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Abstract: 16 

Evolutionary processes in ant-plant mutualisms are mediated by intrinsic features of the 17 

association and by change through time in abiotic components of the system (e.g. geography and 18 

climate). Incorporating both biotic and abiotic components and the phylogenies of the taxa 19 

involved is central to understanding their respective roles in mutualism evolution. We used a 20 

comparative phylogeographic approach to assess the effects of the Andean uplift on the 21 

mutualism between Azteca ants and an ant plant, Tococa guianensis, and to ask whether plant 22 

and ant diversification were promoted by geography or by the association. We used a 23 

combination of nuclear and organellar sequence data to resolve relationships between 24 

populations of ants and plants at sites spanning the northern Andes Cordillera in Colombia. To 25 

test for phylogenetic and chronological congruence between taxa and major uplift events, we 26 

used fossil calibrations and estimated the timing of diversification. We found phylogeographic 27 

structure in both Azteca and T. guianensis that coincides spatially and temporally with peaks of 28 

activity during the Andean uplift. However, lineage divergence occurs earlier in Azteca than in T. 29 

guianensis. We suggest that the Andean uplift had a greater impact on lineage diversification 30 

than on the mutualism. 31 

 32 

Keywords: Andes Cordillera, Myrmecophytism, Phylogeography, Time calibration, Vicariance. 33 

 34 

1. Introduction 35 

Comparative phylogeography assesses concordance in the spatial and temporal 36 

distribution of lineages in a set of co-distributed species, and links observed patterns to 37 

underlying biotic and/or abiotic processes (Bermingham and Moritz, 1998; Hickerson, et al. 38 

2010). The aim is to identify general patterns in the response of organisms to ecological, climatic 39 

and geographical changes (Gutiérrez-García and Vázquez-Domínguez, 2011). Similarly, by 40 

comparing organisms that share the same geographical distribution, it is possible to test whether 41 

variation in biological traits (such as life history parameters or species interactions) across taxa 42 

results in contrasting phylogeographic structures. The general approach of comparative 43 

phylogeography has been applied to many questions and processes, including vicariance, 44 

dispersal, speciation and diversification of lineages (Hickerson, et al. 2010; Gutiérrez-García and 45 

Vázquez-Domínguez, 2011). 46 



 

 

 47 

 Increasingly, this approach is being applied to sets of species that are not only co-48 

distributed, but also interact biologically, whether as antagonists (hosts and parasites, predator 49 

and prey; e. g. Bunnefeld, et al. 2018) or mutualists (Mueller, et al. 2017). Mutualisms are 50 

associations in which the costs are lower than the benefits for all the organisms involved 51 

(Bronstein, 1994; Schwartz and Hoeksema, 1998; Herre, et al. 1999; Leigh, 2010) and they play 52 

crucial roles in the genesis and maintenance of biodiversity (Ehrlich and Raven, 1964; 53 

Bascompte and Jordano, 2007; Hembry, et al. 2014). Mutualisms are maintained either vertically 54 

(by co-transmission and dispersal) or horizontally (by re-association of partners in each 55 

generation). Classic examples of mutualisms include the associations between legumes and 56 

nitrogen-fixing bacteria (e.g. Parker, 1995), plants and pollinators (Cruaud, et al. 2012), 57 

herbivorous insects and symbiotic fungi or microorganisms (Jousselin, et al. 2009; Mueller, et al. 58 

2017) and myrmecophytic plants inhabited by ant defenders (Janzen 1966; Davidson and 59 

McKey, 1993; Koptur, et al. 1998; Rico-Gray and Oliveira, 2007). Here, we use a comparative 60 

phylogeographic framework to understand the role of the Andes in the evolution of a facultative 61 

ant-plant mutualism between the plant Tococa guianensis and Azteca ants in Colombia. 62 

 63 

Co-diversification (i.e., congruent topology and timing of lineage divergence events in 64 

two or more interacting taxa; Vienne, et al. 2013; Althoff, et al. 2014) can result from 65 

coevolution, co-vicariance, co-dispersal, or a combination of these (Janzen, 1980; Segraves, 66 

2010; Bunnefeld, et al. 2018). Coevolution refers to the reciprocal selection and phenotypic 67 

evolution experienced by two or more interacting lineages (Ehrlich and Raven, 1964; Thompson, 68 

1994, Clayton and Moore, 1997; Segraves, 2010; Althoff, et al. 2014), and can result in co-69 

diversification when reciprocal selection results in the appearance of novel traits that trigger 70 

evolutionary radiations in both lineages (Endara, et al. 2017). Vertically transmitted and species-71 

specific mutualisms (such as obligate associations between aphids and Buchnera bacterial 72 

symbionts (Jousselin, et al. 2009; Jousselin, 2009) are good candidates for strict co-73 

diversification (Segraves, 2010 and Figure 1B). Interacting taxa can show similar topologies of 74 

lineage divergence, but with one trophically dependent lineage radiating after the other (Endara, 75 

et al. 2017; Bell, et al. 2018; Endara, et al. 2018). This pattern, commonly termed host tracking 76 

(Figure 1C), has been observed in a range of antagonistic and mutualistic interactions, and can be 77 



 

 

driven by similar processes to those associated with strict co-diversification (Vienne, et al. 2013; 78 

Endara, et al. 2017). However, partners involved in horizontally transmitted associations, even 79 

when obligate, can have very different underlying population histories (Figure 1D-E) that reflect 80 

potentially contrasting impacts of structuring processes on lineages with different generation 81 

times, dispersal rates and/or reproductive strategies (Satler and Carstens, 2017). This can result 82 

in contrasting patterns of geographic population structure that eventually lead to phylogenetic 83 

incongruence between partners. Such is the case of the ant-Vachellia (acacia) mutualism, in 84 

which population differentiation can be explained by both abiotic and biotic factors (Boyle, et al. 85 

2019). 86 

 87 

Signatures of co-diversification can also result from common responses to underlying 88 

environmental and/or climatic factors and processes (Herre, et al. 1999; Segraves, 2010; 89 

Hembry, et al. 2014). In these cases, ecological fitting (the local sorting of species pools into 90 

communities based on trait values that have not been shaped by coevolution; Janzen, 1985; 91 

Agosta and Klemens, 2008) is a stronger driver of diversification than the mutualism itself. For 92 

example, Althoff et al., (2012) compared the phylogenies of Yucca (Asparagaceae), its 93 

pollinating moths (Tegeticula, Prodoxidae) and a non-pollinator commensal moth sister genus 94 

(Prodoxus, Prodoxidae). They found a signature of codiversification despite lack of evidence for 95 

strong coevolutionary interactions between these lineages, and argued that biogeographic factors, 96 

not species interactions, were the main drivers of co-diversification. 97 

 98 

Ant-plant mutualisms involve ant protection of plants from biotic (herbivores, 99 

overgrowth) and abiotic (fire) threats, in return for trophic rewards and/or living space (domatia) 100 

(Janzen, 1966; Davidson and McKey, 1993; Koptur, et al. 1998; Rico-Gray and Oliveira, 2007; 101 

Rosumek, et al. 2009). That ant-plant associations are beneficial is supported by their abundance 102 

in the tropical lowlands, particularly in the Neotropics (Chomicki and Renner, 2015). Ant-plant 103 

mutualisms vary in the specificity of associations between partners from relatively obligate to 104 

facultative and opportunistic, and vary in the fitness consequences for the ant and plant partners 105 

(Willmer and Stone, 1997; Rico-Gray and Oliveira, 2007; Stanton and Palmer, 2011; Del-Claro, 106 

et al. 2016). Ant-plant interactions represent pairs of associated organisms with which to test 107 



 

 

hypotheses of co-diversification and compare the roles of biotic and abiotic factors on the 108 

assembly and structuring of mutualisms. 109 

 110 

Diversification of Neotropical insect, plant and bird lineages is often attributed to the 111 

uplift of the Andean Cordillera (Richardson, et al. 2001; Pirie, et al. 2006; Antonelli, et al. 2009; 112 

Winterton, et al. 2014; Richardson, et al. 2015; Ceccarelli, et al. 2016; Salgado-Roa, et al. 2018), 113 

but the effect of such events in the evolution of mutualisms remains largely unexplored. The 114 

Andes chain extends from Chile to Colombia, and at its northern limit it splits into three 115 

mountain ranges (the Western, Central and Eastern cordilleras, Figure 1A). Uplift of these 116 

northern Andean ranges occurred over several phases of activity (Zambrano, et al. 1971; Van der 117 

Hammen, et al. 1973; Gonzáles 1980). Caused by the subduction of the Nazca plate beneath the 118 

South American plate, the uplift of the Western and Central cordilleras started slowly in the 119 

Paleocene approximately 63 Mya (Million years ago). The process accelerated through the 120 

Oligocene-Miocene (23 Mya), with subsequent periods of intensified activity during the late-121 

middle Miocene (12 Mya). Depending on the proxy used to calculate paleoelevation, the Eastern 122 

Cordillera could have reached most of its current height either between 6-3 Mya (pollen deposits; 123 

Van der Hammen, et al. 1973; Gregory-Wodzicki, 2000), or from 3 Mya towards the present 124 

(structural evidence; Mora, et al. 2008). According to MBT/CBT (methylation of branched 125 

tetraethers/cyclisation of branched tetraethers) data, the Eastern Cordillera reached 1,600-2,000 126 

m by 7.6 Mya (Anderson, 2015). All of these estimates remain issues of debate (Rodríguez-127 

Muñoz, et al. 2020) and it is only certain that the uplift process was heterogeneous in time and 128 

space. 129 

 130 

Here, we use a comparative phylogeographic framework to understand the role of 131 

geographic barriers in the evolution of the Tococa-Azteca association. The plant genus Tococa 132 

Aubl. (Melastomataceae; Miconieae) comprises 45 recognized species (Michelangeli, et al. 133 

2004; Michelangeli, 2005). Tococa guianensis is distributed from Bolivia to southern Mexico, 134 

and it is found on both sides of the Andes, rarely above 1,200 m (Michelangeli, 2005). It 135 

normally grows in humid areas and produces berries that are most likely dispersed by birds and 136 

mammals, as in other Miconieae (Michelangeli, 2005; Santos, et al. 2017). Tococa guianensis is 137 

commonly inhabited by Azteca and Pheidole ants (Alvarez, et al. 2001; Bizerril and Vieira 2002; 138 



 

 

Michelangeli, 2003), and more rarely by Crematogaster and Myrmelachista (Cabrera and Jaffé, 139 

1994; Michelangeli, 2005; Michelangeli, 2010). Generally, colonies are established in a new host 140 

by a winged queen after it is fertilized during a nuptial flight. The plant provides domatia for ants 141 

in the form of sacs in the leaf petiole and leaf and (rarely) hollow stems (Michelangeli, 2010). 142 

The domatia are not induced by the ants, but produced constitutively by the plant (Bitallion 143 

1982; Alvarez, et al. 2001). Tococa produces glandular trichomes that produce lipid- and sugar-144 

rich trophic rewards for an occupying ant colony (Alvarez, et al. 2001), and the plant uses ant 145 

waste products as a source of nutrients, particularly nitrogen (Solano and Dejean, 2004). 146 

 147 

Azteca Forel (Formicidae) comprises 84 described species and 28 subspecies (AntWeb - 148 

https://www.antweb.org/, last consulted on April 26th, 2017), which exhibit a variety of nesting 149 

habits that range from carton nests and the use of dead plant material to the use of live stems or 150 

other plant organs (Emery, 1913; Forel and Ogden, 1928; Longino, 1986; Longino, 1991). 151 

Distributed throughout South and Central America, Azteca colonies are found at altitudes up to 152 

approximately 1,400-1,500 m (Longino, 1989; Vizek, et al. 2012). Azteca ants are known to 153 

protect Tococa plants from herbivory (Michelangeli, 2003), and scale insects and possibly 154 

nitrogen-fixing bacteria are also involved in the mutualism. Taxonomic effort in Azteca has 155 

focused on clades associated with relatively well-studied Neotropical ant-plant associations 156 

involving Cecropia (Urticaceae) and Cordia (Boraginaceae), with a geographic focus on Central 157 

America, Panama and Brazil (Longino, 2007; Guerrero, et al. 2010), while Azteca associated 158 

with other plants are less well-known. Ant-plant mutualisms are horizontally transmitted, and 159 

depending on their degree of species-specificity, co-diversification may or may not be expected 160 

for the mutualism. For instance, the horizontally transmitted mutualism between figs and fig 161 

wasps can result in co-diversification (Cruaud, et al. 2012). Azteca ants do not show highly 162 

specific associations in Cecropia (Gutiérrez-Valencia, et al. 2017), suggesting that 163 

codiversification is not necessarily expected in that system, but the species-specificity of 164 

associations between Azteca and T. guianensis has yet to be determined. 165 

 166 

We address two specific questions: 1) Are the Azteca and Tococa phylogenies 167 

topologically and/or temporally congruent? We highlight four possible outcomes in Figure 1, 168 

consistent with either strict co-diversification (B), host tracking (C), topological congruence (D), 169 



 

 

or ecological fitting (E); 2) Is the timing of diversification events congruent with major uplift 170 

activity in the Andes Cordillera? We sample populations across the Northern Andes, identify 171 

molecular taxonomic units of inhabiting ants, and reconstruct dated phylogenies for ant and plant 172 

lineages. We then compare the timings of lineage divergence with previously dated periods of 173 

Andean uplift. We expect phylogenetic splits to occur when the mountains, in particular the 174 

Eastern Cordillera, reached the current altitude limits of both partners (set in our analyses at 175 

2000m), which would have happened before 7.6 Mya at the latest (Anderson, 2015). 176 

 177 

2. Methods 178 

2.1. Sample collections 179 

Samples of T. guianensis and its inhabiting ants were collected in the sites shown in 180 

Figure 1A. Locations were selected on the basis of herbarium records but areas where the 181 

presence of the species was suspected were also explored. Plant material was collected from one 182 

or two leaves per plant and stored in silica gel. Herbarium specimens from fertile plants were 183 

deposited in the Herbario Forestal UDBC -Universidad Distrital Francisco Jose de Caldas, 184 

Bogota-Colombia (Collection data in Table S1). Plant collections were made under the Macro 185 

Permit No. 0738 July 8th 2014, granted by the National Authority for Environment Licenses, 186 

Colombia to the Universidad Distrital. Our sampling for both ants and plants targeted sites to the 187 

east (Meta, Casanare, Putumayo and Amazonas) and west (Choco, Valle del Cauca, Antioquia 188 

and Santander) of the Eastern Cordillera (Figure 1A).  189 

 190 

Ant collections were made under the Macro Permit No. 0530 May 27th 2014 granted to 191 

the Colegio Mayor Nuestra Señora del Rosario. We collected worker ants from a minimum of 192 

five domatia per plant and placed them in 98% ethanol. When available, alates (winged adults) 193 

and larval stages were also collected. Previous field observations suggest that each T. guianensis 194 

plant is inhabited by a single colony once the plant has reached maturity and after exclusion of 195 

other competing ant colonies at the seedling stage (Longino, 1989; Longino, 1991). Here, a 196 

single Azteca colony is assumed on each host unless morphologically different ants were 197 

collected. After collection, contents of the tubes were identified morphologically to genus level 198 

using taxonomic keys to Formicidae (MacKay and Vinson 1989; Hölldobler and Wilson, 1990; 199 

Bolton, 1994). Morphological identifications to genus were confirmed using sequence data 200 



 

 

(detailed below) with a blast search against all nucleotide sequences available in NCBI using 201 

BLAST v.2.6.0 and a minimum e-value of 1e-25. Available taxonomic resources do not 202 

currently allow separation of all Azteca to species using morphological characters; we therefore 203 

used sequence data for two loci (mitochondrial COI and nuclear ITS2, detailed below) to 204 

separate our Azteca samples into Molecular Operational Taxonomic Units (MOTUs) (see 205 

supplementary material for detailed methods).  206 

 207 

2.2. DNA extraction and sequencing 208 

(a) Ants: Ant DNA was extracted from one worker per tube in 50 μl of extraction buffer 209 

containing 5% Chelex 100 resin (Bio-Rad, Hercules, CA). We amplified and sequenced 210 

fragments of two loci for allocation of ant samples to taxa and phylogeny reconstruction: the 211 

nuclear ribosomal internal transcribed spacer region 2 (ITS2: 964 base pairs) and the 212 

mitochondrial Cytochrome Oxidase 1 (COI: 659 base pairs) using the primers listed in Table S2 213 

(supplementary material). ITS2 is a common nuclear marker used for ant phylogenetics (Hung, 214 

et al. 2004; Wild, 2009; Smith, et al. 2014) and population genetics (Pringle, et al. 2012; Okita 215 

and Tsuchida, 2016), and several Azteca accessions are available in NCBI. The sections at the 5' 216 

end and the partial 5.8S sequence are relatively conserved and less variable within populations, 217 

making it useful for species-level phylogenetics, while the 3' end tends to accumulate repetitive 218 

motifs, indels and inversions, and are used to explore population-level variation (Pringle, et al. 219 

2012). Similarly, COI is used as a barcode marker for animal species-level studies, and is often 220 

also informative at the population level within species (Hebert, et al. 2003; Hebert, et al. 2004; 221 

Ward and Holmes, 2007; Linares, et al. 2009; Nwani, et al. 2011). Full details on PCR protocols, 222 

sequencing editing and alignment for all ant and plant amplicons are provided in the 223 

supplementary material. Genbank accession numbers for these sequences are provided in Table 224 

S3. 225 

 226 

(b) Plants: Plant DNA was extracted using the Qiagen Plant DNeasy kit and following 227 

the modifications detailed in the supplementary material in order to deal with the high 228 

concentration of secondary compounds in leaves of Melastomataceae (Renner, et al. 2001). We 229 

amplified the chloroplast yeast cadmium factor 1 (ycf1b: 788 base pairs) and the nuclear 230 



 

 

ribosomal internal transcribed spacer (ITS: 790) marker to obtain a calibrated phylogeny and 231 

assess the position of our plant samples within it. Primers are detailed in Table S2.  232 

 233 

2.3. Phylogenetic analyses and fossil calibrations 234 

(a) Ants: We selected the best nucleotide substitution model for ITS2 and COI based on 235 

the Akaike Information Criterion (AIC) as implemented in jModelTest2 (Darriba, et al. 2012). 236 

We reconstructed the ITS2 and COI phylogenies using BEAST v1.8.4 (Drummond, et al. 2012), 237 

with a birth-death model (Gernhard, 2008). For both genes, we ran two independent MCMC 238 

chains of 500 million generations and parameters were logged every 50000. Additional runs with 239 

no data were carried out to confirm that priors were not biasing the posterior probabilities 240 

(Sanders and Lee, 2007). Log files and effective sample size for all parameters were evaluated 241 

using TRACER v.1.8.4 (Drummond, et al. 2012). LOGCOMBINER v.1.8.4 and 242 

TREEANNOTATOR v.1.8.4 (Drummond, et al. 2012) were used to combine log files and to 243 

generate maximum clade credibility trees, applying a burn-in of 10% of the runs. All tree 244 

visualizations were done using Baltic (code available at https://github.com/evogytis/baltic). 245 

 246 

Phylogenies where calibrated by constraining the age to the most recent common 247 

ancestor (tMRCA) of all Azteca based on the age of a Dominican amber fossil dated 20-15 248 

million years (My) old, providing a minimum age estimate for the genus (Wilson, 1985). A 249 

lognormal distributed prior was used with a mean (in real space) of 20 Mya, offset of 15 Mya, 250 

and a standard deviation of 1 so the 95% interval ranges from 15-75 Mya to include previous 251 

estimations in (Moreau, et al. 2006) and (Ward, et al. 2010). To estimate the most complete 252 

Azteca ITS2 and COI phylogenies possible, we included all other sequences available on NCBI 253 

and used two species as outgroups (Linepithema and Iridomyrmex for ITS2 and Dorymyrmex and 254 

Forelius for COI. Accession numbers for outgroups and other additional sequences are given in 255 

Table S4). Additionally, we included unpublished ITS2 sequences for 38 Azteca from Colombia 256 

associated with Cecropia plants (Azteca-C). 257 

 258 

(b) Plants: Taxonomic identification of Tococa species is complex, made harder by non-259 

monophyly of some Miconieae genera. To reconstruct the T. guianensis phylogeny and evaluate 260 

the position of our samples we therefore placed our sequences in a broader phylogenetic context 261 

https://github.com/evogytis/baltic


 

 

by including sequences from other Tococa and Miconieae species available on NCBI (accession 262 

numbers are listed in Table S5). Four Tibouchina sequences were used as outgroups. Outgroups 263 

from more closely related Henriettella species to Miconieae resulted in chains that failed to 264 

converge. Nucleotide substitution models for each locus were selected using jModelTest2 as 265 

described above. The ITS phylogeny was reconstructed and calibrated using BEAST v1.8.4 266 

(Drummond, et al. 2012), with a birth-death model (Gernhard, 2008) and the same chain and 267 

sampling parameters as for the ants. We set an indirect calibration in the tMRCA of all 268 

Miconieae based on the age estimates obtained by (Berger, et al. 2016), in which they use 14 269 

fossil and indirect priors to calibrate the phylogeny of all Melastomataceae. On the basis of this 270 

study we constrained the age of the Miconieae crown node using a normally distributed prior 271 

with a mean of 19 Mya and a standard deviation of 5 Mya. An uncorrelated relaxed clock model 272 

was set to a prior exponential distribution with mean of 0.001 and standard deviation of 0.33. 273 

 274 

2.4. Ancestral area state reconstruction 275 

Our results suggest that unlike the Central and Western Cordilleras, the Eastern Cordillera is 276 

a significant geographic barrier to dispersal. We therefore reconstructed ancestral areas in Azteca 277 

and T. guianensis relative to the Eastern Cordillera. For this, we resampled a subset of 2000 trees 278 

from the final ITS (Tococa) and ITS2 (Azteca) tree distributions. We excluded NCBI accessions 279 

from the analyses either because their distribution falls far from the Andean Cordillera (e.g. 280 

Central America) or they are distributed across the Neotropics and we could not determine their 281 

geographic origin. We assigned sample area information to each sample by population. Based on 282 

the times of Andean uplift and assuming that Azteca and T. guianensis cannot survive above 283 

2,000 m, we allowed for a maximum of eight areas and set three matrices of dispersal constraints 284 

as follows: 285 

a. From 0 to 3 Mya the probability of migrating from and to areas on the same side of 286 

the Andes is 1.0 while the probability of migrating to and from areas on opposite 287 

sides is 0.1. This assumes very restricted dispersal across the Andes, given their 288 

height by this time. 289 

b. From 3 to 14 Mya, the probability of migrating from and to areas on the same side of 290 

the Andes is 1.0 while the probability of migrating to and from areas on opposite 291 



 

 

sides is 0.5. This assumes that, at this time, the heights of the cordillera might reduce 292 

but not entirely limit dispersal. 293 

c. From 14 Mya, migration to and from any area has a probability of 1.0. No range 294 

constraints were set as there is not enough evidence supporting the absence of ant 295 

lineages from an area, but discontinuous ancestral ranges (i.e. including distant areas 296 

but excluding areas in between) were excluded. 297 

 298 

3. Results 299 

3.1. Collections and ant identification: 300 

Most T. guianensis sampled were inhabited by Azteca, with the exception of a population 301 

in Choco, where Pheidole was predominant (Figure S1). We observed young plants already 302 

bearing domatia in their second or third pair of leaves, with ants inhabiting them even when the 303 

plant had not branched and bore only a few leaves. Plants were usually found in small patches of 304 

five to ten individuals with heights between 1-2 m. Non-fertile specimens of cf. T. guianensis 305 

varied morphologically among and within collecting sites, making identification challenging. All 306 

plant specimens collected and their inhabiting ant species, location and voucher codes are listed 307 

in Tables S1, and S6-7.  308 

 309 

Blast searches for our Azteca CO1 and ITS2 sequences resulted in very few close 310 

matches with previously sampled Azteca species available on NCBI, with most sequences being 311 

less than 90% identical to NCBI accessions (Figure S2). MOTUs for COI and ITS2 are 312 

congruent and split our Azteca samples into two main groups, one on each side of the Eastern 313 

Cordillera (Figure S3). Results from our blast searches, MOTU delimitation and phylogenetic 314 

analyses indicate that our samples belong to poorly known Azteca species for which voucher 315 

sequences are not yet available. Further taxonomic work on our samples is required to determine 316 

whether our MOTUs correspond to known (but as yet unsequenced) species or wholly 317 

undescribed species. 318 

 319 

3.2. Ant phylogenetic analyses and fossil calibrations of clade age 320 

We sequenced 256 ITS2 sequences for phylogenetic reconstruction and fossil calibrations 321 

and 270 COI ant samples to complement assignment of samples to MOTUs. Based on 322 



 

 

jModelTest2 results, we selected a GTR+I+G substitution model for both regions. Calibrations 323 

of both ITS2 and COI phylogenies resulted in similar topologies and time estimations, and we 324 

focus our discussion on ITS2 (see the supplementary material and Figure S4 for COI results). 325 

 326 

 The ITS2 phylogeny shows a polytomy in Azteca comprising the following three 327 

groups (in descending order): a) some of the Azteca sampled from Tococa guianensis from 328 

Santander, north and west of the Eastern Cordillera (Figure 2 clade a); b) A clade including 329 

previously sampled A. pittieri, A. beltii, A. forelii, A. nigricans, and A. ovaticeps specimens, 330 

primarily associated with Cordia and Cecropia (Figure 2 clade b); and c) A clade including 331 

Azteca almost exclusively sampled from T. guianensis (Figure 2 clade c). Clade c further splits 332 

into eastern and western lineages referred to as Eastern and Western Azteca from now on. The 333 

Eastern Azteca clade includes most of our samples from sites to the east of the Eastern Cordillera 334 

- Meta, Casanare and Putumayo. Western Azteca includes most of our samples from sites to the 335 

West of the Eastern Cordillera - Choco, Valle del Cauca, Antioquia and Santander - apart from 336 

those in clade a (see Figure S5 for the complete phylogeny). 337 

 338 

The Eastern and Western Azteca lineages in clade c are congruent with delimitation of the 339 

same two major lineages in our MOTU analysis (see MOTU section in Supplementary material). 340 

The Eastern Azteca grouping comprises two clades (Eastern Azteca I and II in Figure 2), which 341 

have as outgroups four further outgroup sequences and one Cecropia-associated sample from 342 

Antioquia (Azteca-C). Eastern Azteca I and II include samples from Putumayo, Meta and 343 

Casanare (groups 3, 6 and 7 in Figure S3). Western Azteca includes two clades (Western Azteca 344 

I and II in Figure 2), and has a sister group a clade of Tococa-sampled Azteca samples showing 345 

an east-west split between Meta (to the east of the Eastern Cordillera) and Santander (to the 346 

west) (Figure 2 clade d). The outgroup to these lineages are Cecropia-associated Azteca samples 347 

from Choco (Azteca-C). Western Azteca I and II include samples from Antioquia and Valle del 348 

Cauca (groups 1 and 5 Figure S3). 349 

 350 

The ITS2 calibration places the split between the outgroup clade 351 

Linepithema+Iridomyrmex and Azteca between the Paleocene and Upper Cretaceous at 64 Mya 352 

(95% Highest Probability Density – HPD=37.82-110.18). We estimated the crown age of Azteca 353 



 

 

to be 24.40 Mya (95% HPD=15.61-39.74), similar to estimates in Ward et al. (2010) (14 Mya, 354 

95% HPD=7-29 Mya). For clade b (Figure 2), the crown ages of A. beltii and A. pittieri were 355 

estimated at around 2.35 and 5.53 Mya respectively. The tMRCA of clade c and the divergence 356 

between Eastern and Western Azteca is placed in the Miocene (20 Mya, 95% HPD=12.34-357 

32.77). We estimated the crown age for Eastern Azteca to be 17 Mya and the crown age for 358 

Western Azteca to be 10.25 Mya. A similar geographically congruent east-west split at 8 Mya is 359 

observed within clade d, the sister group to Western Azteca (Figure 2). 360 

 361 

3.3. Plant phylogenetic analyses and fossil calibrations 362 

We sequenced 151 samples for ITS and 195 for ycf1b, but only ITS reference sequences 363 

were available to complete the phylogenetic sampling, and ycf1b provided poor resolution 364 

(Figure S6). Our results and discussion therefore focus on ITS; information on analyses of ycf1b 365 

data is provided in the supplementary material. To estimate the phylogenies, we selected a 366 

GTR+I+G substitution model for all regions based on jModelTest2 results. 367 

 368 

The ITS phylogeny reveals a polytomy of 13 clades and several polyphyletic groups 369 

within Miconieae (Figure 3; see Figure S7 for the complete tree). Reference sequences for other 370 

taxa are arranged in multiple subclades sister to the clade including most T. guianensis. Clade a 371 

in Figure 3 includes most T. guianensis sequences but also includes samples identified as T. 372 

guianensis (T. cf. guianensis), T. discolor (synonym of T. guianensis), other Tococa species, and 373 

Miconia albicans. Due to the taxonomic complexity of this group, we will refer to it as the T. 374 

guianensis clade even though it includes other genera. Clade b (within clade a) includes only T. 375 

guianensis samples and it divides into a group of Tococa species with a predominantly eastern-376 

Amazonian distribution (clade East out in Figure 3) and two sister lineages, one with most 377 

samples from the east (East + Others) and another with most samples from the west (West + 378 

Others).  379 

 380 

Our calibration suggests that Tibouchina and Miconieae diverged around 21.8 Mya (95% 381 

HPD=17.3-27.9), with a crown age for all Miconieae of 18.86 Mya (95% HPD=17.0-20.9, 382 

Figure 3). The tMRCA for clade a is 9.93 Mya (95% HPD=6.15-13.77). Within it, the tMRCA 383 

for clade b and divergence between Eastern and Western T. guianensis lineages is dated to 5.87 384 



 

 

Mya (95% HPD=3.82-7.95), much later (i.e. more recent) than the split between Eastern and 385 

Western Azteca lineages. Though the Western and Eastern T. guianensis lineages are 386 

geographically structured, both include sequences from individuals collected on the other side of 387 

the Eastern Cordillera. Note that in the calibrated phylogeny, most branches within the West + 388 

Others clade have posterior probabilities below 0.5 and are collapsed (Figures 3 and S7). 389 

 390 

3.4. Ancestral area state reconstruction 391 

The reconstruction of ancestral areas for Azteca and T. guianensis implies that the two 392 

lineages in this mutualism followed different dispersal routes. For the ants (Figure 4), ancestral 393 

area probabilities are low for the most recent common ancestor (MRCA) of all T. guianensis-394 

associated Azteca, but the most likely ancestral area is in the Northern Andes (Santander=0.15 395 

posterior probability). Less likely ancestral areas for the MRCA are mostly west of the Eastern 396 

Cordillera (Antioquia=0.13), and in one case to the east (Casanare=0.13). The ancestral areas 397 

inferred for the MRCA of the Eastern and Western Azteca lineages are to the east of the Eastern 398 

Cordillera (Meta and Casanare) with a combined posterior probability of 0.90, as is the MRCA 399 

of Eastern Azteca. In contrast, the inferred origin of the MRCA of the Western Azteca clade is 400 

identified as western (Antioquia) with very high posterior probability (1.0, Figure 4). 401 

 402 

For the plants, the MRCA of Eastern and Western T. guianensis is inferred to have 403 

originated mostly east of the Eastern Cordillera (Amazonas, Meta and Putumayo) though with 404 

the addition of a western region (Valle del Cauca), all with a posterior probability of 0.57 (Figure 405 

5 clade b). The ancestral areas inferred for the East + Others and West + Others clades are east of 406 

the Cordillera (Amazonas, Meta and Putumayo=0.82), and only the MRCA of the western 407 

samples within West + Others is inferred to have an origin clearly west of the Cordillera (Valle 408 

del Cauca and Choco=1.0). 409 

 410 

4. Discussion 411 

Our data suggest that T. guianensis and its associated Azteca ant mutualists have 412 

incongruent phylogenies, arguing for mutualism assembly by ecological fitting rather than 413 

alternative hypotheses (Figure 1). Moreover, diversification events in both mutualism partners 414 

are congruent with Andean uplift events. Both ants and plants show east-west phylogeographic 415 



 

 

divides across the Eastern Andean Cordillera; however, for the markers used in this study, the 416 

ants show stronger spatial genetic structure and older lineage ages than the plants. Moreover, 417 

ancestral area reconstructions indicate that current ant-plant distributions have been occupied 418 

from geographically divergent origins. Such lack of temporal and topological congruence 419 

between ant and plant partners argues against mutualism assembly by either strict 420 

codiversification or host tracking, but is compatible with ecological fitting (Figure 1). We infer 421 

that current east-west geographic structures in these species are the consequences of 422 

asynchronous co-vicariance triggered directly or indirectly by peaks of increased uplift activity. 423 

Our data also suggest that the Andes have had different impacts on gene flow in the mutualism 424 

partners. Here, we discuss 1) how the Andean uplift and its environmental consequences are 425 

stronger drivers of lineage diversification than the mutualistic association; 2) the role of the 426 

Andes as a barrier to gene flow; and 3) whether contrasting life histories influenced the impact of 427 

geological and environmental changes on Azteca and Tococa diversification. 428 

 429 

4.1. Ant and plant lineage diversification 430 

Our data show that ants and plants exhibit comparable phylogeographic structure but with 431 

contrasting divergence times: Azteca lineages are older and diverged at least five million years 432 

earlier than their T. guianensis counterparts. The lack of reciprocal monophyly in T. guianensis 433 

lineages also contrasts with the strongly structured Azteca lineages. This overall pattern could 434 

emerge through different mechanisms. One is co-diversification via coevolution (reciprocal 435 

selection and evolution). Coevolutionary co-diversification is most likely for strict mutualisms 436 

with high species specificity - which is not the case for T. guianensis, which we found to be 437 

inhabited by ant genera other than Azteca (Figure S1). However, our failure to find support for 438 

strict codivergence could be driven by the effects of demographic differences between the 439 

partners on gene tree structure. For example, large differences in effective population size (Ne) 440 

could result in incongruent gene tree topologies, and also in older diverge time estimates for the 441 

partner with a larger Ne. If we assume that Tococa has a larger Ne than Azteca as a result of 442 

dispersal over greater distances, we would expect older gene tree divergence dates in the plant. 443 

However, our results showed the opposite pattern, with east-west divergence in associated Azteca 444 

predating divergence in T. guianensis. Taken at face value, our data thus do not support strict 445 

codivergence. More detailed multilocus demographic analyses for both species are required to 446 



 

 

incorporate demographic effects into divergence history, and are in progress using genomic data 447 

(Torres et al., in prep.). 448 

A second mechanism is host tracking, whereby ant lineages track their host plants 449 

through time and space with a lag in divergence times in the ants relative to their Tococa hosts. 450 

However, we can reject this mechanism based on the older divergence time estimates for the 451 

ants. Confidence in our inferred timings comes from the overlap between our estimates of the 452 

crown age for Azteca with previous estimates at between 23 and 10 Mya (Ward, et al. 2010), 453 

(Pringle, et al. 2012). Our inferred age for the split between Tococa and sister Miconia is also 454 

congruent with previous estimates (Berger, et al. 2016). Thus, Azteca lineages are not tracking T. 455 

guianensis as a host but most likely switching from other hosts onto T. guianensis once their 456 

populations meet. Opposite ancestral areas reconstructions (Figures 4 and 5) and the placement 457 

of Cecropia- and Cordia-associated ants as outgroups to T. guianensis-associated Azteca (Figure 458 

2 and (Pringle, et al. 2012) further argue against host tracking. In most ant plant mutualisms, 459 

parties can switch to other partners after the colonization of new areas or in response to 460 

environmental changes (Sanchez, 2015; Gutiérrez-Valencia, et al. 2017). 461 

 462 

The third causal mechanism for observed phylogeographic patterns is the independent 463 

diversification of ants and plants in response to the Andean uplift, with formation of facultative 464 

associations when their populations overlap (ecological sorting, Figure 1E). This mechanism is 465 

the most plausible explanation for similar observed east-west divergence in both partners but 466 

with conflicting divergence times and topologies. If lineages have diversified independently in 467 

response to the Andean uplift, we expect divergence times to vary according to the impact of the 468 

uplift on gene flow in each lineage (discussed in more detail below). Divergence times in ant and 469 

plant partners coincide with peaks of increased uplift activity during the Early Miocene (~23 470 

Mya) and Pliocene (5.3-2.5 Mya) respectively (Hoorn, et al. 2010). Thus, we conclude that the 471 

Andean uplift has had a stronger effect on the diversification of both lineages than the mutualism 472 

itself. 473 

 474 

4.2. The Andes as a barrier to gene flow 475 

Shared patterns of east-west vicariance suggest that the Eastern Cordillera (in the 476 

northern Andes) plays a role as a barrier to gene flow; however, it is a rather porous barrier that 477 



 

 

limits but does not stop it. T. guianensis populations in either side of the cordillera are not 478 

reciprocally monophyletic and lineages include individuals from across the Cordillera (Figure 3). 479 

The same is true for Azteca (Figure 2), but to a lesser extent. Such a lack of reciprocal 480 

monophyly can result from gene flow or incomplete lineage sorting of ancestral polymorphism. 481 

Mixing of eastern and western lineages of T. guianensis in particular is associated with areas 482 

where the Eastern Cordillera is currently relatively low (~1,200 m, see black arrows in Figure 1), 483 

suggesting a role for dispersal and gene flow in addition to any impact of lineage sorting. The 484 

same locations are associated with ongoing trans-cordilleran gene flow in Gasteracantha spiders 485 

(Salgado-Roa, et al. 2018) and several plant lineages, including Neotropical orchids (Pérez-486 

Escobar, et al. 2017), Ficus insipida populations (Honorio Coronado, et al. 2014), Theobroma 487 

and Herrania (Richardson, et al. 2015). 488 

 489 

The Andean uplift is a complex and far from homogeneous process, and the dates by 490 

which the Eastern Cordillera reached particular heights are still debated (Rodríguez-Muñoz, et al. 491 

2020). East-west divergence time estimates for tetrapod lineages distributed across the Eastern 492 

Cordillera vary widely, and have been used to argue for the existence of lowland corridors and 493 

habitat expansion during interglacial periods that facilitated gene flow during the uplift 494 

(Rodríguez-Muñoz, et al. 2020). Our results are consistent with the existence of such corridors 495 

and support their hypothesis that the uplift process in the northern Andes was not homogeneous 496 

in time and space. 497 

 498 

4.3. Contrasting life histories and diversification. 499 

In addition to lower mountain heights, dispersability across the Andes also depends on 500 

ecological and environmental adaptability (Honorio Coronado, et al. 2014) and life history traits 501 

(Rodríguez-Muñoz, et al. 2020). Based on biomarker proxies for past surface temperature and 502 

isotopic composition analyses, the Eastern Cordillera reached 1,600 m in height as early as 7.6 503 

Mya (Anderson, 2015). Thus, in taxa unable to traverse this altitude, we expect divergences to be 504 

around or older than that. We estimated Azteca ant lineage divergence (20 Mya) to substantially 505 

predate this time, implying strong dispersal limitations for this species even at earlier stages in 506 

the Andean uplift. Azteca queens have the potential to disperse distances around 80-125 m (Yu, 507 

et al. 2004) or up to 500 m (Bruna, et al. 2011). In contrast, we estimate T. guianensis lineages to 508 



 

 

have diverged as recently as 5.8 Mya. While there are no direct estimates of dispersal distance 509 

for pollen or seeds in T. guianensis, we hypothesise that seed dispersal (mostly by birds; 510 

Michelangeli, 2005) has given this plant greater potential to traverse geographic barriers than 511 

associated Azteca. 512 

 513 

 The ancestral area reconstructions also show contrasting histories. Our results 514 

suggest that Azteca and T. guianensis followed routes of expansion from different areas in the 515 

north-west and south-east for ants and plants, respectively. Ancestral populations of Azteca likely 516 

expanded southwards until the emergence of significant relief (or changes in forest composition) 517 

isolated the East and West lineages during the early Miocene (23 Mya). Similar patterns of 518 

vicariance and expansion after the Andean uplift have been observed in Brachistoternus 519 

scorpions (Bothriuridae) and Euptychiina butterflies (Peña, et al. 2010; Ceccarelli, et al. 2016). 520 

Unlike Azteca, ancestral populations of T. guianensis were primarily east of the Andes in 521 

Amazonian regions, and likely expanded northwards before the lineages were isolated. Fossil 522 

Melastomataceae and Miconia leaves recovered in the Amazon and dated from the Miocene (23-523 

5 Mya) and late Miocene/early Pliocene (7-2.5 Mya) respectively, support the presence of 524 

Melastomataceae in the Amazon before the diversification of T. guianensis. Once T. guianensis 525 

expanded, the latest and highest peak of Andean uplift (~4.5 Mya; Hoorn, et al. 2010) marked 526 

the split between East + Others and West + Others lineages. 527 

 528 

Although we used all Azteca sequences available for the phylogeny and calibration, our 529 

sampling is not complete, particularly for non-mutualist species. In addition, the molecular data 530 

available from specimens in northern South America is rather poor and most references come 531 

from Central America, potentially biasing the ancestral area reconstructions. However, this study 532 

has allowed us to define populations of interacting ants and plants and has informed selection of 533 

individuals for a more detailed population genomic-level study (Torres et al., in prep). The 534 

topologies of the population genomics analyses, based on a much larger and better supported 535 

data set, are congruent with those reported here. 536 

 537 

5. Conclusion 538 



 

 

We examined the evolutionary history of an ant-plant mutualism within the framework of 539 

comparative phylogeography. By contrasting their topologies and divergence times we are able 540 

to understand the roles of the Andean uplift and contrasting life histories in the evolution of the 541 

mutualism. We identified topological and temporal incongruences between ant and plant 542 

phylogenies, and independent time congruence with peaks of uplift activities that support a 543 

scenario of ecological fitting and co-vicariance. We show that comparative phylogeography is 544 

key to understanding species associations in areas where ecological and geographical histories 545 

are complex and obscure the evolution of the associations. 546 

 547 
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Figure legends 823 

 824 

Figure 1: A. Map of the northern Andes and the collection sites indicating the Eastern (E), 825 

Central (C) and Western Cordilleras (W). Collecting sites east of the Eastern Cordillera are 826 

shown in red; sites west to the Eastern Cordillera are shown in blue. Black arrows . B-E. 827 

Alternative models of mutualism assembly between two populations (red and blue) of a 828 

mutualist plant (green) and an associated ant (orange dashed). A hypothetical event at time t 829 

triggers a vicariance event for both, one or neither of the mutualists. B. Strict codiversification: 830 

topological and temporal congruence between mutualists, with plant and ant populations 831 

undergoing simultaneous vicariance. C. Host tracking: topological congruence and temporal 832 

incongruence. Host plant populations undergo vicariance first, followed by ant populations as a 833 

result of host tracking. D. Ecological sorting 1: Topological congruence and temporal 834 

incongruence. Ant populations split before plant populations, followed by ant occupation of co-835 

distributed plant populations. E. Ecological sorting 2: topological and temporal incongruence. 836 

This model is also congruent with ecological fitting, through opportunistic associations between 837 

partners where they co-occur.  838 

  839 

Figure 2: Time calibrated phylogeny for ITS sequences in Azteca ants associated with T. 840 

guianensis (black font), including sequences available on NCBI and sequences for Azteca 841 

associated with other plant hosts (grey font). For ease of representation, some clades have been 842 



 

 

collapsed. Bar plots on the left summarize the proportional contribution of each area category to 843 

each clade (width of each color-coded segment in the bar) and the relative number of samples in 844 

each clade as a whole (height of the bar). The phylogeny to the right is expanded to show the 845 

complete Eastern and Western clades. The orange star in each phylogeny marks the split between 846 

Eastern and Western lineages. The asterisk in the expanded phylogeny indicates the node at 847 

which there is evidence of gene flow. 848 

 849 

Figure 3: Time calibrated phylogeny for ITS2 sequences in Tococa guianensis (black font), 850 

including Miconieae sequences available on NCBI (grey font). For ease of representation, some 851 

clades have been collapsed. Bar plots to the left summarize the proportional contribution of each 852 

area category to each clade (width of each color-coded segment in the bar) and the relative 853 

number of samples in each clade as a whole (height of the bar). The phylogeny on the right is 854 

expanded to show the complete Eastern and Western clades. The orange star in each phylogeny 855 

marks the split between Eastern and Western lineages. 856 

 857 

Figure 4: Reconstructed ancestral areas on the ITS phylogeny for T. guianensis-associated 858 

Azteca obtained using the Dispersal–Extinction–Cladogenesis (S-DEC) model in RASP. Values 859 

at each node indicate the ancestral area probability for each location. The map indicates 860 

population locations relative to the Western (W), Central (C), and Eastern (E) Cordilleras. 861 

Numbers 1-4 show the location of the S1-2 and M3-4 populations in Santander and Meta, areas 862 

of relatively low altitude (<2,000 m). The star marks the split between Eastern and Western 863 

lineages. Circles at each node are colored by the estimated ancestral area with respect to the 864 

Eastern Cordillera: Orange for locations to the east; blue for locations to the west; grey for areas 865 

that include locations on both sides. 866 

 867 

Figure 5: Reconstructed ancestral areas on the ITS2 phylogeny for T. guianensis obtained using 868 

the Dispersal–Extinction–Cladogenesis (S-DEC) model in RASP. Values at each node indicate 869 

the ancestral area probability for each location. The map indicates population locations in the 870 

Western (W), Central (C), and Eastern (E) Cordilleras. Numbers 1-4 show the location of the S1-871 

2 and M3-4 populations in Santander and Meta, areas of relatively low altitude (<2,000 m). The 872 

star marks the split between Eastern and Western lineages. Circles at each node are colored by 873 



 

 

the estimated ancestral area with respect to the Eastern Cordillera: Orange for locations to the 874 

east; blue for locations to the west; grey for areas that include locations at both sides. 875 

 876 



Supplementary material: 1 

Plant DNA extraction and sequencing: 2 

Approximately 1x3 cm of tissue was macerated in a TissueLyser II (Qiagen, Germany) 3 

for two minutes at 20 Hz. Then, 400uL of AP1 buffer, 30uL Proteinase K (10mg/mL) and 30uL 4 

beta-Mercaptoethanol were added to each sample, which was incubated overnight at 65C. During 5 

the final elution step, highly degraded DNA fragments were removed from the column by adding 6 

50uL of EB buffer followed by immediate centrifugation. To recover as much DNA as possible 7 

after that step, DNA was eluted from the column by applying 40uL of EB buffer and incubating 8 

for five minutes, then the flow-through was loaded back to the column, incubated and 9 

centrifuged. The final product was eluted with 25uL EB buffer. The PCR mix for ITS was as 10 

follows: 1uL of template DNA was added to a final volume of 20uL containing 0.16mM dNTPs 11 

mix, 1x PCR Buffer, 2.25mM MgCl2, 2uM of each primer, 10ug/uL BSA and 0.3 units of Taq 12 

(Bioline). The PCR mix for ycf1b differed by having 0.25mM dNTPs mix, 2.5mM MgCl2, 1uM 13 

of each primer, and no BSA. Cycling conditions for ITS were 2 min at 94.C followed by 35 14 

cycles of 10 sec at 94.C, 45 sec at 50.C, 50 sec at 72.C and with a final extension of 10 min at 15 

72.C. Cycling conditions for ycf1b were 4 min at 94.C followed by 34 cycles of 30 sec at 94.C, 16 

40 sec at 50.C, 1 min at 72.C and with a final extension of 10 min at 72.C. Details about the 17 

primers are in Table S2. PCR products were visualized on a 2% agarose gel stained with 18 

SYBRGreen Master Mix (ThermoFisher Scientific), then cleaned following the shrimp alkaline 19 

phosphatase and exonuclease I protocol and subsequently sequenced in both directions on an 20 

ABI 3730 capillary machine using BigDye version 3.1 terminator chemistry (Applied 21 

Biosystems) at the Edinburgh Genomics facility. Chromatograms were quality checked and 22 

edited by eye and consensus sequences aligned using the MUSCLE algorithm (Edgar, 2004) 23 

implemented in Geneious v.4.8.5 (Kearse, et al. 2012). 24 

 25 

Ant DNA extraction and sequencing: 26 

For each ant, the head was removed, and the rest of the body was crushed with a pestle 27 

and placed on a plate wheel. 40uL of 5% Chelex and 5uL of 10mg/mL Proteinase K were added 28 

to each wheel and then left incubating overnight in a water bath at 37.C. Plates were centrifuged 29 

and heated at 95.C for 15 minutes to denature any remaining enzyme. The primers used to 30 

amplify ITS2 and COI are listed in Table S2. The PCR mix for both markers is as follows: 1uL 31 
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of template DNA was added to a final volume of 20uL containing 0.2mM dNTPs mix, 1x PCR 32 

Buffer, 2.25mM MgCl2, 0.3uM of each primer, 5ug/uL BSA and 0.3 units of Taq (Bioline). 33 

Cycling conditions for ITS2 were 2 min at 94.C followed by 34 cycles of 30 sec at 94.C, 40 sec 34 

at 50.C, 1 min at 72.C and finalizing with 5 min at 72.C.  Cycling conditions for COI were 2 min 35 

at 94.C followed by 5 cycles of 30 sec at 94.C, 30 sec at 45.C, 40 sec at 72.C; followed by 35 36 

cycles of 30 sec at 94.C, 30 sec at 51.C, 40 sec 72.C, finalizing with 5 min at 72.C. PCR products 37 

were visualized and sequenced in both directions as described for T. guianensis. Chromatograms 38 

were quality checked and edited by hand. Sequences were aligned using the MUSCLE algorithm 39 

(Edgar, 2004) as implemented in Geneious v.4.8.5 (Kearse, et al. 2012), then codon translation 40 

was inspected for the presence of nuclear copies of mitochondrial DNA (NUMT). 41 

 42 

Ant blast results 43 

Azteca ITS2 sequences are 597 to 986 bp long when unaligned; COI sequences are 659 44 

bp long. Blast best hits for the query COI and ITS2 sequences belong mainly to Azteca, followed 45 

by Pheidole (Myrmicinae), Solenopsis (Myrmicinae) and Tapinoma (Dolichoderinae). Other ant 46 

genera were rarely collected (Figure S2). Among Azteca, the percentage of identity between 47 

query and subject sequences was on average lower than 95% for COI and 90% for ITS2. Most of 48 

our Azteca sequences do not have a close match to species available on NCBI database (Figure 49 

S2). Quantiles for e-values, bitscores and identity percentage are reported in Table S8. 50 

 51 

Ant MOTU clustering 52 

To have an idea of how many different Azteca lineages are associated with T. guianensis 53 

throughout the sampling areas, we clustered the sequences generated into Molecular Taxonomic 54 

Units (MOTUs) using jMOTU (Jones, et al. 2011) and ABGD (Puillandre, et al. 2011). 55 

Additionally, we excluded samples for which we could not sequence both ITS2 and COI. To 56 

ensure consistency of jMOTU results, we ran independent analyses varying the “minimum 57 

overlap” and “Megablast identity” values between 60% to 95% (increasing by 5%), for a total of 58 

65 different runs. For ABGD, ITS2 sequences were grouped by clades and each group was 59 

aligned, and ran through ABGD separately. Partitioning ITS2 sequences might reduce the noise 60 

introduced by a high number of indels whose homology is difficult to assess. Five independent 61 

runs were made for three models of sequence divergence - Jukes-Cantor (JC69), Kimura (K80 62 



with a transition to transversion ratio of 2.0) and simple p-distances- were performed using the 63 

online version of ABGD (http://wwwabi.snv.jussieu.fr/public/abgd/abgdweb.html), with initial 64 

values of Pmin= 0.001 and Pmax= 0.1. Finally, we compared resulting MOTUs across methods 65 

and genetic markers. 66 

 67 

We obtained both ITS2 and COI sequences from 196 specimens clustered by jMOTU and 68 

ABGD into two main MOTUs, each corresponding to lineages at the western or eastern slopes of 69 

the Eastern Cordillera (Figure S3). Other sequences were clustered into smaller outgroup clades 70 

or remained as singletons. Independent jMOTU runs resulted in no difference in the MOTUs 71 

delimited and only the results obtained using a minimum overlap and Megablast identity filter of 72 

95% are shown. Similarly, different genetic distance measurements did not change the MOTUs 73 

reported by ABGD, and only results using the JC69 distances are shown. 74 

 75 

Supplementary figure legends 76 

 77 

Figure S1. Geographical distribution of the sampled populations and the frequency of ant genera 78 

collected from T. guianensis plants. Ant specimens were assigned to genera based on 79 

morphological classification and blast results. 80 

 81 

Figure S2. Blast results for Azteca sequences summarised as the frequency of taxonomical 82 

identification at the subfamily, genus and species level, and the distribution of percentages of 83 

identity.  a) COI results by subfamily; b) COI results by genera; c) COI results by species; and d) 84 

ITS2 results by species. 85 

 86 

Figure S3. Geographical distribution of the sampled populations and the clasification of COI and 87 

ITS2 sequences into MOTUs using jMOTU and ABGD. The tips of the phylogenies are colored 88 

according to the populations shown in the map. The columns in between the phylogenies 89 

represent the clustering into MOTUs depending on the thresholds used for each program. Each 90 

color represent a single MOTU and the geographical position of the MOTU relative to the 91 

Eastern Cordillera (bluish colors for west and redish colors for east). A= Western Cordillera, B= 92 

Central Cordillera, C= Eastern Cordillera. 93 



 94 

Figure S4. Time calibrated phylogeny for COI sequences in Azteca, including sequences 95 

available on NCBI. Blue colors represent populations west to the Eastern Cordillera, red colors 96 

represent populations east to the Eastern Cordillera. 97 

 98 

Figure S5. Time calibrated phylogeny for ITS2 sequences in Azteca, including sequences 99 

available on NCBI. Blue colors represent populations west to the Eastern Cordillera, red colors 100 

represent populations east to the Eastern Cordillera. 101 

 102 

Figure S6. Phylogeny for ycbf1 sequences in T. guianensis. Blue colors represent populations 103 

west to the Eastern Cordillera, red colors represent populations east to the Eastern Cordillera. 104 

 105 

Figure S7. Time calibrated phylogeny for ITS sequences in T. guianensis (black font), including 106 

sequences available on NCBI (gray font). Tips of the phylogeny are colored based on the 107 

distribution of the species. Island= Species distributed only in the Caribbean; East= Species 108 

distributed east to the Eastern Cordilleras and across northern South America; West= Species 109 

distributed west to the Eastern Cordilleras and across northern South America; Neotropical= 110 

Species distributed across the Andean cordillera and throughout the Neotropics; Andean= 111 

Species distributed within and above the montane forest (> 2,000 masl). NN= Unassigned 112 

species. The distribution of NCBI sequences was assigned according to the distribution of the 113 

species’ records on NCBI and Melastomataceae keys (Michelangeli, 2005; Kriebel, et al. 2016; 114 

and the web-based monograph of the tribe Miconeae: 115 

http://sweetgum.nybg.org/melastomataceae/). 116 

 117 
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