. 23 mya on the formation of a huge 

wetland system called Lake Pebas in western Amazonia that was connected to the 

Caribbean (Wesselingh 2006, Wesselingh et al. 2010, Antonelli et al. 2009). This 

wetland separated the Andes from the Guiana shield and from Amazonia, preventing 

floristic dispersal between these areas for at least 15 million years (Wesselingh 2006, 

Antonelli et al. 2009, Hoorn et al. 2010). It was presumably the uplift of the eastern 

cordillera of the northern Andes in the late Miocene, which caused the western margin of 

the Guiana Shield to emerge, closing a direct water connection with the Caribbean, 

changing the course of the Amazon, and as a consequence starting the demise of Lake 

Pebas (Wesselingh & Salo 2006, Antonelli et al. 2009, Wesselingh et al. 2010). 

The development of the páramo flora illustrates very well the changes of 

vegetation of the high tropical Andes during the Quaternary. According to Sklenář 

(2011), the páramo flora is the result of mixed elements, temperate and tropical, that 

dispersed into the páramo and then radiated giving rise to the diversity and huge amount 

of endemism we see today. The treeless vegetation above the Upper Forest Level (UFL) 

was more widespread during glacial periods whereas it is limited to small areas on 

mountaintops during interglacial times (Hooghiemstra & van der Hammen 2004). Under 

this scenario, glacial periods provided a good opportunity for migration and gene flow of 

elements between páramos because they were connected to form large continuous areas. 

On the other hand, during the interglacial periods, páramo areas were small and restricted 

to highest parts of the mountains, forming archipelagos of small “páramo islands” in the 

high Andes (Hooghiemstra & van der Hammen 2004). 
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Plants of the northern South America highlands 

An estimated one-third of the plant genera found in the Sierra do Itatiaia in Brazil 

is shared with the páramos of the Eastern Cordillera of Colombia (DeForest-Safford 

1999b, Sánchez-Baracaldo 2004). A good example is shown by ferns belonging to the 

Jamesonia-Eriosorus complex. This group has a disjunct distribution between the 

Brazilian campos de altitude and the páramos of northern Andes and a sister group 

relationship to species of the genus Pterozonium from the Guiana Shield (Sánchez-

Baracaldo 2004). According to Sánchez-Baracaldo (2004), “Jamesonia” is polyphyletic 

having arisen several times as a result of independent dispersals and radiations in páramo 

habitats, making “Eriosorus” paraphyletic. However, Jamesonia and Eriosorus together 

form a monophyletic group. The study suggested a possible scenario of two independent 

colonization events from Brazilian ancestors to the Northern Andes, which is the area of 

diversification of lineages within the Jamesonia complex. 

Another interesting case is the monocot family Eriocaulaceae, which is 

pantropical with its major center of diversification in northern South America. The most 

speciose genus in the family is Paepalanthus with ca. 380 species (Giulietti & Hensold, 

1990; Stützel, 1998; Trovó et al., 2013). Paepalanthus exhibits a disjunct distribution in 

northern South America, specifically in the campos rupestres and campos de altitude 

(DeForest-Safford 1999a), the Guiana shield (Hensold 1991), and the páramo habitats in 

the high Andes of Colombia, Venezuela, Ecuador, and Peru (Hensold 1999, Tissot-

Squalli 1997). Preliminary results based on morphological evidence suggested that 

Paepalanthus species in the páramos are the result of several independent events like 

adaptation of lowland elements to high mountain environments, speciation in situ, and 

long distance dispersal (Cuatrecasas 1958, Monasterio 1980, van der Hammen & Cleef 

1986). According to Sklenář (2011), the Eriocaulaceae is an element of tropical origin in 
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the páramo flora. Even though most South American species of Eriocaulaceae are located 

in the páramos and highlands of Guiana and Brazilian shield and are restricted to South 

America, some have a distribution that goes beyond South America, into Central 

America, the Caribbean, and even Africa. Two possible scenarios could explain this 

distribution: the Eriocaulaceae came from the north and diversified in the south, with 

widespread species being older than species restricted to South America, or that 

Eriocaulaceae originated and diversified in South America, and some lineages migrated 

north, with widespread species being younger or the same age as South American 

species. Using the family Eriocaulaceae, with special focus on Paepalanthus subg. 

Platycaulon, we sought to determine if the páramo species are monophyletic, when and 

from where they arrived in the Andes, and if they are the product of significant shifts in 

diversification rates. In order to reconstruct the history of these events, we generated a 

dated phylogeny to assess the monophyly of the Andean species and obtain the ages of 

the main clades of Eriocaulaceae. Then, we performed a biogeographical analysis to 

reconstruct the ancestral areas and finally we used a Bayesian approach to estimate 

significant shifts in the diversification rates. 

 

MATERIALS AND METHODS 

Molecular dating. 

To obtain an accurate estimate of the age of Andean species of Eriocaulaceae, we 

did an extensive search for fossil data suitable for calibrating our phylogeny. We used the 

information provided by Iles et al. (2015), who made a selection of reliable fossil records 

that can be used to calibrate phylogenies of different orders inside the monocotyledons. 

Since there are no fossil records of Eriocaulaceae and the family is part of the order 
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Poales, we reconstructed a phylogeny of the order by combining our data with GenBank 

sequences from other members of the families of Poales to create a dataset of trnL/F 

spacer, ITS1, 5.8S region, and ITS2. Our data matrix had 0.5% of missing data and 

included a total of 336 species:  68 species of Eriocaulaceae (appendix 1), 254 species of 

other families of Poales, and 14 outgroup species (the order Arecales; Appendix 3). We 

chose Arecales as the outgroup based on the work of Bouchenak-Khelladi et al. (2014). 

The data were aligned with MAFFT v.7.017 (Katoh et al., 2002) using the E-INS-i 

algorithm, which is highly sensitive and recommended for fewer than 1000 sequences 

with multiple conserved domains and long gaps. The alignment was then manually 

reviewed and adjusted in Mesquite v. 3.10 (Maddison & Maddison 2016) to correct 

possible mistakes caused by long gaps. 

Once we had the data matrix, we looked for the best way to partition the data and 

the best evolutionary model using the Bayesian Information Criterion (BIC) on 

PartitionFinder (Lanfear et al. 2012).. We evaluated three possible partitions: By genome, 

by loci, or nonpartitioned data. 

With the chosen partitioned and aligned matrix we ran a preliminary Bayesian 

analysis using Mr. Bayes. v. 3.2 (Huelsenback and Ronquist 2001) to make sure the 

clades to be calibrated were monophyletic. The analysis ran for 10,000,000 generations 

with four chains and sampling one tree every 1,000 generations (Appendix 10). Using 

these results, we chose three fossils records (Iles et al. 2015) and one date from the 

literature (Magallón et al. 2015) as calibration points: one fossil record at the stem node 

of Centrolepidaceae + Restionaceae (27.7 mya), the second at the stem node of Typha (= 

Typhaceae – 51.55 my), the third at the stem node of Mapanioideae (= Cyperaceae - 47 

my old) (Iles et al. 2015), and the secondary calibration point at the base of Poales (~ 101 

my old) (Magallón et al. 2015). We used BEAST v.1.8.2 (Drummond et al., 2012) to 
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perform a divergence time estimation analysis. We generated the input file in BEAUti 

1.8.2 (Drummond et al. 2012). We chose a relaxed uncorrelated lognormal clock with 

rates estimated, and a birth-death process speciation tree, in order to simulate a 

macroevolutionary processes. After establishing the settings, we conducted two 

independent runs of 100,000,000 generations. We used Tracer v1.6 (Rambaut et al. 2014) 

to evaluate the convergence of the two runs. Tree information from each run were 

combined by using LogCombiner 1.8.2 (Drummond et al. 2012), with the first 20% of 

each run discarded. A maximum clade credibility tree was constructed with 

TreeAnnotator 1.8.2 (Drummond et al., 2012), and visualized and edited in FigTree 1.4.2 

(Rambaut 2014). 

Reconstruction of ancestral areas. 

To infer the historical biogeography of Eriocaulaceae, we manually excluded all 

taxa outside of Eriocaulaceae from the matrix of the Poales dated tree, except for two 

species of Xyridaceae that were used as outgroups. We did this procedure in Mesquite v. 

3.10 (Maddison & Maddison 2016). We obtained an ultrametric tree of Eriocaulaceae, 

which became our main input for the biogeographical analysis. To perform ancestral-area 

estimations across the phylogeny of Eriocaulaceae, we used the R-based package 

BioGeoBears (Matzke 2014).  

BioGeoBears incorporates an additional free parameter for the dispersal-

extinction-cladogenesis (DEC) model. This new parameter (j) corresponds to founder-

effect speciation (Matzke 2013). Two other models besides the DEC model were 

evaluated and compared. These are the likelihood versions of the dispersal-vicariance 

analysis performed by DIVA, called (DIVALIKE), and the likelihood version of the 

range evolution model (BAYAREA). The free parameter j was added to each of them to 
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create DIVALIKE+J and BAYAREA+J models. Akaike Information Criterion (AIC) was 

used to evaluate how well the different models fitted the data. 

We defined nine areas that encompassed the distribution of Eriocaulaceae: 

Espinhaço range, Western Brazil, Andes, Guiana shield, Low elevation regions of Central 

America, Highlands of Central America, Caribbean, North East Brazil (Bahia), and 

Africa (Fig. 3.3). Tonina fluviatilis  is present in six of these areas and is the species more 

widely distributed. Based on that, we set six as the maximum number of areas where a 

species can be found (Appendix 11). 

Lineage diversification analysis. 

To infer the diversification rates changes in the phylogeny of the Eriocaulaceae 

and calculate significant shifts in the rates, we used BAMM v. 2.5.0 (Bayesian Analysis 

of Macroevolutionary Mixtures: Rabosky 2014) and the R package BAMMtools 

(Rabosky et al. 2014). We used the Eriocaulaceae ultrametric tree that was obtained from 

the divergence-time estimation of Poales, and we ran a speciation-extinction analysis in 

BAMM for 10,000,000 generations, sampling parameters every 1,000 generations. Since 

our sampling includes a few representatives of other subgenera other than Platycaulon 

inside Eriocaulaceae, we accounted for incomplete taxon sampling by following the 

recommendations of Rabosky (2014) and generated a file that specifies the subgenera 

included in the study and the percentage of species sampled in each of them. The 

inclusion of this file in the analysis helps to generate unbiased estimates of speciation and 

extinction by assuming that species disappear randomly from the tree (Rabosky 2014). 

We calculated the appropriate tree rate priors using the setBAMMpriors function 

available in BAMMtools and chose a Poisson rate prior of 1, which is recommended for 

analyses with fewer than 500 tips (Rabosky 2014). After running the analysis, we read 
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the MCMC file using R, then discarded the first 10% of samples (0.1 burnin) and tested 

for convergence by calculating the effective sample size (ESS) using the CODA library 

(Plummer et al. 2006). In general it is expected to have an effective sample size of 200 as 

a minimum number of iterations represented by the chain. Once we tested for 

convergence, we proceeded to read the results of the BAMM analysis in BAMMtools and 

computed the 95% credible set of rate shift configurations, and then extracted and plotted 

the best shift configuration from that set based on the highest posterior probability with 

the command getBestShiftConfiguration. This is the plot that illustrates the significant 

shifts in diversification rates in the phylogeny. 

 

RESULTS 

Molecular dating 

PartitionFinder (Lanfear et al. 2012) supported an analysis of the data partitioned 

by marker based on the Bayesian Information Criterion (BIC): ITS1 + ITS2, 5.8S, and 

trnLF. The best model of evolution for each partition is GTR + I + G for ITS (ITS1 + 

ITS2), SYM + I + G for 5.8s, and GTR + I + G for trnLF. These partitions and their 

respective models were used in the preliminary Bayesian analysis, as well as for the 

molecular dating analysis. The five main groups of Poales were recovered: bromeliads, 

cyperids, graminids, restids, and xyrids (Fig. 3.2). The crown group of restids is 75 my 

old and is sister to the rest of the Poales, which are in clade B (posterior probability = 1) 

(Fig. 3.2). Inside clade B, the crown group of bromeliads (~77 my old) is sister to a group 

in which xyrids (crown group: 74 my old) and cyperids (crown group: 89 my old) form a 

clade sister to graminids (crown group: 81 my old: Fig. 3.2). Even though each of the 

main groups of Poales in clade B is well supported, the relationships among them are 
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debatable because of low support values. Inside the xyrids, Xyridaceae and Eriocaulaceae 

(pp 0.98) form a clade ca. 74 my old and Eriocaulaceae constitutes a well-supported clade 

(pp 0.98) with an age of 41 my old. The most species-rich Andean clade of Eriocaulaceae 

is 1.55 my old (Fig. 3.3). 

Reconstruction of ancestral areas 

Ancestral-area analysis identified DEC+J as the best-fitting model (Table 3.1) 

based on the Akaike Information Criterion (AIC). The ancestral area of distribution of the 

Eriocaulaceae is the Guiana shield (40 my), the Andean species of Eriocaulaceae are not 

monophyletic and come from ancestors from the Brazilian and Guiana shields. There are 

two main lineages that gave rise to Andean species (Fig. 3.3). Clade A is ca. 6.5 my old 

and arose on the Brazilian shield (Figs. 3.3 and 3.4). This Brazilian lineage gave rise to 

28 species endemic to southeast Brazil. These include P. subg. Xeractis, P. subg. 

Platycaulon, and other Paepalanthus species. Paepalanthus subg. Platycaulon has 

species in SE Brazil, specifically in campos rupestres and campos de altitude, and in the 

northern Andes. All Andean species of P. subg. Platycaulon have Brazilian ancestors, but 

the Andean species are not monophyletic. There is a large clade of Andean species of 

Platycaulon (1.55 my old) that contains nine species: P. paramensis, P. ensifolius, P. 

celsus, P. petraeus, P. longivaginutus, P. meridensis, P, andicola, P. crassicaulis, and P. 

alpestris. The remaining two Andean species of P. subg. Platycaulon, P. alpinus and P. 

lindenii, originated independently within the last two million years (Fig. 3.4). The fact 

that P. subg. Platycaulon is monophyletic but Andean species are not makes the group of 

Brazilian species of P. subg. Platycaulon is paraphyletic.  

Clade B is the second major lineage that gave rise to Andean Eriocaulaceae (Figs. 

3.3 and 3.5) species. This crown clade originated ca. 19 mya and was ancestrally 
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distributed in the Guiana shield and the Andes. Around 15 mya there was a speciation 

event that gave rise to páramo species P. lodiculoides and a clade still distributed in the 

Guiana shield and the Andes. Seventeen species descended from this lineage: 11 species 

endemic to SE Brazil, two high-Andean species that share a common Brazilian ancestor 

(P. dendroides and P. karstenii), and four widely-distributed species P. lamarckii, P. 

pilosus, P. tortilis, and Tonina fluviatilis. Paepalanthus tortilis is present in the Andes but 

at altitudes below 2500 meters, which puts these plants below páramo habitat. 

In summary, the ancestral area of the Eriocaulaceae is the Guiana shield, and the 

high Andean species are not a monophyletic group. Instead, most of them are the result of 

long-distance dispersal events from southeastern Brazil with the exception of P. 

lodiculoides, whose ancestors are on the Guiana shield and the Andes (Fig. 3.5). 

Lineage diversification analysis 

The convergence test performed with the CODA library showed an effective 

population size of 1435.727 for the log-likelihood and 1445.089 for the number of shift 

events in each sample. These values exceed the recommended minimum of 200 and 

confirm a good sampling over tree space, which supports the convergence of the MCMC 

run. 

The best shift configuration with highest posterior probability shows only one 

significant shift in the diversification rate, from ca. 1.1 lineages per my to 2 lineages per 

my (Fig. 3.6) in the clade that corresponds to Paepalanthus subg. Platycaulon + P. subg. 

Xeractis (Fig. 3.7). 
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DISCUSSION 

Age of Poales and Poalesorigin and early distribution of Eriocaulaceae 

Understanding the evolutionary relationships of plant groups within Poales has 

been crucial to reconstructing the evolution of monocots, mainly because the Poales 

represents more than one-third of monocots (Bouchenak-Khelladi et al. 2014). Within the 

last ten years there have been three main studies that have provided valuable information 

on the relationships within Poales and the position of the order inside the monocot clade 

(Givnish et al. 2010, Bouchenak-Khelladi et al. 2014, Hertweck et al. 2015). The three 

differ in the kind of data used and the number of taxa included, but the monocot 

relationships are consistent across different genes. Givnish et al. (2010) and Bouchenak-

Khelladi et al. (2014) found that restids are more closely related to graminids than to any 

other groups of Poales, with the bromeliads the sister group to the rest of the order. Even 

though the main focus of the present study was not to resolve the relationships among the 

Poales, it is worth discussing the results we obtained from our dated phylogeny. Our 

results are consistent with the relationships of the major groups like bromeliads, xyrids, 

cyperids, and graminids. However our analysis differs in the position of restids, which 

appear as the sister group of the rest of Poales (Fig. 3.2). Even though previous studies 

have used whole plastome genomes exclusively (Givnish et al. 2010) or individual 

plastid genes such as rbcL and ndhF (Bouchenak-Khelladi et al. 2014), our study is the 

first to use individual non-barcoding chloroplast regions combined with a nuclear 

noncoding marker which might explain the different position of restids in the tree. 

Our results suggest that the age of the Eriocaulaceae crown clade is ca. 41 my and 

that the ancestral area of distribution of the family was located in the Guiana Shield (Fig. 

3.3). At that time, the landscape of northern South America was mainly “cratonic,” which 

means that the Brazilian and Guiana shields dominated the area in terms of highlands 
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(Hoorn et al. 2010). The Amazonian region was bigger than it is today, and the southern 

and central Andes started to uplift as a consequence of the collision of Pacific and South 

American plates (Hoorn et al. 2010). The Guiana Shield topography was very similar to 

the present with the main highlands like Auyantepui (2000-2900 m) and Roraima plateau 

(1000-3000 m) already uplifted during the mid Cretaceous (Gibbs & Barron 1993).  

Origin and age of páramo species of Eriocaulaceae. 

The 14 páramo species included in this analysis do not constitute a monophyletic 

group and dispersed into the northern Andes via five independent events. The first was a 

vicariance event that separated the Guiana shield from the Andes around 19 my old and 

gave rise to the páramo species P. lodiculoides (Fig. 3.5). The other four events are 

dispersal events and occurred between SE Brazil and the Andes within the last two 

million years giving rise to the remaining 13 species. By two million years ago, the 

northern Andes had already reached their current heights, and the earth had already 

entered in the glacial/interglacial cycles of the Quaternary. Because of their young age, 

páramos represented a new ecological opportunity for colonizing into new environments. 

If we add the young age of the páramos to their high altitude and Quaternary glacial 

cycles, páramos can be considered an area for species migration during the glacial 

periods, when the elevation of vegetation belt levels were lower, whereas during the 

interglacial periods, the vegetation zones occurred at higher elevations and páramos were 

isolated from each other promoting speciation (Van der Hammen & Cleef 1986, Luteyn 

1999). All dispersals from Brazil to the Andes seem to have occurred in the Quaternary 

(two million years) characterized by at least four glacial cycles in the last 700,000 years 

alone (Gibbard & Kolfschoten 2004). These results coincide with those of Sánchez-

Baracaldo (2004) for the Jamesonia-Eriosorus fern complex that found two species from 
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the Guiana shield the sister-group to species distributed in Brazil and the Andes, with 

Brazilian lineages ancestral to the Andean ones. 

The only páramo species that comes directly from an ancestor in the Guiana 

Shield is Paepalanthus lodiculoides and it is also the oldest Eriocaulaceae páramo species 

(19 my old). According to Hoorn et al. (2010), at 19 mya the northern Andes had not 

reached their current elevation and between 23 and 8 mya the Pebas Lake system was 

present between the Guiana shield and the northern Andes to the west of the Amazonian 

region (Wesselingh 2006). This long period of isolation between both areas explains why 

there are not many Andean Eriocaulaceae species that are closely related to Guiana shield 

species. In the case of P. lodiculoides, however, we suggest that its ancestor was present 

in the Guiana shield and the northern Andes 24 mya. Once the Pebas system was 

established between both areas, vicariance gave rise to P. lodiculoides on the Andean 

side. Records of P. lodiculoides are exclusive to the eastern cordillera of Colombia. The 

eastern cordillera reached its current elevation is about 12 my after the event giving rise 

to the species, which suggests that P. lodiculoides is actually younger and extinctions in 

the stem clade make the age of the species seem longer. However there are no fossil 

records to help reconstruct the past distribution of the species.  

Although most Andean species of Eriocaulaceae are found exclusively in the 

páramos, there are exceptions like Paepalanthus tortilis, which is an Andean non-páramo 

species usually found up to 1500 meters elevation in a restricted area of Santander state 

in the eastern cordillera of Colombia. In contrast to the páramo species, P. tortilis is not 

exclusively found in the Andes and it is also widely distributed on the Guiana Shield in 

Suriname, Guyana, and Venezuela. Paepalanthus tortilis is 6.36 my old, which is 

younger than the eastern cordillera. Its extensive presence in the Guiana Shield with 

restricted presence in a small portion of the northern Andes poses the possibility of it 
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being in the Andes as a result of a contact zone between both areas. This is not the first 

time that contact zones between Guiana Shield and the Andes have been proposed as a 

possible explanation of distribution patterns. Brown (1987), in his work on the 

distribution of butterflies, proposed that lowlands can be seen as areas of contact and 

gene exchange between highland masses. Even though none of Brown’s studies included 

dated analyses, they provide possible explanations for the distribution of different groups 

in northern South America. Other works have consistently found the Guiana shield to be 

an ancestral area of distribution from which the descendant species have colonized 

adjacent areas. Such cases include the bromeliads (Givnish et al. 2011), poison frogs 

(Dendrobatidae, Santos et al. 2009), and Amazonian birds (Aleixo & de Fatima Rossetti 

2007). 

The fact that most of the páramo species of Eriocaulaceae have Brazilian 

ancestors, mainly present in campos rupestres and campos de altitude reinforces the 

observations made by DeForest-Safford (1999a) that refer to campos de altitude as 

“Brazilian páramos” because of the similar climatic and environmental conditions on 

both sites, as well as the common plant lineages. 

Widespread species of Eriocaulaceae come from the south 

In the present study we use "widespread" to refer to those species with 

distributions extending beyond South America. Four of these species have been included 

in our analyses. Paepalanthus pilosus and P. dendroides are páramo species that occur in 

the Andes and the Talamanca cordillera in Costa Rica. Paepalanthus lamarckii is found 

in lowlands of the Caribbean, Central America, the Guiana shield, and Africa. The fourth 

widespread species, Tonina fluviatilis, is present in the lowlands of the Caribbean, 

Central America, the Guiana Shield, and Brazil. Our results support the hypothesis that 
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species of Eriocaulaceae present in South and Central America dispersed in South 

America, specifically in the Guiana Shield, and then diversified. At least three 

independent migration events from South America into Central America gave rise to 

widespread Eriocaulaceae species. T. fluviatilis, the only species of monotypic genus 

Tonina and P. pilosus are sister species, suggesting a dispersal that gave rise to the clade 

2.5 mya. This date along with the ages of P. lamarckii and P. dendroides (6.4 my and 2.8 

my, respectively) are consistent with the increased northern dispersal of South American 

species across the Panama Isthmus (Bacon et al. 2015) (Fig. 3.5). 

Rapid shifts in diversification rates are not exclusive to Andean clades. 

Several authors have proposed that one reason for having young biomes with high 

numbers of species and endemics, such as the case of the páramos, is a fast 

diversification rate that facilitates many species arising in a short period of time because 

of ecological opportunity (Bell & Donoghue 2005, Hughes & Eastwood 2006, Särkinen 

et al. 2012, von Hagen & Kadereit 2012, Madriñan et al. 2013,). Our results show that 

most of the Andean species included in the present analysis are the result of long-distance 

dispersal events and one species is possibly the result of a vicariance event (Figs. 3.4, 

3.5). However, nine species that are part of the Andean clade of P. subg. Platycaulon are 

the product of in situ speciation in the páramos. Our lineage diversification analysis 

shows that there is a significant shift in the diversification rates in the 3.5 my old clade 

that contains P. subg. Platycaulon + P. subg. Xeractis and is distributed in the campos 

rupestres of SE Brazil and in the Andean páramos with the Andean species recently 

derived. Given the shift in the diversification rates at the base of the clade, it suggests that 

the ancestor of P. subg. Platycaulon and P. subg. Xeractis diversified rapidly in the 

campos rupestres of SE Brazil and later in the páramos. Based on these results, we found 
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that in the Eriocaulaceae, high diversification rates are not exclusive to the páramos but 

are found in the Brazilian campos rupestres. Even though campos rupestres are 

technically part of the Cerrado savanna and are equally prone to the effects of fire, it has 

been found that the level of plant endemism in the campos rupestres is higher than in the 

surrounding savannas (Giulietti & Pirani 1988, Simon & Proença 2000, Rapini et al. 

2002, Trovó et al. 2012, Hughes et al. 2013). Some studies exploring possible causes of 

the high number of endemics in the campos rupestres have suggested recent 

diversification events (3–4.7 mya) in high-altitude groups (Schilling et al. 2000, Fritsch et 

al. 2004, Rapini et al. 2007), which agree with our findings of an increase in the 

diversification rate at the base of a 3.5 my old clade with basal members in the campos 

rupestres. Some authors attribute this recent rapid radiation in the campos rupestres to the 

migration to these new open habitats, which were available after the mid-Miocene 

climatic optimum (Antonelli et al. 2010, Roncal et al. 2013) and that in the late 

Miocene/Pliocene, these lineages gave rise to the diverse, fire-adapted endemic flora of 

the campos rupestres (Simon et al. 2009, Simon & Pennington 2012, Hughes et al. 2013). 

A similar situation could have happened in the páramos, which were available for 

colonization after they reached their current height in the Quaternary (van der Hammen 

1974, Van der Hammen & Cleef 1986).  This scenario has been proposed to be a cause of 

the rapid radiation rates found for many endemic groups of páramo plants (Bell & 

Donoghue 2005, Hughes & Eastwood 2006, Särkinen et al. 2012, von Hagen & Kadereit 

2012, Madriñan et al. 2013). In summary, the high diversification rate that began with the 

radiation of P. subg. Platycaulon and P. subg. Xeractis in the campos rupestres did not 

slow down but continued with the very rapid diversification in the páramos. Further 

studies on the diversification patterns in the campos rupestres and the cerrado are 
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necessary in order to explore deeply the biogeographic history of the region and find 

other potential causes of these rapid radiations of certain groups. 

 

CONCLUSION 

There are 14 páramo species of Eriocaulaceae that do not form a monophyletic 

group and most of which are the result of radiation after a long-distance dispersal from 

the Brazilian shield within the last two million years. Paepalanthus lodiculoides seems to 

be the oldest species (19 my old) and possibly resulted from a vicariance event between 

the Guiana Shield and the Andes caused by Lake Pebas 19 mya. However, this inference 

could be an erroneous scenario because multiple extinctions in the same lineage could 

have indicated that the age of P. lodiculoides to be older than it actually is. Fossil records 

are necessary to corroborate this possibility. The diversification of P. subg. Platycaulon 

in the campos rupestres and the páramos has been mediated by a shift in the 

diversification rates at the base of the clade. This change in diversification rates correlates 

with the fact that even though the Brazilian shield is older than the Andes, the campos 

rupestres were relatively young when they became open areas for colonization for the 

surrounding flora, which is translated into a faster diversification rate. 
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TABLES 

 

Table 3.1. Models of ancestral-area analysis and their probabilities based on the results 
obtained with BioGeoBears. 

 
Model LnL n d e j AICc 

DEC -118.1996 2 0.0055 2.0572 0 240.5810 

DEC+J -109.0476 3 0.0042 1e-12 0.0070 224.4645 

DIVALIKE -120.0206 2 0.0066 1e-12 0 244.2230 

DIVALIKE+J -114.1744 3 0.0054 2.1186 0.006 234.7180 

BAYAREALIKE -141.6674 2 0.0091 0.0706 0 287.5167 

BAYAREALIKE+J -120.7402 3 0.0036 0.0266 0.0101 247.8497 
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FIGURES 
 
Figure 3.1. 
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Figure 3.1. Distribution of highlands in South America.  
The three main cratons are shown in gray. 
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Figure 3.2. Maximum clade credibility tree of Poales. 
Blue horizontal bars are the 95% highest probability density (HPD) for the 
age of that node. Numbers at the nodes are the age of each clade. A time 
scale is shown at the bottom with the units in millions of years. 
Letter B denotes the ister clade to restids. 
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Figure 3.3.  
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Figure 3.3. Results of the Reconstruction of Ancestral Areas analysis with DEC+J model, 
according to BioGeoBears. 
The map shows the areas included in the analysis and the color code for 
each area. The tree shows the origin of Eriocaulaceae in the Guiana shield 
and the two main clades that gave rise to páramos species. Clade A 
originates in the Brazilian shield and clade B originates in a Guiana shield-
Andes area. 
The grid in front of the tree represents the areas where the species are 
currently distributed. 
Inside the square is the Andean clade of P. subg. Platycaulon. 
Names in green: Andean species of Eriocaulaceae. 
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Figure 3.4.  
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Figure 3.4. Results of the Reconstruction of Ancestral Areas analysis with DEC+J model, 
according to BioGeoBears inside clade A.  
In front of the species names are the areas where they are currently 
distributed. Clade A originated in the Brazilian shield after a dispersal from 
the Guiana shield (1). Later on, three independent dispersals from the 
Brazilian shield to the Andes gave rise to 11 páramos species of 
Erioculaceae (2).  
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Figure 3.5.  
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Figure3.5. Results of the Reconstruction of Ancestral Areas analysis with DEC+J model, 
according to BioGeoBears inside clade B.  
In front of each species are the areas where they are currently distributed. 
Five Andean species descended from clade B. I. A vicariance event gave 
rise to P. lodiculoides ca. 15 mya. II. A vicariance event between the Guiana 
shield and the Andes, followed by a migration to Central America gave rise 
to P. pilosus ca. 3 mya. III. A migration event from the Brazilian shield to 
the Andes, gave rise to the common ancestor of P. dendroides and P. 
karstenii. Then, P. karstenii remained in the South American páramos, 
while P. dendroides dispersed into the páramos of Central America. IV. A 
vicariance event between Central Brazil and northeast South America 
(Guiana Shield + Andes) gave rise to P. tortilis. 
* Widespread species. Areas: A= Talamanca cordillera, B= Lowlands 
Central America, C= Caribbean, D= Northern Andes, E= Guiana shield, F= 
Central Brazil, G= Southeast Brazil, H= Northeast Brazil. 
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Figure 3.6. Results of lineage diversification analysis. 
Single best shift configuration. This plot represents the diversification rate 
shift configuration with the Maximum A Posteriori (MAP) probability. 
There is only one significant shift in the diversification rates, denoted by the 
single red dot. The scale indicates the color visualization of diversification 
rate change, being dark blue the slowest and dark red the fastest. The units 
of the scale are in number of lineages per million years.   
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Figure 3.7.  
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Figure 3.7. Single best shift configuration plot and its correspondence with the dated 
phylogeny of Eriocaulaceae. 
The clade with the significant shift in diversification rates (red dot) is 3.52 
million years old and corresponds to P. subg. Platycaulon + P. subg. 
Xeractis. Green names are Andean species of Eriocaulaceae. The scale 
indicates the color visualization of diversification rate change on the right 
portion of the figure, being dark blue the slowest and dark red the fastest. 
The units of the scale are in number of lineages per million years. 
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Chapter 4: Evolution of Paepalanthus subg. Platycaulon in the high 
andean páramos. 

INTRODUCTION 

Páramos are a tropical montane ecosystem located in the northern Andes, 

specifically above 2600 – 3000 masl in Venezuela, Colombia, and Ecuador. In northern 

Peru, a similar ecosystem is known as the Puna. Páramos have an extremely diverse flora 

made up of tropical and temperate elements (Sklenář et al. 2010) with ca. 3399 species of 

vascular plants and an estimated of 1298 species of non-vascular plants (Luteyn 1999), 

which makes the páramo flora the richest high-mountain flora of the world according to 

Smith and Cleef (1988). Given that the páramos have been available for extensive 

colonization since they reached their current elevation ca. 2600 – 3000 meters in the late 

Tertiary (Van der Hammen 1974, Van der Hammen & Cleef 1986), the current páramo 

flora is young (Luteyn 1999), not older than 4 my. This contrast between youth and 

diversity is what has drawn researchers to look for causes of such rapid evolution. 

Different plant genera found in the páramo such as Gentianella (von Hagen & Kadereit 

2001), Aragoa (Bello et al. 2002), Espeletia (Rauscher 2002), the fern genera Jamesonia 

and Eriosorus (Sánchez-Baracaldo 2004), Valeriana (Bell & Donoghue 2005), Lupinus 

(Hughes & Eastwood 2006), and Escallonia (Zapata 2013) among others, have been 

studied. These studies used nuclear and plastid markers as datasets in order to elucidate 

the systematics and evolution of the plant genera in question. However, most of the 

results of these studies have in common unresolved young Andean clades with very short 

branches. This is not surprising given the young age of the páramos and the short time the 

lineages have had to diversify. For a long time it has been assumed that a limited number 

of molecular markers used did not provide enough information to elucidate the 

evolutionary history of recently derived groups but that the inclusion of more data might 
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help to solve this problem. However, additional individual markers are not the only 

possibility for clarifying unresolved early-diverging páramo clades. Usually, early-

diverging clades have not had enough time for the ancestral genes to sort out among the 

descendant species. As a consequence, ancestral polymorphisms are retained after 

speciation events (Philippe et al. 2011) and, depending on the genes chosen to run the 

analysis, a gene tree can be mistakenly interpreted as the species tree. This is incomplete 

lineage sorting (Maddison 1997). Another possible explanation for lack of resolution in 

young clades is gene flow either because of hybridization or because there has not been 

enough time for species to be reproductively isolated, allowing them to cross and produce 

fertile offspring. As a consequence, their genomes are still very homogeneous and the 

final results of phylogenetic analyses are polytomies. 

Next-generation sequencing has opened a new array of possibilities for solving 

problems associated with recently derived groups (Ma et al. 2014, Mort et al. 2015). 

Whole genome data may help to determine the real causes behind the unresolved, 

recently derived, páramo clades, whether due to insufficient data, incomplete lineage 

sorting, or gene flow among species. 

The family Eriocaulaceae is a tropical element of the páramo that comprises 11 

genera. The most species-rich genus and the most common in the páramos is 

Paepalanthus. Of the 25 species of Eriocaulaceae in the páramos, 12 belong to P. subg. 

Platycaulon. The rest of the species of the subgenus (35/47) are distributed in the 

highlands of southeast Brazil. In chapter three, we found that Andean species of P. subg. 

Platycaulon have Brazilian ancestors and are the product of at least three independent 

migrations from Brazil within the last two million years. The largest Andean clade of P. 

subg. Platycaulon is 0.99 my old and contains nine species: P. alpestris, P. andicola, P. 

celsus, P. crassicaulis, P. ensifolius, P. longivaginatus, P. meridensis, P. paramensis, and 
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P. petraeus. So far it has been not possible to resolve the relationships of the species 

inside this clade. 

The present study reconstructs the evolution of the largest Andean clade of 

Paepalanthus subg. Platycaulon using next-generation sequencing techniques to amplify 

the whole plastid genome and the ribosomal coding region of the nucleus. The main goal 

is to elucidate if the lack of resolution in the biggest Andean clade of P. subg. 

Platycaulon is an artifact caused an insufficient amount of data, or if it is actually the 

result of other phenomena like incomplete lineage sorting or gene flow. 

 

MATERIALS AND METHODS 

Species sampling.  

We sampled the nine species that belong to the major Andean clade of 

Paepalanthus subg. Platycaulon (Fig. 4.1). Fresh leaf material of P. alpestris, 

P.ensifolius, P. longivaginatus, P. meridensis, and P. paramensis was collected in silica 

gel during field trips to the Colombian páramos in 2010 and 2011, while P. andicola was 

collected in the Andes of Peru in 2012 in a páramo-like enclave in the town of Oxapampa 

at 1800 m (Fig. 4.2) which occurs at a low altitude for typical páramo habitat. In order to 

complete the sampling, leaf tissue of P. celsus and P. crassicaulis was obtained from 

herbarium specimens deposited in MO and JAUM. Paepalanthus alpinus was chosen as 

the outgroup, since it is the páramo species of P. subg. Platycaulon that is most closely 

related to the clade we are studying (Fig. 4.1). Given the wide distribution of P. alpestris 

and P. ensifolius (Tissot-Squalli 1997), we sampled two geographically distant specimens 

of each of these species in order to test the their monophyly as species (Fig. 4.2). 

Voucher specimens of all new collections were deposited at major local herbaria 
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(ANDES, HUA, HECASA, HUSA) with duplicates in the Plant Resources Center at The 

University of Texas at Austin (TEX) (Appendix 12.) 

Most of the species of Paepalanthus subg. Platycaulon are very similar 

morphologically, which makes their identification particularly difficult. We identified 

most of the species by using the keys provided by Tissot-Squalli (1997) and in some 

cases (P. andicola and P. celsus), we consulted with experts to help identifying the 

specimens (Tissot-Squalli and Hensold, pers. comm.). 

Laboratory methods and data collection. 

We performed total genome DNA extractions from silica-dried leaves, using the 

2x cetyl trimethylammonium bromide (CTAB) method following the protocol of Doyle 

and Doyle (1987). In order to increase the yield of DNA from herbarium material, we 

made an adjustment to the protocol and added 50µl of Proteinase K to the lysis solution 

and incubated overnight at 45ºC. The concentration and purity of the extracted DNA was 

read with a fluorometer (Qubit – Thermo Fisher Scientific, INC.) and 100 ng of DNA of 

each sample were submitted to the Genomic Sequencing and Analysis Facility at The 

University of Texas at Austin for Illumina paired-end libraries preparation and the 

posterior sequencing by an Illumina HiSeq 2500. The sequencing targeted between 12 

and 20 million pair-end reads per sample. After the sequencing, we received the raw data 

and followed a bioinformatics pipeline with the main goal of obtaining a consensus 

sequence of each genome of each species. 

The first step was to remove the sequences of adaptors and contaminants from the 

reads. To do that, we used a program from the BBmerge suite (Bushnell 2016) called 

BBDuk Reads were initially cleaned by trimming the sequences of adaptors and 

contaminants with the program BBDuk. Once they were clean, we started to assemble 
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overlapping reads using BBMerge (Bushnell 2016). This step also filtered the reads by 

quality and generated two files. One file contained reads of the same length, also known 

as pair-end reads, and another file contained assembled reads of different sizes. Once we 

obtained these two files, the goal was to make longer assemblies of reads, or contigs. This 

was done through two assembly steps. For the first one we used Ray v. 2.3.1 (Boisvert et 

al. 2012) and chose four different kmer sizes: 65, 75, 85, and 99. Ray is able to assemble 

the reads and use a reference to separate them by organelle. To separate nuclear reads 

from plastid reads, used provided the GenBank references from ETS and ITS of 

Eriocaulacaeae and all plastids from land plants. Even though Ray separates the contigs 

by their organelle of origin, the output does not contain a separate file for each organelle. 

With the help of an additional script (courtesy of E. Ortiz), we were able to obtain one 

file with the plastid contigs and one file with the nuclear contigs. These two sets of 

contigs were then mapped back to the original reads that were cleaned with BBDuk in the 

first step of the pipeline. To do this mapping we used BBSplit (Bushnell 2016). 

Afterwards, we took the mapped reads and used BBMerge (Bushnell 2016) one more 

time to assemble overlapping reads. These assembled overlapping reads for each 

organelle were finally assembled into long contigs with two different assemblers: Ray v. 

2.3.1. with k-mer sizes 37, 47, 57, 67, 77, 87, 97, and 107, and SPAdes v. 3.5.0 

(Bankevich et al. 2012) with k-mer sizes 21, 33, 55, 77, 99, and 121. We compared both 

outputs and chose the longest contigs for each species. 

Once the reads were assembled into contigs of nuclear ribosomal and plastid 

genomes per species, the next step was to assemble those contigs. We chose the longest 

contigs and proceeded to assemble them de novo in GENEIOUS v.7.1.4 (Biomatters 

2014). The result was a series of contigs of different lengths for each sample and dataset. 

From each of these assemblies we generated a consensus sequence for each species and 
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proceeded to annotate them. The annotation process started with the use of online 

databases to identify most of the genes, and then manually identifying the flanking 

regions. For the plastid we used CpGAVAS – Chloroplast Genome Annotation 

Visualization analysis and the GenBank Submission Tool (Liu et al. 2012) and two 

different databases for the nuclear ribosomal cistron: ITS2 Database (Koetschan et al. 

2010) to find the limits of the ITS2 region, and RNAmmer (Lagensen et al. 2007) to find 

the limits of 18S and the region between 5.8S and 26S. With that information we were 

able to finish the annotation of the flanking regions: External Transcribed Spacer (ETS) 

to the left of 18S, Internal Transcribed Spacer 1 (ITS1) between 18S and 5.8S, and Non-

Transcribed Spacer (NTS) to the right of 26S. 

The annotated sequences for each dataset were aligned with MAFFT v.7.017 

(Katoh et al., 2002) and manually trimmed in GENEIOUS v.7.1.4 (Biomatters 2014). 

Phylogenetic analyses. 

We performed independent phylogenetic analyses for each dataset using Bayesian 

inference and maximum likelihood. We determined the best partition scheme for each 

data set as well as the best evolutionary model, by using PartitionFinder (Lanfear et al. 

2012). Four main partitions were evaluated for the plastid genome: three codon partitions 

in the coding region, and one non-coding partition. In the case of nuclear ribosomal 

DNA, we evaluated seven possible partitions: External Transcribed Spacer (ETS), 18S 

region, 26S, 5.8S, Internal Transcribed Spacer 1 (ITS1), Internal Transcribed Spacer 2 

(ITS2), and Non-Transcribed Spacer (NTS). For the Bayesian analysis, we used Mr. 

Bayes. v. 3.2 (Huelsenback and Ronquist 2001). Each analysis ran for 10,000,000 

generations using four chains, sampling one tree every 1000 generations. The burn-in was 

set at 25% (Appendix 13). In the case of the Maximum Likelihood analysis, we chose 
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RaxML v.8 (Stamatakis 2014) over GARLI v. 2.1 (Zwickl 2006) because RaxML is very 

powerful at processing large amounts of data. The data were analyzed under the default 

model, GTR+I+G and 100 bootstrap replicates. Both Mr. Bayes and RaxML were 

implemented through the Cipres Gateway Portal (Miller et al. 2010). 

In order to assess the congruence of the plastid and nuclear datasets, we 

performed a hierarchical likelihood-ratio congruence test with CONCATERPILLAR v. 

1.8a (Leigh et al. 2008). To provide a hypothesis of gene flow, we decided to build a 

consensus phylogenetic network from the plastid and nuclear data combined by using 

SplitsTree4 (Huson & Bryant 2006). Phylogenetic networks are very useful for 

visualizing gene flow such as that due to hybridization or horizontal gene transfer.  

RESULTS 

The best partition schemes and models suggested by PartitionFinder (Lanfear et 

al. 2012) for both datasets are shown in Table 4.1. 

Plastid genome dataset 

Bayesian and ML analyses results were congruent with the same topologies. The 

result for each was a completely resolved tree with strong branch support (Fig. 4.3). 

Paepalanthus meridensis and P. longivaginatus are sister species and form the sister 

clade to the remaining nine species (Clade A, pp 1). The nine species of clade A are 

distributed in two clades: Clade B (pp 1) with P. alpestris 1 from Puracé and P. alpestris 

2 from Pamplona. This clade (pp .99) was sister to P. andicola. Clade C (pp .96) and has 

two subclades: clade D (pp 1) where P. ensifolius 2 from Chocontá is sister to P. 

paramensis (pp 1) and these two species are the sister group of P. petraeus. Clade D is 

the sister group of clade E (pp .85), where P. ensifolius 1, from Cuivá is sister to P. 

crassicaulis also from Cuivá (pp 1), and these two species are the sister group of P. 
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celsus. It is important to emphasize that even though the two specimens of P. alpestris 

are together in a clade, that is not the case for the two specimens of P. ensifolius. P. 

ensifolius 1 belongs to clade E whereas P. ensifolius 2 is part of clade D. 

Nuclear ribosomal dataset results. 

Bayesian and ML analyses results were again congruent with the same topologies. 

Even though the nuclear topology is not completely resolved, it exhibits a strong branch 

support (Fig. 4.4). There is a polytomy at the base of the tree among P. crassicaulis, P. 

meridensis, clade A (pp 1), and clade C (pp .99). Clade A contains most of the species 

and seven of the twelve ingroup taxa. Inside clade A, P. paramensis, P. petraeus, P. 

alpestris1 (from Puracé), P. andicola and P. celsus together conform clade B (pp .98). 

This clade along with P. alpestris 2 (from Pamplona) and P. ensifolius (from Chocontá) 

constitute clade A.  

Plastid vs. nuclear ribosomal results. 

Bayesian and Likelihood results were congruent inside each set of data but the 

likelihood ratio test detected extreme incongruence (P<0.0001) between the plastid and 

nuclear topologies. The consensus phylogenetic network of the combined data is shown 

in Fig. 4.5. 

 

DISCUSSION 

After examining our results, two main points need to be addressed. First, plastid 

and nuclear genomes are not congruent and are thus telling different stories. Second, the 

nuclear ribosomal RNA majority rule consensus tree is not completely resolved and 

contains polytomies. These two points suggest that the previous lack of resolution was 
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not necessarily an artifact of insufficient data and needs to be explained in the light of 

more complex mechanisms. 

Incongruence between plastid and nuclear trees 

Organelle DNA, specifically plastid and mitochondrial genetic material, is 

uniparentally inherited (Birky 1995) in ca. 80% of angiosperms. Some monocot families 

like Araceae, Cyperaceae, Liliaceae Musaceae, Strielitziaceae, and Zingiberaceae have 

members with plastid biparental inheritance (Corriveau & Coleman 1988, Yao et al. 

1994, Zhang & Liu 2003). These occurrences open the possibility that Eriocaulaceae may 

also have some cases of biparental inheritance. However, there are not published studies 

to confirm that. 

Even though there are several patterns of uniparental inheritance identified (Birky 

1995), a common consequence of all of them is that DNA of one parent, in most cases the 

mother, passes from one generation to the next with little or no recombination. Since 

neither plastid nor mitochondrial DNA is arranged in chromosomes, there is no crossing 

over between strands. The result is offspring with organelle genomes that contain the 

information from only one parent. 

On the other hand, nuclear DNA is most of the time arranged in chromosomes 

and is biparentally inherited, which implies crossing over and recombination that will 

produce offspring with a nuclear genome that represents half of one parental genome and 

half of the other. However, mechanisms of biparental inheritance can change, and there 

are examples of plants where concerted evolution will cause homogenization of the two 

copies in a hybrid into the copy from one of the parents. This would mimic uniparental 

inheritance (Wendel et al. 1995, Fuertes et al. 1999, Okuyama et al. 2005). 
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In the past many molecular phylogenetic studies largely based on chloroplast data 

provided robust results that helped to resolve the relationships of major plant clades such 

as monocots (Chase et al. 2000, Davis et al. 2004, Givnish et al. 2010) and rosids (Hilu et 

al. 2003, Wang et al. 2009, Moore et al. 2010. Soltis et al. 2011). However, even though 

phylogenies based on chloroplast data are generally robust and well resolved, they could 

be showing a partial story if the chloroplast is uniparetally inherited. . This can generate a 

false “species” tree, when it actually could be a gene tree.  

With the advent of phylogenomic methods, new studies have revealed 

phylogenetic conflict among loci (Soltis & Kuzoff 1995, Hardig et al. 2000, Soltis & 

Soltis 2009, Sun et al. 2015) suggesting that incongruence between different genomic 

datasets is not uncommon. Gene flow understood as hybridization and horizontal gene 

transfer, as well as incomplete lineage sorting have been proposed as two of the most 

common causes of discordance between trees from different loci (Maddison 1997, Hardig 

et al. 2000, Meng & Kubatko 2009, Philippe et al. 2011, Sun et al. 2015). 

Gene flow. 

Hybridization is easier to identify in the presence of information that accounts for 

both parents. Even though plastid genome is not always uniparentally inherited and the 

biparental inheritance of the nuclear genome can be masked as uniparental by concerted 

evolution (Wendel et al. 1995, Fuertes et al. 1999, Okuyama et al. 2005), there are no 

current studies that explore the inheritance of genomes in Eriocaulaceae. Based on the 

available information, we assume that concerted evolution is not present in the family and 

we chose the nuclear tree over the plastid tree to identify potential gene flow among the 

species included in this study.  
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Paepalanthus subg. Platycaulon is a very morphologically distinctive group 

inside genus because of the presence of their typical rosette habit with wide leaves and 

the unisexual flowers arranged in fasciculated capitula. However, there is no strong 

distinction among species within the subgenus. Tissot-Squalli (1997) identified 

morphological and anatomical characters such as leaf length and width, presence/absence 

of wax on the leaf blade, presence/absence of hairs on the leaf blade, arrangement of the 

single capitula inside the fascicle, arrangement and length of the involucral bracts, and 

arrangement of the vascular bundles in the scape, among others, as possible characters to 

distinguish among species. However, these distinctions are not obvious in the field, and it 

is very difficult to identify species as discrete entities. Instead, many seem to be part of a 

continuum. At the same time, several species have a wide distribution, which makes it 

highly likely for them to be sympatric with other taxa. This is particularly common for P. 

alpinus, P. alpestris, and P. ensifolius. All this evidence strongly suggests that gene flow 

is happening in the Andean clade of P. subg. Platycaulon. 

The consensus phylogenetic network of the topologies obtained from plastid and 

nuclear genomes helps to visualize and understand the relationships among species, in the 

presence of gene flow. According to our results, there is a pattern of reticulation that 

groups species more on their geographic distribution than their taxonomic delimitation 

(Fig. 4.6). Four clusters of species are distinguished: Group A contains individuals 

collected in the western cordillera (P. longivaginatus) and the northern central cordillera 

(P. meridensis, P. crassicaulis, and P. ensifolius 1). Even though P. alpinus is the 

outgroup of the analysis, it was collected in this same area and falls in group A. Group B 

contains two specimens, one of P. ensifolius and one of P. alpestris, both collected on the 

eastern cordillera. Group C contains two species distributed in the south, P. celsus from 

Ecuador and P. andicola from a páramo-like enclave in Oxapampa, Peru, and one 
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specimen of P. alpestris that was collected in the south of Colombia. Finally, group D 

contains one species restricted to the eastern cordillera in the state of Boyacá in Colombia 

(P. paramensis), and a species restricted to the eastern cordillera in Colombia and 

Venezuela, and the eastern slope of the central cordillera (P. petraeus) (Fig. 4.6). Even 

though we do not know the real species tree and the phylogenetic network does not 

provide information in terms of time, we can use the nuclear tree (Fig. 4.4) as the most 

approximate estimation of the species tree, to see if the groups can be explained in terms 

of time. The tree shows a polytomy of the species of group A at the base and a clade 

where P. ensifolius 2 and P. alpestris 2 branch first, followed by the southern group: P. 

celsus, P. andicola, and P. alpestris 1, and finally the most recently derived species are 

the ones of group D: P. paramensis and P. petraeus. This suggests that the groups found 

in the phylogenetic network can have an historical significance, rather than just 

interbreeding by chance because of sympatry. 

In the future, a biogeographical analysis would be useful to elucidate a historical 

relationship among species of Paepalanthus subg. Platycaulon in the páramos. 

Chromosome counts could also potentially help to provide more information on 

hybridization. 

Implications for taxonomy. 

Because Paepalanthus alpestris and P. ensifolius cause the discordance between 

our trees, we examined both in terms of taxonomy. 

Paepalanthus alpestris was originally described as a variety of P. planifolius 

(Bong.) Koern., a species widely distributed in southeast Brazil that has been recognized 

as a large complex or forms and varieties (Ruhland 1903, Moldenke 1973). According to 

Tissot-Squalli (1997), P. planifolius is a name that has been wrongly used more times 
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than it has been used correctly and as a consequence population studies are needed to 

assess intra-specific variation and possible hybridization. Paepalanthus alpestris was 

segregated as a separate species from P. planifolius (Tissot-Squalli 1997) for being the 

only member of the entire species present in the Andes and because morphological 

similarities are no greater than between it and any other species of P. subg. Platycaulon. 

Characters that were being used to place P. alpestris inside P. planifolius such as the 

shape of bracts and the length and width of leaves are variable and not diagnostic (Tissot-

Squalli 1997). Paepalanthus alpestris has been described as a species that grows only in 

the northern eastern cordillera, in the town of Ocaña, Colombia (Tissot-Squalli 1997) and 

that differs from P. alpinus by a larger ratio of scapes length to leaf length than P. alpinus 

and waxy leaf blades. However, plants with these characteristics can be found beyond the 

described geographical range. One such plant is P. alpestris 1, which was collected in the 

south of Colombia. 

Paepalanthus ensifolius is considered the Andean equivalent to P. planifolius in 

terms of the complexity and wide range of forms that are widely distributed in 

Venezuela, Colombia, and Peru (Ruhland 1903, Tissot-Squalli 1997). The main 

characters that separate it from P. alpinus and P. alpestris are narrower, thicker, acute 

leaves, which are also lighter in color. Given the complexity of P. alpestris and P. 

ensifolius, we included two specimens of each, in order to test the monophyly of each. If 

we look at the phylogenetic network excluding P. alpestris and P. ensifolius, it is clear 

that the geographic distribution of the species included in the analysis can be separated 

into three main areas in which interbreeding is potentially possible: south, central, 

western, and eastern (Fig. 4.6). Paepalanthus alpestris 2 and P. ensifolius 2 form a fourth 

group that is located in the eastern cordillera, while P. alpestris 1, collected in the south 

of Colombia falls in the southern group, and P. ensifolius 1 that was collected in the 
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northern central cordillera in the state of Antioquia, Colombia, falls in the central-western 

group. This is the opposite to the taxonomic hypothesis in which P. alpestris and P. 

ensifolius are distinct taxonomic species. What the network suggests is that they might be 

crossing with other species of P. subg. Platycaulon in sympatry and even interbreed with 

each other (Fig. 4.6). In the case of recently derived groups with an uncertain taxonomy 

and that grow in vast areas where physical barriers can affect their genetic structure, the 

best tool to clarify their delimitation would be a phylogeographic analysis. 

 

CONCLUSION 

Our results suggest that the lack of resolution of the páramo clade of 

Paepalanthus subg. Platycaulon is not only an artifact of the limited data used in 

previous studies. On the contrary, genomic data show incongruent stories coming from 

the plastid genome and the nuclear genome. Two main causes have been traditionally 

proposed to explain this incongruence: incomplete lineage sorting and gene flow. Given 

the young age of the clade, it is highly likely that not enough time has passed to allow all 

the gene trees to sort according to the unequivocal species tree because of incomplete 

lineage sorting. This explanation represents an hypothesis to be tested in future studies of 

the group. 

The phylogenetic network shows that species clusters appear to be based on their 

geographical location rather than on their taxonomic status. This suggests, among other 

possible causes, the existence of gene flow between species, and the diffuse taxonomic 

limits of Paepalanthus alpestris and P. ensifolius. 
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In summary, it is possible that incomplete lineage sorting and gene flow are both 

occurring and are the causes of the incongruence between the results of plastid and 

nuclear genomes in the páramo species of Paepalanthus subg. Platycaulon. 
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TABLES 

 

Table 4.1. Partitions and evolutionary models for each dataset suggested by 
PartitionFinder. 

 
 Partition Model 

Plastid genome Codon 1 K81uf 

Codon 2 F81+I 

Codon 3 K81uf+I 

Non-coding K81uf+I+G 

Nuclear ribosomal RNA ETS F81+G 

18S+5.8S JC 

26S+ITS1+ITS2+NTS F81+I 
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FIGURES 

 
Figure 4.1.  

 



 81 

Figure 4.1. Phylogeny of family Eriocaulaceae.  
Inside the square: Paepalanthus subg. Platycaulon, s.l. Names in blue are 
páramo species of P. subg. Platycaulon. The star denotes the biggest páramo 
clade inside P. subg. Platycaulon. 
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Figure 4.2. Map of the sampling locations of each of the species included in the analysis. 
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Figure 4.3. Majority rule consensus tree resulting from the Bayesian analysis of plastid 
genome dataset. 
Values on top of the branches are posterior probability values and below the 
branches, bootstrap values. Bootstrap values only included when >90. 
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Figure 4.4. Majority rule consensus tree resulting from the Bayesian analysis of coding 
ribosomal nuclear dataset. 
Values on top of the branches are posterior probability values and below the 
branches, bootstrap values. Bootstrap values only included when >90. 
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Figure 4.5. Consensus phylogenetic network of both plastid and nuclear datasets. 

  

 

 

0.0010

P. crassi
caulis

P. 
en

sif
ol

iu
s 1

P. longivaginatus

P. meridensis

P. alpinus

P. alpestris 2

P. ensifolius 2

P. celsus

P. a
lpestr

is 1

P. 
an

di
co

la
P. petraeus

P. paramensis



 86 

Figure 4.6.  
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Figure 4.6. Consensus phylogenetic network and its geographical significance. 
The map shows the collection sites of the eleven specimens of nine species 
contained in the present analysis and how they are related according to the 
phylogenetic network (right). In yellow, group of five species from northern 
central cordillera and western cordillera. In blue, two species from the 
eastern cordillera. In green, three species from the southern part of the 
northern Andes, that includes Peru, Ecuador, and south of Colombia, before 
the bifurcation of the main cordillera. In red, One species from the eastern 
cordillera and one from the eastern slope of the central cordillera. 
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Appendices 

APPENDIX 1.  
Complete list of species of Eriocaulaceae, voucher specimens, and GenBank accession 
numbers, when applicable, used in chapter 2 and 3.  

 

Species Source Markers 
sampled trnL/F trnL 

intron psbA/trnH ITS 

Actinocephalus 
deflexus 

Livia 
Echternacht 
1888. 
BHCB 

trnL/F, 
psbA/trnH, 
trnL 
intron, 
ITS. 

KT175838 N/A KT175742 KT175787 

Actinocephalus 
falcifolius 

Livia 
Echternacht 
1635. 
BHCB 

trnL/F, 
psbA/trnH, 
trnL 
intron, 
ITS. 

KT175839 KT149455 KT175743 KT175788 

Actinocephalus 
polyanthus 

Livia 
Echternacht 
1836. 
BHCB 

trnL/F, 
psbA/trnH, 
trnL 
intron. 

KT175840 KT149422 KT175744 KT175789 

Actinocephalus 
variabilis 

Livia 
Echternacht 
1754. 
BHCB 

psbA/trnH, 
trnL 
intron, 
ITS. 

N/A KT149453 KT175745 KT175790 

Comanthera 
jenmanii 

T.W. 
Henkel 
942. US 

trnL/F, 
psbA/trnH, 
trnL 
intron, 
ITS. 

KT175887 KT149415 KT175785 KT175837 

Comanthera 
vernonioides GenBank 

All 
markers 
from 
GenBank 

EF394095 N/A EU924423 EU924343 

Paepalanthus 
acantophyllus 

Livia 
Echternacht 
1733. 
BHCB. 

trnL/F, 
psbA/trnH, 
trnL 
intron. 

KT175842 KT149459 KT175748 N/A 

Paepalanthus 
acuminatus 

Livia 
Echternacht 

trnL/F, 
psbA/trnH, KT175843 KT149465 KT175749 KT175795 
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Species Source Markers 
sampled trnL/F trnL 

intron psbA/trnH ITS 

2074. 
BHCB 

trnL 
intron, 
ITS. 

Paepalanthus 
alpestris 

Amalia 
Diaz 238. 
ANDES 

trnL/F, 
psbA/trnH, 
trnL 
intron, 
ITS. 

KT175844 KT149418 KT175750 KT175796 Amalia 
Diaz 241. 
ANDES 

Paepalanthus 
alpinus 

Amalia 
Diaz 265. 
HUA 

trnL/F, 
psbA/trnH, 
trnL 
intron, 
ITS. 

KT175845 KT149434 KT175751 KT175797 

Paepalanthus 
amoenus 

Livia 
Echternacht 
1947. 
BHCB 

trnL/F, 
psbA/trnH, 
trnL 
intron, 
ITS. 

KT175846 KT149451 KT175752 KT175798 

Paepalanthus 
andicola 

Edgardo 
Ortiz 2526. 
HUSA 

trnL/F, 
psbA/trnH, 
trnL 
intron, 
ITS. 

KT175847 KT149427 KT175753 KT175799 

Paepalanthus 
argenteus 

Livia 
Echternacht 
1791. 
BHCB 

trnL/F, 
psbA/trnH, 
trnL 
intron, 
ITS. 

KT175848 KT149448 KT175754 KT175800 

Paepalanthus 
bifidus 

Livia 
Echternacht 
1822. 
BHCB. 

trnL/F, 
psbA/trnH, 
trnL 
intron, 
ITS. 

KT175849 KT149419 KT175755 KT175801 

AR 20208. 
US 

Paepalanthus 
bromelioides 

Amalia 
Diaz 285. 
SPF 

trnL/F, 
psbA/trnH, 
trnL 
intron, 
ITS. 

KT175850 KT149467 KT175756 KT175802 
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Species Source Markers 
sampled trnL/F trnL 

intron psbA/trnH ITS 

Paepalanthus 
bryoides 

Livia 
Echternacht 
1804. 
BHCB. 

trnL/F, 
ITS 
(GenBank) 

KT175851 KT149442 KT175757 EU924299 

GenBank 

Paepalanthus 
camptophyllus 

Livia 
Echternacht 
2076. 
BHCB. 

trnL/F, 
psbA/trnH, 
trnL 
intron, 
ITS. 

KT175852 KT149454 KT175758 KT175803 

Paepalanthus 
lindenii 

Amalia 
Diaz 245. 
HECASA trnL/F, 

psbA/trnH, 
trnL 
intron, 
ITS. 

KT175868 KT149433 KT175771 KT175820 
Amalia 
Diaz 246. 
HECASA 
Amalia 
Diaz 248. 
HECASA 

Paepalanthus 
lodiculoides 

Amalia 
Diaz 244. 
HECASA 

trnL/F, 
trnL 
intron. 

KT175869 KT149450 N/A KT175821 

Paepalanthus 
longivaginatus 

Andrés 
Giraldo 
7688. 
ANDES 

trnL/F, 
psbA/trnH, 
trnL 
intron, 
ITS. 

KT175870 KT149424 KT175772 KT175822 Andrés 
Giraldo 
7699. 
ANDES 

Paepalanthus 
macropodus 

Amalia 
Diaz 283. 
SPF 

trnL/F, 
psbA/trnH, 
trnL 
intron, 
ITS. 

KT175871 KT149437 KT175773 KT175823 

Paepalanthus 
melaleucus 

Amalia 
Diaz 279. 
SPF 

trnL/F, 
psbA/trnH, 
trnL 
intron, 
ITS. 

KT175872 KT149438 KT175774 KT175824 
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Species Source Markers 
sampled trnL/F trnL 

intron psbA/trnH ITS 

Paepalanthus 
meridensis 

Amalia 
Diaz 276. 
HUA 

trnL/F, 
psbA/trnH, 
trnL 
intron, 
ITS. 

KT175873 KT149452 KT175775 KT175825 

Paepalanthus 
microphyllus 

Livia 
Echternacht 
1651. 

psbA/trnH, 
trnL 
intron. 

N/A KT149421 KT175776 N/A 

Paepalanthus 
moedensis 

Amalia 
Diaz 278. 
SPF 

trnL/F, 
psbA/trnH, 
trnL 
intron, 
ITS. 

KT175874 KT149441 KT175777 KT175826 

Paepalanthus 
nigrescens 

Livia 
Echternacht 
1724. 
BHCB. 

trnL/F, 
ITS 
(GenBank) 

KT175875 N/A N/A GQ475254 

GenBank. 

Paepalanthus 
paramensis 

Amalia 
Diaz 224. 
ANDES 

trnL/F, 
psbA/trnH, 
trnL 
intron, 
ITS. 

KT175876 KT149429 KT175778 KT175827 Amalia 
Diaz 228. 
ANDES 

Paepalanthus 
petraeus 

N/A. 
JAUM 
0277256 

trnL 
intron, 
ITS. 

N/A KT149423 N/A KT175828 

Paepalanthus 
paulinus GenBank. trnL/F, 

ITS. KF840837.1 N/A N/A KF840804.1 

Paepalanthus 
pilosus 

Amalia 
Diaz 243. 
HECASA. trnL/F, 

psbA/trnH, 
trnL 
intron. 

KT175877 KT149443 KT175779 N/A Francisco 
R. Roldán 
402. 
JAUM. 

Paepalanthus 
planifolius 

Livia 
Echternacht 
1780. 

trnL/F, 
psbA/trnH, 
trnL 

KT175878 KT149444 EU924407 KT175829 
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Species Source Markers 
sampled trnL/F trnL 

intron psbA/trnH ITS 

BHCB. intron, 
ITS. 

Bassett 
McGuire 
57056. 
COL. 
GenBank 

Paepalanthus 
polycladus 

Livia 
Echternacht 
2129. 
BHCB. 

trnL/F 
(GenBank) 
, ITS.  

GQ475226 N/A N/A GQ475256 

Paepalanthus 
prostratus 

Livia 
Echternacht 
1900. 
BHCB 

trnL/F, 
psbA/trnH, 
trnL 
intron,  

KT175841 KT149460 KT175746 KT175791 

Paepalanthus 
rupestris 

Livia 
Echternacht 
2142. 
BHCB 

psbA/trnH, 
trnL 
intron, 
ITS. 

N/A KT149426 KT175747 KT175792 

Paepalanthus 
schomburgkii 

R. Kral. 
81879. US 

trnL/F, 
trnL 
intron. 

KT175879 KT149464 N/A N/A 

Paepalanthus 
scleranthus GenBank 

All 
markers 
from 
GenBank 

EU924488 N/A EU924410 EU924335 

Paepalanthus 
spixianus 

Amalia 
Díaz 280. 
SPF. 

trnL/F, 
psbA/trnH, 
trnL 
intron, 
ITS. 

KT175880 KT149439 KT175780 KT175831 

Paepalanthus 
stegolepoides 

Julian A. 
Steyermark 
491. US. 

trnL/F, 
trnL 
intron, 
ITS. 

KT175881 KT149457 N/A KT175832 

Paepalanthus 
superbus GenBank 

All 
markers 
from 
GenBank 

EU924483 N/A EU924405 EU924330 
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Species Source Markers 
sampled trnL/F trnL 

intron psbA/trnH ITS 

Paepelanthus 
tortilis 

Livia 
Echternacht 
2003. 
BHCB. 

trnL intron 
and 
GenBank 

EU924455 KT149417 EU924376 EU924302 
V.A. Funk 
6134. US 
GenBank 

Paepalanthus 
trichopetalus 

Amalia 
Díaz 288. 
SPF. 

trnL/F, 
psbA/trnH, 
trnL 
intron, 
ITS. 

KT175882 KT149470 KT175781 KT175833 

Paepalanthus 
venustus 

Bassett 
McGuire 
32800. US 

trnL/F, 
trnL 
intron. 

KT175884 KT149458 N/A N/A 

Paepelanthus 
vellozioides 

Amalia 
Díaz 282. 
SPF. 

trnL/F, 
psbA/trnH, 
trnL 
intron, 
ITS. 

KT175883 KT149440 KT175782 KT175834 

Paepalanthus 
villosulus 

Amalia 
Díaz 286. 
SPF. 

trnL/F, 
psbA/trnH, 
trnL 
intron, 
ITS. 

KT175885 KT149466 KT175783 KT175835 

Paepalanthus 
xanthopus 

Livia 
Echternacht 
1879. 
BHCB. 

trnL/F, 
psbA/trnH. KT175886 N/A KT175784 N/A 

Philodice 
hoffmannseggii GenBank 

All 
markers 
from 
GenBank 

EU924489 N/A EU924411 N/A 

Syngonanthus 
longipes 

K.J. 
Wurdack 
5215. US 

trnL/F, 
trnL 
intron. 

KT175888 KT149461 N/A N/A 

Tonina 
fluviatilis 

Amalia 
Díaz 219. 
COL. 

trnL/F, 
psbA/trnH, 
trnL 
intron, and 

KT175889 KT149445 KT175786 EU924345 
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Species Source Markers 
sampled trnL/F trnL 

intron psbA/trnH ITS 

GenBank 
(ITS). 
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APPENDIX 2. 
List of collaborators. 
 
External collaborations: 

Colombia: 

Universidad de los Andes: Santiago Madriñán: Collection permits, collected material deposited in 

the herbarium ANDES. 

Universidad de Pamplona. Roberto Sánchez: Field assistance. Collected material deposited in 

herbarium HECASA. 

Universidad de Antioquia: Ricardo Callejas: Field supplies, collected material deposited in the 

herbarium HUA, herbarium samples, one thesis coadviced. 

Corantioquia:  (Regional organism to promote conservation): Juan Lázaro Toro. Permits to 

collect in the area, transportation to the field sites, guides that came with me to the field. 

National University of Colombia at Medellin: Jorge Mario Vélez’ Herbarium samples. 

“Joaquín Antonio Uribe” botanical garden, Medellin: Alvaro Cogollo: Herbarium samples. 

Andrés Giraldo (Independent researcher): Collecting samples in Southern Colombia. 

Brazil: 

Universidade Federal de Minas Gerais: Livia Echternacht, Alexandre Salino: Field supplies and 

duplicates deposited at BHCB herbarium. 

Universidade de São Paulo: Paulo Takeo Sano, Livia Echternacht, Renato de Mello-Silva: 

Collection permits, Herbarium samples, collections deposited at SPF herbarium. 

Mara Tissot-Squalli (UNIJUI): Identification of material. 

Internal collaborations (USA): 

Smithsonian Institution: US Herbarium: Rusty Russell, Vicki Funk: Herbarium samples from the 

Guiana shield. 
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Field Museum, Chicago: F Herbarium: Nancy Hensold: Herbarium samples from Ecuador and 

Perú.   
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APPENDIX 3  
Primer names and sequences used in chapter 2. 

 
Primer name Genic region Primer sequence 
trnL F trnL/F spacer CGAAATCGGTAGACGCTA 
trnF R trnL/F spacer ATTTGAACTGGTGACACGAG 
Taberlet c trnL intron CGAAATCGGTAGACGCTACG 
Taberlet d trnL intron GGGGATAGAGGGACTTGAAC 
psbA F psbA/trnH spacer GTTATGCATGAACGTAATGCTC 
trnH R psbA/trnH spacer CGCGCATGGTGGATTCACAAATC 
17SE - ITSF Internal Transcribed Spacer ACGAATTCATGGTCCGGTGAAGTGTTC 
26SE – ITSR Internal Transcribed Spacer TAGAATTCCCCGGTTCGCTCGCCGTTA 
ITS1 Internal Transcribed Spacer GTCCACTGAACCTTATCATTTAG 
ITS2 Internal Transcribed Spacer GCTGCGTTCTTCATCGATGC 
ITS3 Internal Transcribed Spacer GCATCGATGAAGAACGCAGC 
ITS4 Internal Transcribed Spacer TCCTCCGCTTATTGATATGC 
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APPENDIX 4 
Parameters used in chapter 2 to evaluate the three possible partition schemes: Combined, 
by genome, and by gene, respectively. 
 
 
begin mrbayes; 
 set autoclose=yes nowarn=yes; 
 outgroup S_longipes; 
 lset applyto=(all) nst=6 rates=invgamma; 
 prset applyto=(all) revmatpr=dirichlet(1,1,1,1,1,1) statefreqpr=dirichlet (1,1,1,1) 
shapepr=exponential (0.05); 
 unlink revmat=(all) statefreq=(all) shape=(all); 
 prset applyto=(all) ratepr=variable; 
 mcmcp ngen= 10000000 relburnin=yes burninfrac=0.25  printfreq=1000  
samplefreq=1000 diagnfreq=100000 nruns=2 nchains=4 savebrlens=yes filename=nopartition; 
 mcmc; 
 sump; 
 sumt; 
 ss ngen=3000000 diagnfreq=10000 filename=part_bygene_ss;  sump;  
quit;   
end; 
 
 
begin mrbayes;  
 set autoclose=yes nowarn=yes;  
 outgroup S_longipes;  
 charset chloroplast = 1-1381;  charset nuclear = 1382-2340;  partition bygenome = 2: 
chloroplast, nuclear; 
 set partition = bygenome; 
 lset applyto=(all) nst=6 rates=invgamma; 
 prset applyto=(all) revmatpr=dirichlet(1,1,1,1,1,1) statefreqpr=dirichlet (1,1,1,1) 
shapepr=exponential (0.05); 
 unlink revmat=(all) statefreq=(all) shape=(all); 
 prset applyto=(all) ratepr=variable;  mcmcp ngen= 10000000 relburnin=yes 
burninfrac=0.25  printfreq=1000  samplefreq=1000 diagnfreq=100000 nruns=2 nchains=4 
savebrlens=yes filename=part_bygenome; 
 mcmc; 
 sump; 
 sumt; 
 ss ngen=3000000 diagnfreq=10000 filename=part_bygenome_ss;  sump; 
quit; 
end; 
 
 
begin mrbayes; 
 set autoclose=yes nowarn=yes; 
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 outgroup S_longipes; 
 charset trnlintron = 1-440; 
 charset trnlf= 441-946; 
 charset psba= 947-1381; 
 charset 18s= 1382-1479; 
 charset ITS1= 1480-1844; 
 charset 5.8s= 1845-1995; 
 charset ITS2= 1996-2291; 
 charset 26s= 2292-2340; 
 partition bygene = 8: trnlintron, trnlf, psba, 18s, ITS1, 5.8s, ITS2, 26s; 
 set partition = bygene; 
 lset applyto=(all) nst=6 rates=invgamma; 
 prset applyto=(all) revmatpr=dirichlet(1,1,1,1,1,1) statefreqpr=dirichlet (1,1,1,1) 
shapepr=exponential (0.05); 
 unlink revmat=(all) statefreq=(all) shape=(all); 
 prset applyto=(all) ratepr=variable; 
 mcmcp ngen= 10000000 relburnin=yes burninfrac=0.25  printfreq=1000  
samplefreq=1000 diagnfreq=100000 nruns=2 nchains=4 savebrlens=yes filename=part_bygene; 
 mcmc; 
 sump; 
 sumt;   
 ss ngen=3000000 diagnfreq=10000 filename=part_bygene_ss;  sump; 
quit; 
end; 
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APPENDIX 5. 
Parameters used in chapter 2 to run the Bayesian analysis based on plastid data. 
 
begin mrbayes;  
set autoclose = yes nowarn = yes; 
 outgroup S_jenmanii; 
 charset trnlintron = 1 -361; 
 charset trnlF = 362 -769; 
 charset psbA = 770 -1192; 
 partition bygene = 3 : trnlintron , trnlF , psbA; 
 set partition = bygene; 
 lset applyto = ( 1 ) nst = 2 rates = gamma; 
 lset applyto = ( 2 ) nst = 6 rates = gamma; 
 lset applyto = ( 3 ) nst = 6 rates = gamma; 
 prset applyto = ( 1 ) revmatpr = dirichlet (1,1,2,2,1,1); 
 prset applyto = ( 2 ) revmatpr = dirichlet (1,1,2,3,1,1); 
 prset applyto = ( 3 ) revmatpr = dirichlet (1,1,2,3,1,3); 
 mcmcp ngen = 10000000 relburnin = yes burninfrac = 0.25 printfreq = 1000 samplefreq 
= 1000 diagnfreq = 100000 nruns = 2 nchains = 4 savebrlens = yes; 
 mcmc; 
 sump; 
 sumt; 
quit; 
end; 
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APPENDIX 6. 
Parameters used in chapter 2 to run the Bayesian analysis based on nuclear data. 
 
begin mrbayes; 
set autoclose = yes nowarn = yes 
 outgroup S_jenmanii 
 charset 18S = 1 -103 
 charset ITS1 = 104 -469 
 charset 5.8S = 470 -624 
 charset ITS2 = 625 -915 
 charset 26S = 916 -965 
 partition bygene = 5 : 18S , ITS1 , 5.8S , ITS2 , 26S 
 set partition = bygene 
 lset applyto = ( 1 ) nst = 6 rates = gamma; 
 lset applyto = ( 2 ) nst = 6 rates = gamma; 
 lset applyto = ( 3 ) nst = 2 rates = gamma; 
 lset applyto = ( 4 ) nst = 2 rates = gamma; 
 lset applyto = ( 5 ) nst = 6 rates = gamma; 
 prset applyto = ( 1 ) revmatpr = dirichlet (1,2,2,1,3,1); 
 prset applyto = ( 2 ) revmatpr = dirichlet (1,1,2,3,4,1); 
 prset applyto = ( 3 ) revmatpr = dirichlet (1,2,1,1,2,1); 
 prset applyto = ( 4 ) revmatpr = dirichlet (1,2,2,1,2,1); 
 prset applyto = ( 5 ) revmatpr = dirichlet (1,1,2,3,1,4); 
 mcmcp ngen = 10000000 relburnin = yes burninfrac = 0.25 printfreq = 1000 samplefreq 
= 1000 diagnfreq = 100000 nruns = 2 nchains = 4 savebrlens = yes; 
 mcmc; 
 sump; 
 sumt; 
quit; 
end; 
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APPENDIX 7. 
Parameters used in chapter 2 to run the Bayesian analysis based on combined data. 
 
begin mrbayes;   
 set autoclose = yes nowarn = yes; 
 outgroup S_jenmanii; 
 charset trnlintron = 1 -440; 
 charset trnlf = 441 -946; 
 charset psba = 947 -1381; 
 charset 18s = 1382 -1479; 
 charset ITS1 = 1480 -1844; 
 charset 5.8s = 1845 -1995; 
 charset ITS2 = 1996 -2291; 
 charset 26s = 2292 -2340; 
 partition bygene = 8 : trnlintron, trnlf, psba, 18s, ITS1, 5.8s, ITS2, 26s; 
 set partition = bygene;  
 lset applyto = ( 1 ) nst = 6 rates = gamma; 
 lset applyto = ( 2 ) nst = 6 rates = gamma; 
 lset applyto = ( 3 ) nst = 6 rates = gamma; 
 lset applyto = ( 4 ) nst = 6 rates = gamma; 
 lset applyto = ( 5 ) nst = 6 rates = gamma; 
 lset applyto = ( 6 ) nst = 6 rates = gamma; 
 lset applyto = ( 7 ) nst = 6 rates = gamma; 
 lset applyto = ( 8 ) nst = 6 rates = gamma; 
 prset applyto = ( 1 ) revmatpr = dirichlet (1,1,2,2,1,1); 
 prset applyto = ( 2 ) revmatpr = dirichlet (1,2,3,4,1,1); 
 prset applyto = ( 3 ) revmatpr = dirichlet (1,1,2,1,1,1); 
 prset applyto = ( 4 ) revmatpr = dirichlet (1,2,2,1,3,1); 
 prset applyto = ( 5 ) revmatpr = dirichlet (1,1,2,3,4,1); 
 prset applyto = ( 6 ) revmatpr = dirichlet (1,2,1,1,2,1); 
 prset applyto = ( 7 ) revmatpr = dirichlet (1,2,2,3,2,1); 
 prset applyto = ( 8 ) revmatpr = dirichlet (1,1,2,3,1,4); 
 mcmcp ngen = 10000000 relburnin = yes burninfrac = 0.25 printfreq = 1000 samplefreq 
= 1000 diagnfreq = 100000 nruns = 2 nchains = 4 savebrlens = yes; 
 mcmc; 
 sump; 
 sumt 
quit 
end;  
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APPENDIX 8. 
Configuration of Maximum Likelihood analysis of combined data in chapter 2. 
 
[general] 
searchreps=1 
streefname = stepwise 
constraintfile = none 
subsetspecificrates = 0 
linkmodels =0 
attachmentspertaxon=50 
saveevery = 100 
enforcetermconditions = 1 
genthreshfortopoterm = 20000 
significanttopochange = 0.01 
scorethreshforterm = 0.05 
logevery = 10 
restart = 0 
datafname = infile 
availablememory = 2000 
outputphyliptree = 0 
outputeachbettertopology = 0 
writecheckpoints = 0 
outputmostlyuselessfiles = 0 
refinestart = 1 
randseed = -1 
ofprefix = garli_run 
collapsebranches = 0 
[model1] 
ratematrix = 2rate 
datatype = nucleotide 
numratecats = 4 
ratehetmodel = gamma 
invariantsites = estimate 
statefrequencies = estimate 
numratecats=4 
[model2] 
ratematrix = 6rate 
datatype = nucleotide 
numratecats = 4 
ratehetmodel = gamma 
invariantsites = estimate 
statefrequencies = estimate 
numratecats=4 
[model3] 
ratematrix = 6rate 
numratecats = 4 
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ratehetmodel = gamma 
datatype = nucleotide 
invariantsites = estimate 
statefrequencies = estimate 
numratecats=4 
[model4] 
ratematrix = 6rate 
numratecats = 4 
ratehetmodel = gamma 
datatype = nucleotide 
invariantsites = estimate 
statefrequencies = estimate 
numratecats=4 
[model5] 
ratematrix = 6rate 
numratecats = 4 
ratehetmodel = gamma 
datatype = nucleotide 
invariantsites = estimate 
statefrequencies = estimate 
numratecats=4 
[model6] 
ratematrix = 2rate 
numratecats = 4 
ratehetmodel = gamma 
datatype = nucleotide 
invariantsites = estimate 
statefrequencies = estimate 
numratecats=4 
[model7] 
ratematrix = 2rate 
numratecats = 4 
ratehetmodel = gamma 
datatype = nucleotide 
invariantsites = estimate 
statefrequencies = estimate 
numratecats=4 
[model8] 
ratematrix = 6rate 
numratecats = 4 
ratehetmodel = gamma 
datatype = nucleotide 
invariantsites = estimate 
statefrequencies = estimate 
numratecats=4 
[master] 
gammashapebrlen = 1000 
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modweight = 0.05 
brlenweight = 0.2 
topoweight = 1.0 
randnniweight = 0.1 
randsprweight = 0.3 
limsprweight = 0.6 
stopgen = 214783646 
stoptime = 214783646 
resampleproportion = 1.0 
bootstrapreps = 100 
startoptprec = 0.5 
minoptprec = 0.01 
numberofprecreductions = 20 
gammashapemodel = 1000 
selectionintensity = 0.5 
nindivs = 4 
holdover = 1 
intervalstostore = 5 
meanbrlenmuts = 5 
treerejectionthreshold = 50.0 
intervallength = 100 
inferinternalstateprobs = 0 
holdoverpenalty = 0 
limsprrange= 6 
uniqueswapbias = 0.1 
distanceswapbias = 1.0 
  



 106 

APPENDIX 9.  
Full list of names and accession numbers of species of Arecales and Poales downloaded 
from GenBank and used in chapter 3. 

 

Species trnL/F accession number ITS accession number 

Abildgaardia schoenoides AY506706 AY506761 
Acroceras tonkinense GQ869936 GQ870162 
Agrostis capillaris AY450942 AY520820 
Agrostis gigantea EU639571 EF565133 
Alexgeorgea ganopoda AF148719 N/A 
Alloteropsis cimicina GQ869937 GQ870163 
Ampelodesmos mauritanicus GU254955 AF019799 
Anarthria polyphylla AF148720 N/A 
Andropogon fastigiatus DQ004977 DQ005043 
Andropogon gerardii AY116263 AY116299 
Anthochortus crinalis KF423051 N/A 
Apodasmia chilensis JX154570 N/A 
Aristida adscensionis DQ172200 DQ171971 
Aristida echinata GQ924377 GQ924162 
Arthraxon hispidus GQ869959 HQ600508 
Arthrostylis aphylla AY506699 AY506757 
Arundinella hirta DQ004957 FJ766148 
Arundo donax DQ172302 KJ880065 
Askidiosperma esterhuyseniae AY881552 N/A 
Avena atlantica GU367203 DQ341307 
Avena barbata GU367209 AY093613 
Avena fatua EF137592 EU252123 
Avena hirtula GU367225 EU833745 
Avena hispanica GU367229 EU833749 
Avena longiglumis EU833875 DQ539597 
Avena lusitanica GU367233 EU833757 
Avena macrostachya EU833877 EU833761 
Avena occidentalis GU367239 EU833781 
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Species trnL/F accession number ITS accession number 

Avena sativa GU367246 DQ995429 
Axonopus argentinus JQ267566 JQ301990 
Baloskion_gracile AF148724 N/A 
Bentinckia nicobarica AM113687 N/A 
Bolboschoenus fluviatilis JF313190 GQ130340 
Bothriochloa ischaemum DQ004964 DQ141239 
Brachypodium arbuscula JN187654 AF019783 
Brachypodium boissieri JN187655 JN187607 
Bromus alopecuros EU036177 KM077300 
Bulbostylis barbata JX644789 JX644812 
Calorophus elongatus AF148725 N/A 
Capeobolus brevicaulis DQ058303 KF553443 
Capillipedium assimile GQ869994 HQ600505 
Carex amplifolia AY757511 AY757584 
Carex bequaertii EU288456 EU288572 
Carex brevicaulis AF284885 AY244533 
Carex canescens AY757480 EU541864 
Carpha alpina AY230011 DQ385557 
Cenchrus ciliaris AF499168 AF019832 
Cenchrus purpureus GQ869954 AF345232 
Centotheca lappacea GQ869913 AF019814 
Centrolepis strigosa AF148727 N/A 
Centropodia glauca EU401137 AF019861 
Chaetanthus aristatus AF148743 N/A 
Chasmanthium latifolium GQ869914 AF019815 
Chimonobambusa marmorea EF137526 GQ464811 
Chimonobambusa quadrangularis EU434046 GQ464812 
Chimonobambusa szechuanensis HQ292313 EU847110 
Chimonobambusa tumidissinoda HQ292314 EU847113 
Chordifex dimorphus AF148723 N/A 
Chordifex fastigiatus AF148752 N/A 
Chordifex hookeri AF148722 N/A 
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Species trnL/F accession number ITS accession number 

Chusquea coronalis AY651842 GQ464814 
Chusquea delicatula HQ292315 HQ292278 
Chusquea gigantea KM251384 KF945232 
Coix lacryma GQ870017 KC181919 
Coleocarya gracilis AF148730 N/A 
Cortaderia selloana EU401176 AF367607 
Costularia laxa DQ456955 DQ450465 
Crosslandia setifolia AY506716 AY506769 
Cymbopogon citratus EF137581 AF019823 
Cymophyllus fraserianus AF164930 AY757431 
Cynodon dactylon EF156685 AF019839 
Cyperus amuricus JX644799 JX644852 
Cyperus cuspidatus AF449569 KF150544 
Dactylis glomerata AY327794 AF393013 
Dactyloctenium aegyptium EF156686 HM347007 
Danthoniopsis dinteri GQ869931 GQ870157 
Dapsilanthus ramosus AF148741 N/A 
Desmocladus castaneus AF148731 N/A 
Dielsia stenostachya AF148732 N/A 
Digitaria ciliaris AF509961 AF019826 
Distichlis humilis EF196907 EF196879 
Dulichium arundinaceum AF285067 DQ998949 
Ecdeiocolea monostachya AF148734 N/A 
Ehrharta calycina EU434096 N/A 
Ehrharta dura AF430324 N/A 
Ehrharta eburnea AF430331 AF430305 
Ehrharta erecta AF430334 F430308 
Ehrharta longiflora AF430335 AF430309 
Ehrharta longiglumis AF430333 AF430307 
Ehrharta melicoides AF430332 AF430306 
Ehrharta ottonis AF430330 AF430304 
Ehrharta ramosa AF430327 AF430303 
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Species trnL/F accession number ITS accession number 

Ehrharta rupestris AF430325 AF430301 
Ehrharta setacea AF430326 AF430302 
Ehrharta thunbergii AF430340 AF430313 
Ehrharta triandra AF430337 AF430311 
Ehrharta villosa AF430339 AF182063 
Elegia cuspidata AF148735 N/A 
Elegia macrocarpa AY881570 N/A 
Elegia recta AY881568 N/A 
Eleocharis congesta JF313194 GQ130343 
Eleocharis cylindrostachys AY506696 AY506751 
Eleusine indica EF156691 AY515211 
Empodisma minus AF148736 N/A 
Enteropogon macrostachyus DQ655863 DQ655805 
Eragrostis cilianensis GU990381 HM347011 
Eriachne aristidea GQ869919 GQ870145 
Eriachne mucronata GQ869921 GQ870147 
Eriophorum angustifolium DQ999003 DQ998950 
Erioscirpus comosus JX644795 JX644876 
Eulalia siamensis GQ870001 GQ870222 
Eurychorda complanata AF148751 N/A 
Evandra aristata KF553508 KF553446 
Ficinia paradoxa DQ058317 KF553447 
Fimbristylis aestivalis JX644785 JX644879 
Fimbristylis composita AY506702 AY506756 
Fimbristylis oxystachya AY506704 AY506762 
Flagellaria indica GQ409011 N/A 
Flagellaria gigantea N/A KM087963 
Flagellaria neocaledonica N/A KM087953 
Georgeantha hexandra AF148733 N/A 
Gynerium sagittatum JQ972956 AF019858 
Harperia lateriflora AF148737 N/A 
Holcus lanatus EF137606 JQ972937 
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Species trnL/F accession number ITS accession number 

Hordeum bogdanii KP087958 FJ793096 
Hypolaena fastigiata KF179147 N/A 
Hypolytrum nemorum N/A AB373103 
Ichnanthus vicinus GQ869940 GQ8700166 
Isachne globosa GQ869916 KF163643 
Isachne pulchella GQ869917 GQ870143 
Joinvillea ascendens JQ972955 N/A 
Joinvillea plicata GQ409012 AF019784 
Juncus alpinoarticulatus AY437960 AY727822 
Juncus articulatus AY437961 AY727819 
Juncus bufonius AY4377965 AY727789 
Juncus bulbosus AY437962 AY973506 
Juncus capensis AY437950 AY973502 
Juncus capillaceus AY437967 AY727796 
Juncus diastrophanthus JX644710 JX644902 
Juncus effusus AY344156 AY727794 
Juncus filiformis AY437977 AY727790 
Kobresia capillifolia EU854184 EU854167 
Kulinia eludens AF148739 N/A 
Lagenocarpus alboniger KF553511 KF553448 
Lepidobolus chaetocephalus AF148740 N/A 
Lepidosperma laterale KF553512 DQ385587 
Leptocarpus canus AF148744 N/A 
Leptocarpus tenax AF148742 N/A 
Lepyrodia glauca AF148746 N/A 
Lipocarpha microcephala JX644797 JX644895 
Lithachne pauciflora EU434090 KC990707 
Loxocarya gigas AF148747 N/A 
Lygeum spartum EU434098 AF019797 
Mapania lorea AY344161 N/A 
Mastersiella spathulata KF423070 N/A 
Melanostachya ustulata AF148749 N/A 
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Species trnL/F accession number ITS accession number 

Melica minuta KJ529403 KJ496330 
Melinis repens GU594561 AY746595 
Mesosetum loliiforme JQ290306 JQ320298 
Microstegium fasciculatum GQ870005 GQ870225 
Nardus stricta EU489360 KJ477049 
Neesenbeckia punctoria DQ058306 KF553453 
Oreobolus acutifolius DQ456956 DQ450466 
Oryza australiensis AF520770 DQ888638 
Oryza barthii DQ143164 JN402204 
Oryza eichingeri AF520766 AF479069 
Oryza glaberrima DQ143160 AY749364 
Oryza glumipatula DQ143171 DQ143129 
Oryza grandiglumis AF520767 AF520780 
Oryza longistaminata DQ143167 DQ143127 
Oryza meridionalis DQ143172 DQ143132 
Oryza nivara DQ143165 DQ143125 
Oryza officinalis DQ143174 DQ143134 
Oryza rufipogon DQ143162 EU219854 
Ottochloa nodosa GQ869941 GQ870167 
Panicum auritum GQ869942 GQ870168 
Panicum capillare JQ041847 AY129700 
Panicum miliaceum JQ972957 JX576570 
Phaenosperma globosum GU254948 FJ766171 
Pharus latifolius EF137587 AF019786 
Phragmites australis AY651843 KP057062 
Phyllostachys edulis EU434050 GQ464833 
Phytelephas aequatorialis AJ241317 FJ719006 
Phytelephas macrocarpa N/A FJ719007 
Phytelephas schottii N/A FJ719012 
Phytelephas seemannii N/A FJ719011 
Phytelephas tenuicaulis N/A FJ719009 
Phytelephas tumacana N/A FJ719005 
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Species trnL/F accession number ITS accession number 

Platycaulos depauperatus KF423105 N/A 
Platychorda rivalis GQ408998 N/A 
Pogonatherum crinitum GQ870007 GQ870227 
Prestoea pubens AM113652 AY012373 
Prionium serratum AY344155 N/A 
Pseudechinolaena polystachya GQ869945 GQ870171 
Pycreus flavidus JX644798 JX644856 
Ravenea glauca AB522463 N/A 
Restio albotuberculatus AY690782 N/A 
Restio karooicus AY881608 N/A 
Restio virgeus KF423014 N/A 
Rhodocoma arida AY690785 N/A 
Sacciolepis indica GQ869946 GQ870172 
Sartidia jucunda DQ172291 DQ172066 
Schoenoplectiella hallii KC678031 KC677976 
Schoenoplectus americanus AF285065 KC677959 
Schoenus bifidus KF553521 KF553456 
Schoenus curvifolius KF553523 KF553457 
Scirpoides holoschoenus AY344176 KC677967 
Scirpus karuizawensis JF313204 GQ130353 
Scleria distans DQ058299 KF553462 
Setaria palmifolia GQ869949 GQ870175 
Setaria verticillata AF499154 FJ766183 
Sorghum nitidum GQ869998 DQ888636 
Sparganium americanum KF165398 KF265365 
Sparganium emersum JF319449 HQ596855 
Spinifex littoreus GQ869957 GQ870180 
Sporadanthus tasmanicus AF148754 N/A 
Sporobolus fimbriatus DQ655903 DQ655849 
Sporobolus niliacus EF156683 EF153034 
Sporobolus rigidus var. rigidus EF137559 EF153028 
Sporobolus schoenoides EF137561 GU359239 
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Species trnL/F accession number ITS accession number 

Staberoha aemula KF423000 N/A 
Stipa subsessiliflora JF697790 JF697747 
Stipagrostis anomala GQ924319 GU045449 
Stipagrostis obtusa GQ924339 GQ924128 
Streptochaeta sodiroana EF137515 AF019785 
Taraxis grossa AF148755 N/A 
Tetraria capillaris KJ545842 DQ385604 
Thamnochortus pellucidus AY690814 N/A 
Thysanolaena latifolia EF137520 AF019854 
Tillandsia dodsonii HQ882758 HQ913726 
Tillandsia juncea AY614341 EU126836 
Tillandsia punctulata AY614331 FJ666950 
Tillandsia schiedeana N/A DQ870647 
Tragus berteronianus DQ655865 DQ655808 
Tremulina tremula AF148753 N/A 
Trianoptiles capensis KF553532 KF553463 
Trichophorum alpinum AY757496 AY757432 
Tripogon spicatus EF156743 AF153094 
Tripogon trifidus GQ869911 GQ870139 
Tristachya leucothrix DQ005008 DQ005088 
Triticum aestivum AB732940 AF521903 
Typha domingensis EU924502 EU924346 
Tyrbastes glaucescens AF148756 N/A 
Uncinia uncinata AF284886 AY242054 
Uniola paniculata EF156745 EF153096 
Urochloa arrecta GU594536 AY346348 
Urochloa brizantha GU594542 AY346349 
Urochloa dictyoneura GU594546 HM347028 
Washingtonia robusta AM113633 N/A 
Willdenowia arescens KF423081 N/A 
Winifredia sola AF148758 N/A 
Xyris sp. GU078717 EU924347 
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Species trnL/F accession number ITS accession number 

Zea mays GQ870012 DQ683016 
Zoysia japonica EF137571 GU359196 
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APPENDIX 10 
Parameters used in chapter 3 to run the preliminary Bayesian analysis based on combined 
data of Poales. 
 
begin mrbayes;  
set autoclose = yes nowarn = yes; 
 charset ITS = 1-398 570-899; 
 charset 5.8s = 399 -569; 
 charset trnFL = 900 -2261; 
 partition bygene = 3 : ITS , 5.8s , trnFL; 
 set partition = bygene; 
 lset applyto = ( 1 ) nst = 6 rates = invgamma; 
 lset applyto = ( 2 ) nst = 6 rates = invgamma; 
 lset applyto = ( 3 ) nst = 6 rates = invgamma; 
 prset applyto=( 2 ) statefreqpr=fixed(equal); 
 mcmcp ngen = 30000000 relburnin = yes burninfrac = 0.25 printfreq = 1000 samplefreq 
= 1000 diagnfreq = 100000 nruns = 2 nchains = 4 savebrlens = yes; 
 mcmc; 
 sump; 
 sumt; 
quit; 
end; 
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APPENDIX 11. 
Geographic adjacency matrix used in chapter 3 for ancestral area reconstruction analysis. 
 
  A B C D E F G H I 
A_deflexus 0 0 0 0 0 0 1 0 0 
A_falcifolius 0 0 0 0 0 0 1 0 0 
A_polyanthus 0 0 0 0 0 0 1 0 0 
A_variabilis 0 0 0 0 0 0 1 0 0 
B_prostratum 0 0 0 0 0 0 1 0 0 
PH_hoffmannseggii 0 0 0 0 1 1 0 0 0 
P_acantophyllus 0 0 0 0 0 0 1 0 0 
P_acuminatus 0 0 0 0 0 0 1 0 0 
P_alpestris 0 0 0 1 0 0 0 0 0 
P_alpinus 0 0 0 1 0 0 0 0 0 
P_amoenus 0 0 0 0 0 0 1 0 0 
P_andicola 0 0 0 1 0 0 0 0 0 
P_argenteus 0 0 0 0 0 0 1 0 0 
P_bifidus 0 0 0 0 1 1 1 0 0 
P_bromelioides 0 0 0 0 0 0 1 0 0 
P_bryoides 0 0 0 0 0 0 1 0 0 
P_camptophyllus 0 0 0 0 0 0 1 0 0 
P_canastrensis 0 0 0 0 0 0 1 0 0 
P_canescens 0 0 0 0 0 0 1 0 0 
P_celsus 0 0 0 1 0 0 0 0 0 
P_chiquitensis 0 0 0 0 1 0 0 0 0 
P_ciliolatus 0 0 0 0 0 0 1 0 0 
P_comans 0 0 0 0 0 0 1 0 0 
P_crassicaulis 0 0 0 1 0 0 0 0 0 
P_crinitus 0 0 0 0 0 0 1 0 0 
P_dendroides 1 0 0 1 0 0 0 0 0 
P_distichophyllus 0 0 0 0 0 0 1 0 0 
P_elongatus 0 0 0 0 0 0 1 0 0 
P_ensifolius 0 0 0 1 0 0 0 0 0 
P_flaccidus 0 0 0 0 0 0 1 0 0 
P_fulgidus 0 0 0 0 1 0 0 0 0 
P_globulifer 0 0 0 0 0 0 1 0 0 
P_hydra 0 0 0 0 0 0 1 0 0 
P_itatiaiensis 0 0 0 0 0 0 1 0 0 
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P_karstenii 0 0 0 1 0 0 0 0 0 
P_lamarckii 0 1 1 0 1 0 0 0 1 
P_latipes 0 0 0 0 0 0 1 0 0 
P_lindenii 0 0 0 1 0 0 0 0 0 
P_lodiculoides 0 0 0 1 0 0 0 0 0 
P_longivaginatus 0 0 0 1 0 0 0 0 0 
P_macropodus 0 0 0 0 0 0 1 0 0 
P_melaleucus 0 0 0 0 0 0 1 0 0 
P_meridensis 0 0 0 1 0 0 0 0 0 
P_microphyllus 0 0 0 0 0 0 1 0 0 
P_moedensis 0 0 0 0 0 0 1 0 0 
P_nigrescens 0 0 0 0 0 0 1 0 0 
P_paramensis 0 0 0 1 0 0 0 0 0 
P_paulinus 0 0 0 0 0 0 1 0 0 
P_petraeus 0 0 0 1 0 0 0 0 0 
P_pilosus 0 1 0 1 0 0 0 0 0 
P_planifolius 0 0 0 0 0 0 1 0 0 
P_polycladus 0 0 0 0 0 0 1 0 0 
P_schomburgkii 0 0 0 0 1 0 0 0 0 
P_scleranthus 0 0 0 0 0 0 1 0 0 
P_spixianus 0 0 0 0 0 0 1 0 0 
P_stegolepoides 0 0 0 0 1 0 0 0 0 
P_superbus 0 0 0 0 0 0 1 0 0 
P_tortilis 0 0 0 1 1 0 0 1 0 
P_trichopetalus 0 0 0 0 0 0 1 0 0 
P_vellozioides 0 0 0 0 0 0 1 0 0 
P_venustus 0 0 0 0 1 0 0 0 0 
P_villosulus 0 0 0 0 0 0 1 0 0 
P_xanthopus 0 0 0 0 0 0 1 0 0 
S_jenmanii 0 0 0 0 1 0 0 0 0 
S_longipes 0 0 0 0 1 0 0 0 0 
S_vernonioides 0 0 0 0 0 0 1 0 0 
T_fluviatilis 0 1 1 0 1 1 1 1 0 
Xyris_Xyridaceae 0 0 0 0 1 0 0 0 0 
Xyris_sp_Xyridaceae 0 0 0 0 1 0 0 0 0 
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APPENDIX 12. 
Complete list of species of Eriocaulaceae and voucher specimens used in chapter 4. 
 
 

Species Collector number 
/ voucher Coordinates 

P. alpestris 1 A. Giraldo 7720 2º 09' 55,32"N, 76º 29' 03,99"W 
P. alpestris 2 A. Díaz 237 7º 20' 44"N, 72º 36' 51"W 
P. alpinus A. Díaz 265 6º 45' 40" N, 75º 43' 23,5" W 
P. andicola O. M. Vargas 411 10º 39' 5.00" S , 75º 43' 23,5" W 
P. celsus D. Jørgensen 2142 03º 59' 3" S , 79º 09' 42" W 
P. crassicaulis A. Díaz 269 6º50'04,5" N 75º29'59,8" W 
P. ensifolius 1 A. Díaz 254 6º50'02,8" N, 75º30'02,4" W 

P. ensifolius 2 A. Díaz 210 Colombia, state of Cundinamarca, 
Chocontá. Coordinates N/A. 

P. longivaginatus A. Giraldo 7699 3º 19' 55,83"N , 76º 41' 42,02"W 
P. meridensis A. Díaz 262 6º 45' 40,1" N, 75º 43' 21,7" W 
P. paramensis A. Díaz 227 5° 57' 24.9" N, 73° 3' 57.6" W. 
P. petraeus JAUM 027256 5º43'41" N, 75º15'15" W 
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APPENDIX 13 
Parameters used in chapter 4 to run the Bayesian analyses of plastid and nuclear data, 
respectively.  
 
begin mrbayes; 
 set autoclose=yes nowarn=yes; 
 outgroup ADP76alpinus; 
 charset Gene1_pos1 = 1-62607\3; 
 charset Gene1_pos2 = 2-62607\3; 
 charset Gene1_pos3 = 3-62607\3; 
 charset Noncoding = 62608-123763; 
 partition bygene = 4 : Gene1_pos1 , Gene1_pos2 , Gene1_pos3 , Noncoding; 
 set partition = bygene; 
 lset applyto = (1) nst = 6; 
 lset applyto = (2) nst = 1 rates = propinv; 
 lset applyto = (3) nst = 6 rates = propinv; 
 lset applyto = (4) nst = 6 rates = invgamma; 
 prset applyto  = (1) statefreqpr = fixed(equal); 
 prset applyto = (3) statefreqpr = fixed(equal); 
 prset applyto = (4) revmatpr = dirichlet(1,1,1,1,1,1) statefreqpr = fixed(equal) shapepr = 
uniform(0.1,50); 
 unlink revmat=(all) statefreq=(all) shape=(all); 
 mcmcp ngen= 10000000 relburnin=yes burninfrac=0.25  printfreq=1000  
samplefreq=1000 diagnfreq=100000 nruns=2 nchains=4 savebrlens=yes filename=nopartition; 
 mcmc; 
 sump; 
 sumt; 
end; 
 
 
begin mrbayes;  
set autoclose=yes nowarn=yes; 
 outgroup adp76_rib; 
 charset ETS = 1-1071; 
 charset 18S_58S = 1072-2879 3173-3328; 
 charset 26S_ITS12_NTS = 2880-3172 3329-3563 3564-3959 3960-7854; 
 partition bygene = 3 : ETS , 18S_58S , 26S_ITS12_NTS; 
 set partition = bygene; 
 lset applyto = (1) nst = 1 rates = gamma; 
 lset applyto = (2) nst = 1; 
 lset applyto = (3) nst = 1 rates = propinv; 
 prset applyto  = (2) statefreqpr = fixed(equal); 
 unlink revmat=(all) statefreq=(all) shape=(all); 
 mcmcp ngen= 10000000 relburnin=yes burninfrac=0.25  printfreq=1000  
samplefreq=1000 diagnfreq=100000 nruns=2 nchains=4 savebrlens=yes filename=nopartition; 
 mcmc; 
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 sump; 
 sumt; 
end; 
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