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RESUMO 

 

A Amazônia é a maior e mais rica floresta tropical do mundo, fonte de uma grande 
quantidade de espécies de plantas e o principal repositório de serviços ecossistêmicos 
relevantes globalmente. A floresta é também o berço de muitas espécies vegetais nativas 
da região Neotropical, e uma quantidade significativa delas desempenhou um importante 
papel na história da humanidade desde o início do Holoceno. Estudar a origem e a história 
natural desses grupos é, portanto, a base para construir uma compreensão holística sobre 
a Amazônia, e o “grupo dos cacaus”, com espécies tradicionalmente alocadas em dois 
gêneros – Theobroma e Herrania – mostra-se como um ótimo modelo de estudo. Neste 
projeto de doutorado, propus revisar o estado nomenclatural e taxonômico das espécies 
silvestres de cacaus, estudando a evolução morfológica e genômica populacional de 
táxons selecionados. Especificamente, os objetivos desta tese são (1) revisar morfologia 
e distribuição dos táxons de Theobroma e Herrania atualmente reconhecidos, reavaliando 
as delimitações taxonômicas a nível específico; (2) buscar sinapomorfias morfológicas e 
discutir a evolução de tais caracteres; (3) avaliar como a diversidade genômica de 
populações de cacau (T. cacao) se comporta em relação aos seus níveis de divergência 
de genes sob seleção; e (4) explorar a origem e história natural do cupuaçu (T. 
grandiflorum), uma espécie economicamente relevante no Brasil, conhecida por seus 
frutos enormes e apreciada por sua polpa. Esta tese está organizada em nove capítulos 
e quatro partes: “tratamento taxonômico”, “filogenética e evolução”, “genômica 
populacional” e “mobilização de dados e estudos derivados”, cada parte abordando um 
ou mais objetivos associados a este projeto. Primeiramente, meus resultados para a 
revisão taxonômica consistem em descrições completas e atualizadas para um total de 
35 espécies de Theobroma/Herrania alocadas em seis seções, além de três espécies 
novas. Em segundo lugar, uma nova filogenia revelou a parafilia de Theobroma e 
subsidiou o restabelecimento de Theobroma incluindo Herrania como uma de suas 
seções. Em terceiro lugar, usando uma abordagem de sequenciamento de alto 
rendimento, pude rastrear os efeitos diferenciais de seleção natural/artificial em diferentes 
populações de cacau. Além disso, demonstrei pela primeira vez que o cupuaçu não uma 
espécie selvagem, mas sim uma forma domesticada criada a partir de seu parente 
próximo, o cupuí (T. subincanum), de modo que eu pude não apenas rastrear onde e 
quando o cupuaçu se originou, mas também mostrar a existência de um único evento de 
domesticação ocorrido no Médio-Alto Amazonas no Holoceno Médio, mediado por povos 
indígenas que manipulavam a floresta muito antes da colonização europeia. Finalmente, 
apresento um banco de dados de coleções de espécimes preservados de Theobroma, e 
descrevo um estudo que discute a área nativa de T. cacao, sob uma perspectiva de 
sensoriamento remoto. Os resultados desta tese não apenas impactam profundamente o 
entendimento sobre as espécies de cacaus nativas, a evolução da flora e dos povos da 
Amazônia, mas iluminam uma série de aspectos acerca da origem e história natural dos 
parentes silvestres de espécies cultivadas. 

Palavras-chave: Amazônia, domesticação, seleção natural, filogenética, genômica 
populacional, taxonomia. 
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ABSTRACT 

 

Amazonia is the largest and most biodiverse rainforest of the world, source of a large 
amount of plant species, and the main repository of ecosystem services relevant globally. 
The forest is the cradle of many plants from Tropical Americas, and a significant amount 
of these have played a major role in human history since early Holocene. Studying the 
origin and history of such groups is, therefore, the basis to build an integrative 
understanding of Amazonia, and the “cacao group”, with species traditionally allocated to 
two genera—Theobroma and Herrania—is one such example. In this PhD project, I 
revisited the nomenclatural and taxonomic status of the wild cacao species, associated to 
an assessment of morphological, evolutionary and populational genomics of selected taxa. 
Specifically, I aimed at (1) revisit the morphology and distribution of current taxa, 
reevaluating taxonomic delimitations at species levels; (2) look for morphological 
synapomorphies and discuss how the evolution of such characters might have occurred; 
(3) evaluate how genetic variation of populations of cacao (T. cacao) behave regarding its 
divergence levels of genes under selection; and (4) depict the origin and geographic 
history of cupuaçu (T. grandiflorum), a tree crop economically relevant in Brazil, known for 
its humongous fruit and appreciated for its pulp. This dissertation is organized in nine 
chapters and four parts: “taxonomic treatment”, “phylogenetics and evolution”, 
“populational genomics” and “data mobilization and by-product studies”, each one tackling 
one or more goals associated to this project. First, results for the taxonomic revision 
consist of complete and updated descriptions of a total of 35 species of 
Theobroma/Herrania divided into six sections, including three new species here described. 
Second, a new phylogeny revealed the paraphyly of Theobroma, all of which subsidized 
a reestablishment of Theobroma including Herrania as a section of the first. Third, using a 
high-throughput sequencing approach, I could track differential effects of selection on 
different populations of cacao. Additionally, for the first time I demonstrated that cupuaçu 
is actually not a natural species, but a domesticated form selected from a wild close 
relative, cupuí (T. subincanum), so that I could not only track where and when this 
happened, but also pinpointed a single domestication event that happened in the Middle-
Upper Amazon Basin in the mid-Holocene, mediated by indigenous people that had the 
forest as its source of livelihood long before European colonization. Finally, I compiled a 
biodiversity dataset of preserved specimen collections of Theobroma, and I present a by-
product study that discussed the native area of T. cacao under a remote sensing approach. 
Results not only deeply impact our understanding on the evolution of wild cacao species, 
the flora and the people from Amazonia, but shed light on the study of the origin and history 
of wild crop relatives as a whole. 

Keywords: Amazonia, domestication, natural selection, phylogenetics, populational 
genomics, taxonomy. 
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INTRODUCTION 

 

Tropical rainforest vegetations have always fascinated natural historians, from Humboldt, 
Martius, to Prance, Gentry and others (Teixeira, 1984; Miller et al., 1996; Salgado, 2000; 
Peixoto and Morim, 2003; Pausas and Bond, 2018). However, we are still quite away from 
fully comprehending the complexities of the origin and evolution of particular groups of the 
Neotropical Region (Antonelli and Sanmartín, 2011; Antonelli et al., 2018). After all, the 
Neotropics is the most diverse bioregion in terms of species richness and endemism in the 
globe, both in its fauna and flora (Hughes et al., 2013; Ulloa-Ulloa et al., 2017), whereas it 
is also one of the most threatened bioregions due to anthropogenic pressures (e.g., Banda 
et al., 2016). 

This represents an enormous challenge for Brazil and South America in the study and 
preservation of its biota, as the continent bears the majority of plant species described for 
the world (Forzza et al., 2012; Ulloa-Ulloa et al., 2017). At the same time, the amount and 
availability of botanical records have significantly increased in the herbaria in the past few 
decades, so we now have access to vast herbarium collections going through a mass 
digitization framework (Pyke and Ehrich, 2014; Nualart et al., 2017; Chapter 8). In Brazil, 
for example, innovative collaborative projects, namely the Brazilian Flora 2020 Project 
(BFG, 2018), are noteworthy, by inaugurating a novel era in the study of the Brazilian flora. 
This new framework allows new surveys with taxonomy, evolution, biogeography and 
conservation of particular genera or families (Wen et al., 2015; Greve et al., 2016; Nualart 
et al., 2017). As a matter of fact, one of the targets of the Brazilian Flora 2020 Project – 
which is still under construction and requires further efforts from the taxonomist community 
– is to provide monographs with short descriptions for all algae, plants and fungi occurring 
in Brazil by at least 2020 (BFG, 2018). 

Hence, studying the evolution and taxonomy of groups that have direct importance to 
society is the basis for development and innovation. Besides, this exalts our flora, as it 
also composes part of our history and cultural identity as a nation. In this project, we 
selected to focus on the “cacao group”, which encompasses flowering plants endemics to 
the Amazonian rainforests (Richardson et al., 2015; Chapter 8) with species allocated in 
two genera: Theobroma L. and Herrania Goudot. Both are members from a representative 
and important tropical botanical family, Malvaceae, which has ca. 4,000 species in over 
240 genera (Stevens, 2012). Malvaceae has an outstanding but still underassessed 
morphological and phylogenetic picture; it is so diverse that it is currently split into nine 
subfamilies based on molecular data (Alverson et al., 1998; Baum et al., 1998; Bayer et 
al., 1999). 
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The genera Theobroma L. and Herrania Goudot (Malvaceae: Byttnerioideae) 

Perhaps due to its long historical and economical importance, some Theobroma and 
Herrania species are very well known by many American societies. Nevertheless, although 
some species are quite known in applied research, it is shocking to realize that other wild 
cacao species remain unknown, with outdated information (Bletter and Daly, 2009). Two 
seminal taxonomic treatments for the cacao group are the revision of Theobroma 
(Cuatrecasas, 1964) and the synopsis of Herrania (Schultes, 1958). Both have provided 
one of the yet few broad attempts to properly describe the native species for each genus, 
recognizing 22 species for Theobroma and 17 for Herrania (Cuatrecasas, 1964; Schultes, 
1958).  

Supposedly, Herrania is distinguished from Theobroma by its compound leaves (vs. 
simple leaves in Theobroma), as well as by the trimerous calyx (vs. usually pentamerous 
in Theobroma) and for having the upper portion of an unguiculate petal much longer in 
Herrania than in Theobroma (Bletter and Daly, 2009). Theobroma was divided by 
Cuatrecasas (1964) into six sections: T. sect. Andropetalum, T. sect. Glossopetalum, T. 
sect. Oreanthes, T. sect. Rhytidocarpus, T. sect. Telmatocarpus and T. sect. Theobroma, 
based on morphological characters of branch growth, fruit, seeds, corolla and androecium. 
In Herrania, Schultes (1958) firstly recognized two sections – H. sect. Herrania and H. 
sect. Subcymbicalyx – based on the shape and size of the corolla and on the disposal and 
connation of the sepals. However, such characters, especially those related to the 
architecture of the branch growth and the seeds, are likely to be homoplastic 
(Cuatrecasas, 1964; Borrone et al., 2007), which turns the circumscription of sections and 
subgroups (e.g., subspecies and forms of T. cacao) problematic. Additionally, current 
questions regarding the taxonomy and evolution of the cacaos are still inconclusive, even 
after molecular phylogenetic analysis have been employed toward improvement of the 
systematics. Even basic aspects of pollination, dispersal modes and ecology of the groups 
remain poorly known in species with a narrower distribution. For instance, albeit 
Cuatrecasas (1964) suggests dispersal in Theobroma is mainly mediated by vertebrates, 
there are some notes of mammals, birds and water-mediated dispersal for other native 
species as well (Richardson et al., 2015; Barbosa et al., 2019).  

Since the 1960s, many aspects involving the availability of botanical records and the 
structure of the International Code of Botanical Nomenclature have changed (Wen et al., 
2015; Nualart et al., 2017), but the number of new described names in Theobroma and 
Herrania have not followed the same rate. Since the publication of the last revision of 
Theobroma (Cuatrecasas, 1964), we have spotted 5076 new records were collected and 
deposited at herbaria, which corresponds to 72% of all known records of the genus that 
are not revisited (Table 1). For Herrania (Schultes, 1958), this fraction reaches 63% (Table 
1). Therefore, it is expected that undescribed taxa that occur in different parts of the 
Amazon might have been collected and deposited at herbaria, but these putatively new 
taxa were never analyzed to be formally described. Hence, the actual number of species 
in both genera is likely underestimated, as already pointed out by Cuatrecasas (1964). 
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In summary, there is a major demand for a cautious revision of collections from several 
Amazon herbaria, especially considering that this is a group whose material and symbolic 
importance are unquestionable. Such reevaluation is particularly relevant for the Brazilian 
collections, since they were not fully contemplated in the revision of Cuatrecasas (1964): 
important Amazonian collections deposited in INPA (Herbarium of the National Amazon 
Research Institute) and RB (Herbarium of the Rio de Janeiro Botanical Garden), currently 
reference collections of the Amazonian flora, were not mentioned by Cuatrecasas even 
after the publication of his monograph.  

 

Advances with the advent of molecular systematics 

Within the evolutionary scenario, it is long known that speciation is a key phenomenon that 
generates the observed species richness in the Neotropics and in South America. In 1859, 
Charles Darwin described his theory on the origin of species and explicitly expressed his 
desire to reconstruct the evolutionary history of species in the form of a “tree” that depicts 
species relationships. Today, we can assess this by using DNA sequencing data, and most 
phylogenies that have been generated under this approach are being used to enhance our 
understanding of speciation patterns and processes. However, changes at genomic level 
that cause speciation are still poorly understood in plants, and most of the taxonomic 
panorama for many genera and families are outdated or still underexplored. 

Recent efforts have been undertaken to elucidate the phylogenetic history of native 
cacaos. Whitlock and Baum (1999) were the first to perform a broad-scale analysis using 
11/22 species of Theobroma and 7/17 species of Herrania as ingroups. They used as 
markers loci from the vicilin gene that codes for a protein present in flowering plant seeds 
(Whiclock and Baum, 1999). The monophyly of both genera were recovered, but only 
Herrania was well-supported. Subsequently, Silva and Figueira (2005) made a second, 
independent analysis, based on another seed protein gene using, respectively, 11 and 3 
Theobroma and Herrania terminals; the result, however, presented no significant 
differences in topology from the previous work. Borrone et al. (2007) also applied the same 
terminals, using five loci for three WRKY transcription factors. The phylogenetic inference 
presented a better performance when distinguishing different lineages of Theobroma and 
Herrania, but still was weakly supported in some branches. Some sections, such as T. 
sect Glossopetalum, emerged as paraphyletic, and the clade bearing species from H. sect. 
Subcymbicalyx consists of a major polytomy. 

Finally, Richardson et al. (2015) published the first broad dated phylogeny for the 
Malvaceae using DNA sequences from molecular bank databases, where they 
reconstructed the phylogeny for the whole family, focusing on the lineages of Theobroma 
and Herrania. Essentially, they have incorporated ndhF chloroplast markers plus Borrone 
et al. (2007) data, solving some more relationships and recovering sister clades, but still 
not providing a fully solved tree for all infrageneric relationships.  

Phylogenetic relationships between both genera, as well as within their respective 
sections, remain somewhat unclear, although already solved for some inner branches. 
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Given the published phylogenies so far, it is not possible yet to clearly establish the age of 
emblematic lineages such as of T. cacao (the commercial cacao) and T. grandiflorum (the 
“cupuaçu”) (Whitlock and Baum, 1999; Richardson et al., 2015). Hence, more than a 
species-level phylogenetic tree for the two genera – which is currently being generated by 
a post-doctoral researcher at the Rosario University, Dr. Ana Maria Bossa-Castro (J.E. 
Richardson, pers. comm.) –, novel population genomics approaches should also be used 
not only to properly assess these questions, but also to bring new knowledge on the 
evolution, diversification and speciation modes of the group. 

Contemporary methods such as high-throughput DNA sequencing allow the simultaneous 
sequencing of different regions of the genome (Straub et al., 2012; McKain et al., 2018). 
This should provide significant information, especially in those occasions where the 
selection of fewer markers does not result in well supported phylogenetic resolution at 
infra-specific levels (Egan et al., 2012; Twyford and Ennos, 2012). Genetic signatures of 
speciation modes can be detected when comparing genomes of sister-species that have 
likely evolved in sympatry or allopatry, as reported for animals (Noor, 1995; Coyne and 
Orr, 2004; Kang et al., 2016). Such novel genomic methods are becoming increasingly 
less expensive and more accessible (Wicke and Schneeweiss, 2015), and, to our 
knowledge, a study exploring how changes at genomic level model different morphological 
structures in different speciation modes with a plant group would be pioneer. Moreover, 
due to its economic importance, many genomes of T. cacao have already been published, 
which facilitates the assembly of newly generated sequence data sets of its related 
species.  

In summary, (i) the restricted Amazonian distribution of Theobroma and Herrania species; 
(ii) the relatively small number of species; (iii) the availability of taxonomic monographs 
and our proposed taxonomic treatment that outline key morphological differences amongst 
species; and (iv) the already sequenced; and (v) relatively small genome in T. cacao and 
T. grandiflorum make this an ideal group for studying speciation processes in tropical 
rainforest. This dissertation is organized in nine chapters and four parts: “taxonomic 
treatment”, “phylogenetics and evolution”, “populational genomics” and “data mobilization 
and by-product studies”, each one tackling one or more goals associated to this project. 
The main goals of this dissertation are: (1) revisit the morphology and distribution of current 
taxa, reevaluating taxonomic delimitations at species levels; (2) look for morphological 
synapomorphies and discuss how the evolution of such characters might have occurred; 
(3) evaluate how genetic variation of populations of cacao (T. cacao) behave regarding its 
divergence levels of genes under selection; and (4) depict the origin and geographic 
history of cupuaçu (T. grandiflorum), a tree crop of relevance in Brazil, known for its 
humongous fruit and appreciated for its pulp. 
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CONCLUSIONS 

 

The title of this dissertation is “Unraveling cacaos: systematics and evolution of 
Theobroma L. and Herrania Goudot (Malvaceae, Byttnerioideae)”. After four parts and 
nine chapters, I can say the we indeed “unraveled” cacaos towards the understanding of 
its systematics, evolution and genomics. The main “take home messages” that can be 
pinpointed from this dissertation are: 

1.  There are 35 wild cacao species known on Earth. Our taxonomic revision (Chapter 
1), in light of phylogenetic evidence (Chapter 4) recognizes 35 species of Theobroma 
allocated into six sections, differentiated mostly by floral and fruit features. This number 
already considers three new species of cacaos (T. globosum, T. nervosum and T. 
schultesii) newly described in here (Chapter 2). 

2.  Theobroma is not monophyletic. Phylogenetic evidence (Chapter 4) suggested that 
the genus Theobroma is not monophyletic, with a closely related genus, Herrania nested 
in it. This was the basis for me to provide the recircumscription of Theobroma sensu lato, 
including Herrania as a section of the first (Chapter 5). 

3.  The history of wild cacao species is deeply marked by human domestication. 
Based on genomic Chapter 6, Chapter 7) and remote sensing evidence (Chapter 9), we 
have shown that the origin and geographic history of a number of species wild cacaos is 
deeply marked by human domestication, which have selected particular features towards 
obtaining desirable features, mostly for the use of the fruit pulp (in the case of cupuaçu), 
or the seeds (especially for the chocolate industry). Other species of cacao are likely to 
have been human-dispersed or manipulated to some degree as well. Additionally, by using 
wild cacao species as study-case, we could demonstrate how many ancient societies that 
lived in Amazonia long before European colonization have managed the forest in a 
sustainable way, as evidenced by the creation of cupuaçu (Chapter 7) already five to seven 
millennia ago. 

Much has yet to me made with the study of cacao and relatives, both in terms of 
understanding more with detail the diversification and differences of particular clades (such 
as section Herrania), or to explore the origin of other species that likely were domesticated 
(such as T. bicolor). It is a life-time work to be made not only in the field of systematics and 
evolution of the Malvaceae, but also in the field of biotechnology, crop genomics and even 
archeology and anthropology.  
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