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Summary 

 

Biodiversity loss is occurring on a large scale and the need to monitor it is becoming more 

and more necessary. The use of morphological techniques can be enhanced with the use of 

molecular tools to help resolve diversity and evolutionary history knowledge gaps. The 

objective of this research was to evaluate the use of the mitochondrial cytochrome c oxidase 1 

(COI) gene as a DNA barcode marker to characterize possible pollinators of Colombian cacao 

crops. The study was implemented in the departments of Meta and Northern Santander, 

Colombia. Taxa sampled directly from flowers were analyzed to assess their diversity and 

phylogenetic relationships using Maximum-Likelihood (ML) and Bayesian Inference (BI). 

We generated sequences of approximately 656 bp for 25 Culicomorpha individuals, 13 from 

Meta and 12 from Northern Santander and downloaded 388 sequences of the 

Ceratopogonidae and Chironomidae families from GenBank. Analysis of the COI sequences 

reveals that our sequences were placed in three Ceratopogonidae lineages (Forcipomyia, 

Dasyhelea and Stilobezzia) and five unresolved lineages of Chironomidae. We also found that 

species that visited cacao flowers in Meta and Northern Santander plantations represented two 

separate guilds, which could have been influenced by the orogenic processes of the Andes 

Mountains. Phylogenetic reconstruction indicated that most (n=17) of our sequences were 

resolved in the Forcipomyia group. Additionally, none of our sequences were identical to any 

GenBank sequences, reflecting an investigative bias towards northern temperate regions and 

the need for more molecular studies on tropical species. Our data offer new DNA sequences 

of Colombian Ceratopogonidae for the development of a global inventory of pollinating 

species of plants of economic interest, such as cacao. The need to continue sampling tropical 

taxa is also suggested in order to clarify the evolutionary history of these families of flies. 

 

Key words: DNA Barcoding, COI, Cacao, Ceratopogonidae, Phylogenies.  

 

Resumen 

 

La pérdida de biodiversidad está ocurriendo a gran escala y la necesidad de monitorearla es 

cada vez más necesaria. El uso de técnicas morfológicas se puede mejorar con el uso de 

herramientas moleculares para ayudar a resolver los vacíos en el conocimiento de la 

diversidad y la historia evolutiva de las especies. El objetivo de esta investigación fue evaluar 
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el uso del gen mitocondrial citocromo c oxidasa 1 (COI) como marcador de código de barras 

de ADN para caracterizar mosquitos como posibles polinizadores en cultivos de cacao 

colombianos. El estudio se implementó en los departamentos del Meta y Norte de Santander. 

Los taxones muestreados directamente de las flores se analizaron para evaluar su diversidad 

y relación filogenética utilizando la máxima verosimilitud (ML) y la inferencia bayesiana 

(BI). Generamos secuencias de aproximadamente 656 pb para 25 individuos Culicomorpha, 

13 del Meta y 12 del Norte de Santander y descargamos 388 secuencias de las familias 

Ceratopogonidae y Chironomidae de GenBank. El análisis de las secuencias COI revela que 

nuestras secuencias se ubicaron en tres grupos de linajes de Ceratopogonidae (Forcipomyia, 

Dasyhelea y Stilobezzia) y cinco linajes no resueltos de Chironomidae. También encontramos 

que las especies que visitaron las flores de cacao en las plantaciones de Meta y Norte de 

Santander representaban dos grupos separados, que pueden estar influenciados por los 

procesos orogénicos de las montañas de los Andes. La reconstrucción filogenética indicó que 

la mayoría (n=17) de nuestras secuencias se resolvieron en el grupo Forcipomyia. 

Adicionalmente, ninguna de nuestras secuencias fue idéntica a las secuencias de GenBank, lo 

que refleja un sesgo de investigación para las regiones templadas del norte y la necesidad de 

más estudios sobre especies tropicales. Nuestros datos ofrecen nuevas secuencias 

moleculares de Ceratopogonidae colombianos para el desarrollo de un inventario global de 

especies polinizadoras de plantas de interés económico, como el cacao. Se sugiere también la 

necesidad de seguir muestreando taxones tropicales para esclarecer la historia evolutiva de 

estas familias de moscas. 

  

Palabras clave: Códigos de barras de ADN, COI, Cacao, Ceratopogonidae, Filogenias.  

 

Introduction 

 

Ecologists and evolutionary biologists require fundamental biological information in order to 

adequately execute their studies. Shortfalls in various categories have been identified for 

which knowledge gaps exist (Hortal et al. 2015). These include the Linnean shortfall for 

species taxonomy, the Wallacean shortfall for species distributions, the Prestonian shortfall 

for species abundance and the Darwinian shortfall for evolutionary patterns. These problems 

are particularly acute in groups of organisms for which there are insufficient taxonomic 

researchers trained to tackle the scale of these shortfalls, such as fungi or insects. Surprisingly, 

this is even true for groups of organisms that provide important ecosystem services, such as 

pollinators of crop species. For these groups, a short-term solution may be to provide some 

form of rapid characterization that may give some indication of the degree of biodiversity that 

exists for a given area. These issues are particularly severe in areas of high biodiversity such 

as the New World Tropics. Despite the fact that there are many studies focused on analyzing 

animal diversity related with pollination syndromes in tropical ecosystems (Dellinger et al., 

2021; Kobayashi et al., 2019; Neves et al., 2020), there are still large knowledge gaps of 

small-sized animals that are involved in those important ecological and evolutionary 

relationships. Furthermore, these small-size animals are often misidentified, leading to a 

confusing taxonomic status. The use of DNA barcodes may address some of these shortfalls 

(Gostel & Kress, 2022; Moritz & Cicero, 2004).  

 

DNA barcoding is a powerful technique for identification and initial delimitation of species 

using a standardized region of DNA (DNA Barcoding Program, 2017; Hebert et al., 2003; 
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Ratnasingham & Hebert, 2007). This means that a unique region of the DNA can act as a 

taxonomic identifier. For animals, the cytochrome c oxidase I (COI) gene was established as 

the core of a global bio-identification system (Hebert et al., 2003) that has been used to assess 

the diversity, especially of Diptera species (Kumar et al., 2007; Nagy et al., 2013; Rivera & 

Currie, 2009; Sinclair & Gresens, 2008; Stur & Borkent, 2014; Versteirt et al., 2015). Given 

their use in species identification, DNA barcodes might also be used as a way of initially 

characterizing diversity. This approach has the potential to address the problem of recognizing 

complex or poorly studied groups of species in scenarios where the morphological approach 

alone is not sufficient or too time-consuming. Even if morphological data is still lacking, 

DNA barcoding allows recognition of unknown taxa (Damm et al., 2010; Kress et al., 2015). 

The applicability of COI also improves our understanding of the evolutionary relationships 

through their use in phylogenetic reconstruction. This means that multiple shortfalls could be 

addressed using DNA barcodes of unknown taxa and this could speed up the inventory of 

biological diversity. DNA barcoding allows biologists to rapidly characterize biodiversity, as 

a primary step in filling gaps in the knowledge of any biological group. However, it is 

important to recognize that barcoding has some inherent limitations (e.g., Moritz & Cicero, 

2004). 

 

The cacao tree (Theobroma cacao L.) is a species native to the Neotropical rain forest, whose 

agricultural importance dates back ~1,500 years (Motamayor et al., 2002). Cacao is an 

economically globally important species and about 5% of all chocolate production comes 

from Colombia (Gutiérrez García et al., 2020; Osorio-Guarín et al., 2017). The cultivation of 

T. cacao in rural communities of Colombia is a potential substitute for illicit crops and offers 

the possibility to generate new jobs (Lamos-Díaz et al., 2020; Rodriguez-Medina et al., 2019). 

However, only 2-5% of cacao flowers develop pods (Bartley, 2005; Branco et al., 2018; 

Frimpong et al., 2009; Moser, 2010; Vansynghel et al., 2022) and many individuals are self-

incompatible. Therefore, successful fruit set is entirely dependent on pollinators (Klein et al., 

2007) unless labour intensive hand pollination is undertaken. Despite their importance, little is 

known about the identity of cacao pollinators within its native range in the Neotropics or in 

other parts of the tropics in which it is cultivated. Characterization of which species pollinate 

cacao will allow more in-depth studies of their biology and perhaps lead to trialing new 

methods for improving pollination success. Mature T. cacao trees have a cauliflorous 

inflorescence specific for some insects (Fig. 1A) (Frimpong-Anin et al., 2015). Midges of the 

Ceratopogonidae family (known in some regions as “Jején”) have been documented as an 

important visitor to cacao flowers and have been recognized as potential pollinators (Erickson 

et al., 1987; Frimpong et al., 2009; Kaufmann, 1975; Ronderos, 2017; Spinelli & Wolff, 2016; 

Vansynghel et al., 2022; Winder, 1978). 
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Fig. 1. A. Cauliflorous inflorescence (a cluster of flowers on a branch) of a Theobroma cacao 

tree. B. Adult female of Forcipomyia sp., C. Adult female of Dasyhelea ludingensis and D. 

Adult male of Stilobezzia diversa (C1.8, A1.3 and bb2.1 in this study).   

 

The Ceratopogonidae are small nematoceran dipterans (~ 2mm in length; Fig. 1B, 1C and 1D) 

whose life cycle and development require a particular level of humidity. Immature stages are 

present in aquatic and subaquatic habitats, while adult stages are common and diverse in 

humid terrestrial habitats (Borkent, 2001, 2014; Ronderos, 2017). Females of this family are 

vectors of a wide range of diseases (Carpenter et al., 2013) and are notorious as biting flies. 

There are ~ 6,206 recognized extant species arranged in 112 genera, belonging to the 

infraorder Culicomorpha and the superfamily Chironomoidea (Borkent & Dominiak, 2020; 

Szadziewski, 1988). Previous cladistic (Oosterbroek & Courtney, 1995) and molecular 

analyses (Beckenbach & Borkent, 2003) support their monophyly, with the family 

Chironomidae as sister. However, a well resolved phylogeny of Ceratopogonidae has not yet 

been published. Although this family has a wide distribution and has a large number of 

species, studies have been focused on northern temperate regions, leaving insufficient 

knowledge about its diversity in tropical areas. Previous studies of Ceratopogonidae in 

Colombia have focused on their morphology (La & S, 1973; Soria, 1971; Soria & Wirth, 

1979), with about 235 species recognized in 28 genera (Spinelli & Wolff, 2016).  

 

Identifications based on morphological characters are time-consuming and very few 

taxonomists specialize on the family. To assess the high biodiversity in tropical hotspots in 

the absence of extensive taxonomic knowledge, we propose an approach to investigate the 
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diversity of Colombian Ceratopogonidae midges using DNA barcoding. The COI gene has 

been shown to distinguish between species of Ceratopogonidae from northern temperate 

regions (Stur & Borkent, 2014), and is thus a useful marker for species identification. 

However, molecular studies of midges in Colombia are poorly documented with only two 

records in the Barcode of Life Data System (BOLD) (Ratnasingham & Hebert, 2007) and 

only one of which has geographic localization. In this context, the sampling of cacao flower 

visitors in Colombia is a huge task that has implications in conservation management projects 

and productivity improvement efforts. Most biodiversity hotspots, especially in tropical 

ecosystems, are unsampled by Ceratopogonidae taxonomists. A huge part of these ecosystems 

is rapidly disappearing due to anthropic disturbances, making it especially important to assess 

the biodiversity in these remaining areas (Borkent & Dominiak, 2020). Here, we aim to 

evaluate the use of the COI gene as a DNA barcode marker to characterize floral visitors to 

Colombian cacao crops. We also use this marker to determine whether the guild of visitors 

differs between two important cacao growing regions that are found on either side of the 

Eastern Cordillera of the Andes. 

 

Materials and methods 

 

Specimen collection 

 

Insects were collected from Colombian cacao farms in the Departments of Meta and Northern 

Santander (Table 1, Fig. 2), which are validated by The Colombian Corporation for 

Agricultural Research (Agrosavia, Corpoica) and The National Federation of Cacao Farmers 

(Fedecacao). The specimens were sampled using a rechargeable suction pump with focal 

observation to ensure they were all flower visitors. Different cacao genotypes were sampled 

per farm (Table 1). Insects were sucked from the inflorescence with a pump nozzle into a 

removable collection tube with a fine net at the bottom to prevent insects from escaping. We 

sampled for 8 h in the morning (6:00 am – 1:00 pm) and 4 h in the afternoon (2:30 – 5:30 pm) 

on all farms. Both the collection tube and the nozzle were detached from the main pump and 

cotton wool soaked in ethyl acetate was placed to kill trapped insects, as suggested by 

Frimpong et al. (2009). The captured insects were kept in 85% EtOH and transported in 

falcon tubes to Rosario University to be stored at -80 °C. Insects were separated into orders 

and families using taxonomic identification keys. 

 

Table 1. Characteristics of the cacao farms. 

Farm Department Municipality Coordinates Elevation 

(m) 

Cacao genotype 

La Libertad 

(Agrosavia) 

Meta Villavicencio 4.057878, -73.467089 341 Tame, Saravena 

El Recuerdo Meta Granada 3.490361, -73.699944 301 TSH-565, San 

Vicente-41 

El Palmar Meta Granada 3.429578, -73.745194 322 Saravena 

La Ponderosa Meta Acacías 3.960806, -73.762306 533 Tame, Saravena 

Mata de Cacao N. Santander El Zulia 8.018806, -72.662.833 339 TSH-565xIMC-67* 
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El Hoyo N. Santander El Zulia 8.045333, -72.686528 1014 CCN-51, ICS-95 

Ins. Jorge 

Gaitán Durán 

N. Santander Cúcuta 7.896389, -72.508917 320 Saravena 

Sucesión N. Santander Cúcuta 8.230722, -72.415361 80 CCN-51 

Parcela #2 N. Santander Cúcuta 8.237472, -72.403361 76 CCN-51 

Las Flores N. Santander Cúcuta 8.251861, -72.494722 71 CCN-51, Caucasia-37 

Andalucía N. Santander Sardinata 8.104278, -72.797417 271 CCN-51 

* Corresponds to a hybrid genotype.  

 

 

 Fig. 2. Geographic location of the sampling areas of cacao crops.  

 

DNA extraction and COI Barcoding 

 

Total DNA was extracted from each individual specimen using the Qiagen Blood and Tissue 

Kit molecular DNA extraction protocol (Qiagen, Venlo, Netherlands). In some individuals we 

used a destructive technique, the TissueLyser II (Qiagen) while in others we used a non-

destructive technique to preserve the specimens for future analysis. The extracted DNA was 

quantified using a NanoDrop 2000 (ThermoFisher Scientific, Waltham, MA, USA). 

Amplification of a ~658 bp fragment from the 5’ region of the barcode region of the 

mitochondrial COI gene was performed by polymerase chain reaction (PCR). The DNA 

barcode region was targeted using the universal primers LCO1490 (forward) and HCO2198 
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(reverse) (Folmer et al., 1994). Two microliters of template DNA were added to a 10 µl of 

reaction mix, containing 6.5 µl of Taq Master Mix (5 U/µl, Qiagen), 1 µl of molecular water 

and 0.5 of each 10 µM primers. The PCR protocol was standardized following the 

methodology of Tomazatos et al. (2020), modifying the annealing temperature to 50 °C and 

55 °C. All amplicons were visualized through electrophoresis on 1% agarose gel run for 45 

min. Successful amplification of the barcode was indicated by the presence of a band 

compared with the Quantitative DNA Ladder (100-2000 bp; ThermoFisher Scientific, US). 

The PCR final products with 25 µl were purified by washing with ExoSAP-IT (ThermoFisher 

Scientific) and subsequently sent to MacroGen (South Korea) to be sequenced. The resulting 

electropherograms were edited in Mesquite v.3.7 (Maddison & Maddison, 2021) and the 

forward and reverse sequences assembled into a consensus using the bioinformatics software 

Geneious v.5.6 (Kearse et al., 2012). 

 

Phylogenetic inference 

 

Contigs were compared to sequences previously published in GenBank using the Basic Local 

Alignment Search Tool (BLAST) (Madden, 2003) to calculate sequence similarity. Sequences 

of Ceratopogonidae in GenBank were included in the phylogenetic analysis covering the 

species reported in this database. The matrix was built by adding sequences on the Taxonomy 

browser of GenBank that contain all the subfamilies of Ceratopogonidae. For the genus 

Culicoides (punkies) we added one species for each subgenus to our matrix while for the other 

genera, we added all the species of each subgenus available in the database. We also added 

the BOLD sequences of Ceratopogonidae from Colombia and sequences from the sister 

family Chironomidae. The sequences included in this analysis (n = 388) are listed in the 

supplementary material (Table S1). All sequences were aligned using MAFFT on the 

command line (Katoh & Standley, 2013) (mafft –adjustdirection –globalpair –maxiterate 

100000 culicomorpha.txt culicomorpha_MAFFT.nex). The multiple alignment was then 

manually edited and displayed in Mesquite v.3.7.  

 

The general time reversible model with unequal rates and unequal base frequencies plus 

empirical base frequencies and invariable site, plus discrete gamma model for rate 

heterogeneity across sites (GTR+F+I+G4), was identified as the most appropriate of 

molecular evolution using the IQ-TREE model search algorithm (Minh et al., 2020; Nguyen 

et al., 2015). The nucleotide substitution model in the alignment was based on the Akaike 

Information Criterion (AIC), Corrected Akaike information criterion (AICc) and Bayesian 

Information Criterion (BIC) scores. 

 

To assess the phylogenetic relationships among our unknown Colombian taxa and all of the 

previously reported species, a Maximum Likelihood tree (ML) was constructed with IQ-

TREE (Nguyen et al., 2015) using as outgroups the families Simuliidae and Thaumaleidae 

(Table S1). Branch support was tested using approximate likelihood ratio test (SH-aLRT) 

(Guindon et al., 2010), local bootstrap support (Adachi & Hasegawa, 1996), approximate 

Bayes test (Anisimova et al., 2011) and UF bootstrap (Hoang et al., 2018) with 100,000 

replicates for each. We also used a Bayesian Inference (BI) approach to build a consensus tree 
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and Posterior Probability (PP) for branch support, using MrBayes v.3.2.6 (Huelsenbeck & 

Ronquist, 2001; Ronquist & Huelsenbeck, 2003). For the BI, fifty million generations of 

MCMC trees were run in four chains, one cold and three heated, samples were taken every 

1000th with burn-in of 25% to inform the Bayesian posterior probabilities. Each run was 

examined using Tracer v.1.7.2 (Rambaut et al., 2018) to visualize the sampled parameters 

values and determine if there was convergence between the chains. Identification of highly 

supported clades on the phylogeny (i.e., UF bootstrap and Bayesian Posterior Probabilities 

[PP] ≥ 95%) allows recognition of monophyletic groups.   

 

Results 

 

We generated COI gene data for 20 Ceratopogonidae specimens; 12 from Meta Department 

(A1.3, A1.4, A1.5, A2.3, C1.1, C1.4, C1.5, C1.6, C1.8, C1.9, C2.4 and D1.2). and eight from 

Northern Santander Department (aa3.2, aa3.3, aa3.4, aa4.3, bb2.1, bb3.8, cc2.3, dd1.2). 

Interestingly, we also identified and generated the barcode for five specimens of the sister 

family Chironomidae of which one is from Meta (C1.2) and four are from Northern Santander 

(bb3.5, bb3.7, bb3.10 and cc1.4). All barcodes generated a sequence coverage of 656 bp. 

Overall, the multiple alignment (n = 413 sequences, Table S1) had 271 invariable sites, 332 

parsimony informative sites and 53 singleton sites. The average percentage of A, C, G and T 

in the matrix was 27.44%, 17.92%, 16.33% and 38.31% respectively. 

 

Using the ML approach based on the best substitution model with 100,000 replicates of UF 

bootstrap, indicates that the family Ceratopogonidae forms a non-monophyletic group as 

Jenkinshelea sp. grouped with the sister family (see Fig. S1 for all branch supports, with the 

families Simuliidae and Thaumaleidae as outgroups). In the Ceratopogonidae phylogeny, our 

Colombian sequences were grouped in 10 different clades with high node support for most of 

them (UF bootstrap ≥ 95%, Fig. 3). In the Chironomidae phylogeny, the Colombian 

sequences were grouped with low support into different clades (Fig. S1). There are three main 

lineages identified in the Ceratopogonidae phylogeny that include Colombian taxa 

(Dasyhelea, Forcipomyia and Stilobezzia, Figs. 3, 4). The ML tree for those lineages 

reconstructs the Dasyhelea clade as monophyletic and both Forcipomyia and Stilobezzia as 

paraphyletic. The UF bootstrap indicated that the A1.3 sequence shares the same ancestor as 

Dasyhelea ludingensis with 99% support (Fig 3). Even though Forcipomyia corresponds to 

the most diverse group and includes a large number of the Colombian sequences, there are 

uncertainties as to which could be the lineage that shares the most recent common ancestor for 

most of them. For instance, the sequences A2.3, C1.1, C1.5, aa4.3; C1.6, bb3.2; and C1.8, 

bb3.8 are grouped in strong clades, with 95-100% support, but there is uncertainty about 

which Forcipomyia species are more closely related (Fig. 3). Additionally, the ML tree 

indicated that the A1.4 and bb2.1 sequences share the same ancestor as Stilobezzia diversa, 

with 97% UF bootstrap support. 
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Fig. 3. Maximum likelihood (ML) tree based on 413 COI sequences of the Ceratopogonidae 

and its sister family species, including the sequences of the Colombian taxa. Numbers above 

branches represent UF bootstrap support values (only values ≥ 50% are shown) based on 

100,000 replicates. The colors match the map above which represent the geographic location 

of those sequences. Stars represent new sequences for Colombian Ceratopogonidae. Species 

of the families Simullidae and Thaumaleidae represent the outgroups.  
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Fig. 4. Bayesian consensus tree based on 413 COI sequences of the Ceratopogonidae and its 

sister family species, including the sequences of the Colombian taxa. Numbers above the 

nodes represent Bayesian posterior probability (PP) (only values ≥ 75%). The families 

Simullidae and Thaumaleidae correspond to the outgroups. 

In the Bayesian Inference (BI), the Effective Sampling Size (ESS) values for all parameters 

were above 200. The consensus tree (Fig. S2 for all branch supports) indicates that the 

Chironomidae family forms a paraphyletic group with one species more closely related to 

Culicoides (Ceratopogonideae). The Ceratopogonidae family forms a monophyletic group (PP 
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= 0.90). Overall, the tree based on BI produced a similar topology with the ML tree. There is 

a well-supported (PP = 0.92) sister group relationship between the sequence A1.3 and 

Dasyhelea ludingensis (Fig. 4). There are also uncertainties about the most recent common 

ancestor for most Forcipomyia lineages as with the ML tree. The BI tree reconstructs well-

supported internal nodes (PP = 0.95) in the Stilobezzia clade that contain Colombian 

sequences. Nevertheless, there are two sequences (aa3.3. and aa3.4) that did not group clearly 

with any lineage in both phylogenetic trees (Figs. 3, 4).  

Lastly, the sequences bb3.5, bb3.7, bb3.10 from Northern Santander were resolved in the 

same clade in both analyzes (Figs. S1, S2). However, even though they are mixed in the 

Tanytarsus clade of the Chironomidae family, there is no clear support to a sister group. 

Likewise, the sequences cc1.4 from Northern Santander and C1.2 from Meta are not clearly 

placed in the phylogeny (Figs. S1, S2).  

Discussion 

We found that there are three main groups of Ceratopogonidae lineages that visit cacao 

flowers in our study sites (Figs. 3, 4). We also found that the guild of visitors in Meta and 

Northern Santander were different, indicating that cacao likely relies on different pollinators 

in different parts of its native and cultivated range. As expected, we found that the taxa we 

sampled from cacao flowers fall in lineages of Forcipomyia, but we also found associations 

with species in Dasyhelea and Stilobezzia. For example, the ML and BI phylogenies place the 

Colombian sequence A1.3, with high support, as sister to Dasyhelea ludingensis. It should be 

noted that in our phylogeny Dasyhelea is nested within a paraphyletic Forcipomyia and thus 

might ultimately be considered as congeneric with the latter. The sequences of the Colombian 

taxa A1.4 and bb2.1 were grouped together with Stilobezzia diversa. Given that these two 

species are found in northern temperate regions, and that many of our sequences are sisters to 

species from those regions, it is this likely that our phylogenies reflect the lack of sampling in 

tropical regions. 

Naturally, the distribution of many organisms depends, in part, on its biogeographic history. 

There is evidence of ancient Ceratopogonidae taxa from Lebanese amber (Borkent, 2001; 

Choufani et al., 2015; Pielowska-Ceranowska et al., 2022; Szadziewski, 2008; Szadziewski & 

Arillo, 2003) that suggest a Laurasian origin. Indeed, many relict genera of this family (i.e., 

Astroconops, Leptoconops, Metahelea) were found from fossil records in the Northern 

Hemisphere (Szadziewski, 2008). Furthermore, the phylogenetic relationships shown here 

indicates possible long-distance transoceanic dispersal, post-vicariance. Beckenbach and 

Borkent (2003) estimate the age of Forcipomyia, a genus with a near cosmopolitan 

distribution, to have diverged from its nearest ancestor ca. 65 million years ago, long after 

many continental land masses had diverged through continental drift. Molecular evidence 

(Krosch et al., 2011; Page et al., 2005; Rowe et al., 2010) also suggests that post-vicariance 

radiation and Eocene dispersal have been important in driving diversification of Gondwana 

taxa, justifying the great diversity of Neotropical groups. Studies have also shown that some 

organisms can disperse, in the form of “aeroplankton”, among separated continents and 

islands by active or passive dispersal through wind currents (Bourguignon et al., 2018; 
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Freeman, 1945; Holzapfel & Harrell, 1968). This phenomenon was observed in some 

Ceratopogonidae groups (i.e., Forcipomyia and Dasyhelea) and could explain the ability to 

disperse over greater distances (Borkent, 1991; Eagles et al., 2012, 2014; Peck, 1994; 

Szadziewski, 2008). However, the assumption of a transoceanic dispersion for most of the 

Colombian lineages needs to be tested. 

Although these organisms may disperse across great masses of water, little is known about 

their ability to disperse over mountains at great elevations. In this study, we sampled cacao 

crops in two departments of Colombia, separated by the Andes Mountains. Our results 

suggest that species that visited cacao flowers in Meta and Northern Santander represented 

two separate guilds (Figs. 3, 4). The Andes uplift may have driven speciation events of some 

taxa in the past, resulting in the genetic differences that are accumulating between each other. 

Nevertheless, it is possible that those “aeroplankton '' taxa are mixing between these two areas 

separated by the Andes and that is the reason why some lineages group together. This issue 

needs to be clarified in further research and with additional molecular markers.  

Our analyses indicate that many genera are not monophyletic, suggesting that much 

systematics research needs to be done to better resolve relationships, define taxa and 

understand patterns of evolution. The precise relationships of most of the Colombian taxa, 

despite being resolved in Forcipomyia lineages, are doubtful. These uncertainties reflect the 

low sample coverage of Ceratopogonidae taxa in tropical regions, especially in Colombian 

ecosystems. The patterns in the relationships of Colombian taxa and their high degree of 

genetic differentiation from other sampled taxa (evident in the branch lengths; Figs. 3, 4), 

suggest the possible occurrence of species unknown to science. A great example is the 

sequence aa3.3. and the sequence aa3.4 that did not group closely with any lineage in both 

phylogenies.  

Previous studies have mentioned that individuals of the genus Forcipomyia act as pollinators 

of Theobroma cacao (Erickson et al., 1987; Frimpong et al., 2009; Kaufmann, 1975; 

Ronderos, 2017; Spinelli & Wolff, 2016; Vansynghel et al., 2022; Winder, 1978). Our results 

are consistent with those reports. However, all previous research on these pollinators has 

focused on ecological and morphological descriptions. Here we present an evolutionary 

perspective on unknown sequences of Ceratopogonidae taxa associated with cacao flowers. 

Additionally, some of the visitors (20% of our samples) are representatives of the family 

Chironomidae, which is sister to Ceratopogonidae. Interestingly, sequences in the 

Chironomidae are not clearly placed (low branch support; Figs S1, S2). This could also be due 

to lack of a more comprehensive sampling in the tropical regions.  

In this study, we used DNA barcoding and phylogenetic inference to assess shortfalls in 

biodiversity data. We generated the first DNA sequences of Ceratopogonidae and 

Chironomidae species involved in interactions with cacao flowers in Colombian crops. 

Although this group of organisms is poorly studied in the tropics, there have been studies on 

their taxonomy and species have been described based on their morphology (Borkent and 

Spinelli, 2007). However, there are not enough trained taxonomists to identify species using 

morphological characters. One possible solution would be to generate DNA barcode reference 
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libraries for species that have been described, using DNA from the type specimens of those 

species. This approach has been advocated in plants that are difficult to identify because the 

fertile material that is required for identification is not available (Sánchez-C. et al., 2022). A 

DNA barcode reference library with sequence data generated from type specimens would 

allow us to match the barcode sequences of unidentified material with the type specimen’s 

sequence and thus the name of the species. It would also highlight sequences that do not 

match with any in the reference library and may therefore represent new species that require 

further morphological investigation to describe them formally. 

We highlight the usefulness of DNA barcoding in contributing, in a rapid way, to characterize 

the biological diversity of groups that are difficult to identify. Once we discover, recognize, 

and delineate the species, clarifying their evolutionary relationships (i.e., addressing the 

Darwinian Shortfall) might also contribute to improving our understanding of their biology 

and ecology. In this way we can facilitate the development of a global inventory of pollinator 

species for economically important crops, such as cacao, which might lead to an improved 

understanding of their biology and better pollination success. 
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