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Abstract This study combined metabolomics and genomics data to analyze the biosynthesis of theobromine in Theobroma cacao.
The results show that theobromine is mainly synthesized in the young peels and cotyledons, and gradually accumulates in the seeds
as the tissues mature. Metabolic pathway analysis revealed that the synthesis of theobromine is related to the transformation of purine
nucleotides such as AMP and GMP, with key intermediates including 7-methylxanthosine and 3-methylxanthine. Genomic research
has found that during the domestication process, genes related to theobromine metabolism were significantly selected, thereby
affecting the theobromine content in different varieties. Multi-omics data also indicate that post-processing steps such as fermentation
can lead to a decrease in theobromine levels. This study aims to provide molecular targets and theoretical references for improving
cocoa quality and developing functional components.
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1 Introduction

Theobroma cacao is an important cash crop in tropical regions. Its seeds-cocoa beans-are the main raw materials
for chocolate and a variety of foods, beverages and cosmetics. The cocoa industry has brought income to millions
of smallholder farmers in West Africa, Central and South America, and Asia, and holds an important position in
global agricultural trade, with an annual output of several million tons and a value of approximately 12 billion US
dollars (Gonzalez et al., 2019). Furthermore, cocoa bean by-products such as bean shells and peels are also rich in
bioactive substances and are regarded as new resources for sustainable agriculture and the development of the
bioeconomy.

Theobromine is the most abundant methylxanthine alkaloid in cocoa beans. It not only endows chocolate with a
unique bitterness and flavor, but also has multiple physiological functions. Studies have shown that theobromine
has health benefits such as antioxidation, anti-inflammation and cardiovascular protection (Sugimoto et al., 2014).
Theobromine also plays an important role in the growth process of Theobroma cacao itself, which can help the
plant resist pathogens and environmental stress (Pereira-Caro et al., 2013; Cornejo et al., 2018). Its content and
distribution are affected by variety, developmental stage and processing procedure, and thereby determine the
quality and functional characteristics of cocoa products (Zheng et al., 2004; Cortez et al., 2023; Ruiz-Santiago et
al., 2024).

This study combines metabolomics and genomics to elucidate the biosynthetic pathways and regulatory
mechanisms of theobromine, reveal its accumulation changes at different tissues and developmental stages,
analyze related metabolic pathways and key enzyme genes, and explore the selection pressure and genetic
variation of these genes in the domestication and variety improvement of Theobroma cacao. This study aims to
provide theoretical basis and molecular tools for improving cocoa quality, developing functional foods, and
promoting the sustainable utilization of cocoa resources.

2 Biochemical Pathway of Theobromine Biosynthesis

2.1 Overview of purine alkaloid biosynthesis

Theobromine and caffeine both belong to purine alkaloids and are the main active components in Theobroma
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cacao seeds. Their synthetic starting points are nucleotides such as adenosine monophosphate (AMP) and
guanosine monophosphate (GMP). After a series of transformations, it is first converted into xanthosine, and then
different methyl xanthine compounds are formed through methylation reactions. Theobromine is the most
abundant purine alkaloid in the cacao tree, especially accumulating in large quantities in young tissues and the
later stage of seed development (Koyama et al., 2003; Zheng et al., 2004; Pereira-Caro et al., 2013).

2.2 Enzymatic steps from xanthosine to theobromine (XMT, MXMT, DXMT enzymes)

The synthesis process of theobromine mainly consists of several steps. Firstly, xanthosine is converted into
7-methylxanthosine under the action of 7-methylxanthosine methyltransferase (XMT). Then, 7-methylxanthine
nucleoside hydrolyzes to form 7-methylxanthine. Then, under the action of 3-methylxanthine methyltransferase
(MXMT), it is further methylated to form theobromine (3,7-dimethylxanthine). In some tissues, theobromine can
still be converted into caffeine (1,3,7-trimethylxanthine) under the action of 1-methylxanthine methyltransferase,
but this process is relatively slow in Theobroma cacao, so the content of theobromine is much higher than that of
caffeine (Koyama et al., 2003; Pereira-Caro et al., 2013).

2.3 Regulation of metabolic flux in caffeine and theobromine pathways

The accumulation of theobromine and caffeine can be influenced by tissue type, developmental stage and enzyme
activity. Studies have found that theobromine has the highest content in young fruits and leaves, gradually
decreases with maturity, but increases significantly in the later stage of seed development (Zheng et al., 2004;
Pereira-Caro et al., 2013). The synthesis rate of caffeine is relatively low, mainly limited by the activity of the
DXMT enzyme. Therefore, theobromine is the main end product in Theobroma cacao. In addition, metabolic
fluxes are also regulated by gene expression and substrate specificity. The substrate specificity of
N-methyltransferase determines the relative ratio of theobromine to caffeine (Koyama et al., 2003; Gonzalez et al.,
2019). Genomic studies have also shown that theobromine metabolism-related genes were subjected to selective
pressure during domestication, which affected the accumulation pattern of alkaloids in different varieties (Cornejo
et al., 2018).

3 Metabolomic Profiling of Theobromine in Cacao

3.1 Analytical platforms: LC- MS, GC- MS, and NMR for alkaloid profiling

Theobromine is the main methyl xanthine alkaloid in Theobroma cacao. Metabolomics analysis of it relies on
multiple highly sensitive platforms. Common methods include high performance liquid chromatography-mass
spectrometry (LC-MS) and gas chromatography-mass spectrometry (GC-MS), which can effectively separate and
detect methyl xanthine compounds in complex matrices (Pérez et al., 2018; Gonzalez et al., 2019; Llerena et al.,
2023). In addition, nuclear magnetic resonance (NMR) is also frequently used for the overall metabolite analysis
of cocoa beans and their fermentation products. NMR can simultaneously detect amino acids, organic acids,
sugars and methyl xanthine, etc., providing metabolic fingerprints for cocoa beans of different varieties and
origins (Caligiani et al., 2010; Boutchouang et al., 2024). Overall, LC-MS and GC-MS stand out more in terms of
sensitivity and specificity, while NMR is more suitable for high-throughput, non-destructive testing and
multi-component quantification.

3.2 Quantitative variation of theobromine across tissues, developmental stages, and cultivars

The content of theobromine varies significantly among different tissues, developmental stages and varieties.
Studies have found that theobromine levels are relatively high in young leaves and exocarp of fruits, gradually
decreasing as tissues mature. However, in mature seeds, especially cotyledon, they accumulate in large quantities
(Koyama et al., 2003; Zheng et al., 2004). There are also differences among different varieties. For example, the
theobromine content in Nacional X Trinitario type bean shells is higher than that in CCN-51 type (Llerena et al.,
2023). In addition, the theobromine/caffeine ratio of Forastero and Trinitario varieties can be used as a chemical
marker to distinguish varieties (Collazos-Escobar et al., 2024). Metabolomics studies have further revealed the
dynamic distribution patterns of theobromine at different developmental stages and among tissues (Koyama et al.,
2003; Zheng et al., 2004).
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3.3 Environmental and postharvest factors affecting theobromine levels

Environmental and processing conditions can also affect theobromine levels. Water stress can alter the
accumulation of theobromine and related metabolites by regulating metabolic pathways (Boutchouang et al.,
2024). During the fermentation process, the contents of methylxanthines such as theobromine and caffeine
gradually decrease over time, and the variation range varies among different varieties (Figure 1)
(Balcazar-Zumaeta et al., 2022; Cortez et al., 2023). Processes such as baking and drying can also affect the final
content and distribution of theobromine (Figure 2) (Mladenovié¢ et al., 2018; Collazos-Escobar et al., 2024).
Therefore, the environment and processing methods are important factors determining the metabolic
characteristics of theobromine.

Anaerobic phase*

End of phase

Ethanol and acetic acid diffused in the bean
lead to embryo death and cause biochemical
changes in the cotyledon, such as reducing
compounds related to bitterness and
astringency and producing the precursors of
chocolate flavor.

Microbial dynamics
Yeasts and LAB are metabolically active microbial
groups.
Sugars are transformed into alcohols (mainly by
Saccharomyces cerevisiae, Kloeckera apiculata,
and Candida inconspicua).

Cocoa fermentation

Fermentation environment

| Microbial metabolism causes the dough's
temperature to reach or exceed 50 °C.

The color of the beans varies from white to
purple or brown, and the pH drops between
4 and 4.5.

The temperature can reach 35°C, and the first [~
phase lasts an average of two days.
Carbohydrates (sucrose, glucose, and fructose)
and citrates present in the cocoa pulp mass are
consumed.

End of phase
When the pulp is hydrolyzed, it allows the air to
enter the mass, creating aerobic conditions due
to the producers' traditional process, which
initiates the next phase.

BAA consume oxygen and oxidize yeast-
produced ethanol to acetic acid, which leads to
carbon dioxide and water oxidation.

BAL convert pulp sugars into lactic acid.

Aerobic phase**

Figure 1 Cocoa fermentation phases (Adopted from Balcazar-Zumaeta et al., 2022)
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Figure 2 Flow chart illustrating the experimental procedure used to determine mid-infrared spectra and theobromine/caffeine content
of cocoa samples for obtaining the dataset (Adopted from Collazos-Escobar et al., 2024)
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4 Genomic Insights into Theobromine Biosynthesis

4.1 Genome sequencing and annotation of Theobroma cacao

High-quality genomic sequencing and annotation of Theobroma cacao have provided a basis for studying the
synthetic mechanisms of metabolites such as theobromine. Current research has covered approximately 80% of
Theobroma cacao genome, and most genes are anchored on 10 chromosomes. The results showed that some gene
families of Theobroma cacao had specific expansions, especially those related to secondary metabolites, such as
flavonoids and methylxanthines (Argout et al., 2011). Meanwhile, the study also identified and annotated over 7
million SNPs. These data provided rich resources for functional gene localization and trait improvement (Cornejo
et al., 2018). These genomic achievements not only contribute to the discovery of genes related to theobromine
synthesis, but also lay a solid foundation for molecular breeding and functional gene research (Allégre et al.,
2011).

4.2 Identification of candidate genes and regulatory networks

Genome-wide annotation and functional analysis have identified a number of candidate genes and regulatory
networks closely related to theobromine synthesis. Theobromine is a purine alkaloid, and its synthesis depends on
multiple methyltransferase and other enzyme genes. Population genome studies have found that during
domestication, theobromine metabolism-related genes were subjected to significant selective pressure (Cornejo et
al., 2018). In addition, some gene families (such as GASA, BAHD, MADS-box, etc.) have been systematically
identified in Theobroma cacao. Expression profiling analysis indicated that these genes were involved in seed
development, disease resistance and metabolic regulation (Abdullah et al., 2021a; Abdullah et al., 2021b; Zhang et
al., 2021). High-density genetic mapping and QTL mapping also helped achieve fine mapping of candidate genes
related to theobromine content (Allégre et al., 2011).

4.3 Comparative genomics with other Theobromine/caffeine-producing species

Comparative genomics shows that there are significant differences in genomic structure and functional genes
between Theobroma cacao and other species that produce methyl xanthine, such as coffee and tea. Theobroma
cacao mainly accumulates theobromine rather than caffeine, which is related to the expression and regulation
mode of its methylase gene (Zheng et al., 2004; Agyirifo et al., 2019). Comparisons with the closely related
species Theobroma grandiflorum also revealed differences in genomic structure, genetic content and evolutionary
pathways between the two, providing evidence for understanding the evolutionary basis of theobromine synthesis
(Kuhn et al., 2010). In addition, the comparison of chloroplast and mitochondrial genomes also provides new
ideas for understanding the phylogenetic and metabolic diversity of Theobroma cacao and related species (De
Abreu et al., 2022; Tineo et al., 2025).

5 Transcriptomic and Functional Genomics Approaches

5.1 Expression profiling of alkaloid biosynthesis genes

Through high-throughput technologies such as RNA sequencing (RNA-seq), researchers can analyze the
expression of alkaloid synthesis genes in Theobroma cacao. For instance, co-expression analysis has identified
some gene modules related to protein modification, flowering and water transport. These modules showed
obvious polygenic differentiation in different Theobroma cacao populations, providing clues for understanding the
regulation of alkaloid synthesis genes (Himaila et al., 2019). In addition, genome-wide analyses of some specific
gene families (such as BAHD, GASA, etc.) revealed that some of their members were upregulated in expression
during embryonic development and stress conditions (such as fungal infection), suggesting that they might be
related to alkaloid metabolism and stress resistance (Abdullah et al., 2021a; Abdullah et al., 2021b; Nguyen et al.,
2025).

5.2 Gene editing and functional validation

In functional gene research, transient expression systems and gene editing techniques (such as CRISPR and RNA1)
are often used to verify the functions of candidate genes. For instance, Agrobacterium-mediated transient
transformation can enable the expression of exogenous genes in Theobroma cacao leaves within a short period of
time. Researchers can detect the expression changes of the target gene through qRT-PCR and observe whether it
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affects metabolites or disease resistance (Fister et al., 2016). At present, there are not many studies directly
verifying theobromine synthesis genes using CRISPR or RNAi. However, these techniques have been applied in
some defense genes (such as chitinase), and their functions have been confirmed, laying the foundation for
subsequent studies of theobrosin-related genes (Fister et al., 2016).

5.3 Integration of transcriptomics with metabolomic data

Combining transcriptome and metabolome data for analysis can provide a clearer view of the relationship between
gene expression and metabolites. Research has found that the accumulation of theobromine at different
developmental stages is closely related to the expression of related synthetic genes. Meanwhile, genotype
differences among different populations can affect the efficiency of alkaloid metabolic pathways (Koyama et al.,
2003; Zheng et al., 2004). Genomic selection signal analysis also revealed that during domestication, theobromine
synthesis-related genes were strongly selected, further indicating that these genes are important in Theobroma
cacao quality formation (Cornejo et al., 2018).

6 Case Study: Metabolomic and Genomic Analysis in Cacao Cultivars

6.1 Selection of cultivars with contrasting theobromine content

The varieties of Theobroma cacao vary greatly in the content of theobromine. Traditionally, the main cultivation
types are Criollo, Forastero and Trinitario. Modern genomic research has further classified Theobroma cacao
germplasm into ten genetic populations, including Amelonado, Contamana, Criollo, Curaray, Guianna, Iquitos,
Marafion, Nacional, Nanay and Purts. These groups showed significant differences in genetic structure and
metabolite accumulation, providing a basis for comparing high and low theobromine varieties (Zheng et al., 2004;
Cornejo et al., 2018).

6.2 Methodology: integrated metabolomic- genomic analysis pipeline

The research process is generally divided into several steps. First, collect leaf or fruit samples from different
varieties. Secondly, whole-genome resequencing was conducted using high-throughput sequencing technologies
(such as the Illumina platform) to obtain a large amount of SNP and gene annotation information (Argout et al.,
2011; Cornejo et al., 2018). Thirdly, the contents of theobromine and related metabolites were determined by
metabolomics methods such as HPLC-MS/MS (Zheng et al., 2004). Finally, through GWAS and expression
profiling analysis, the associations between metabolite levels and gene variations or gene expression patterns were
identified (Zheng et al., 2004; Cornejo et al., 2018).

6.3 Findings: key genes, metabolite variations, and breeding implications

The results indicated that domesticated varieties such as Criollo underwent intense selection in genes related to
theobromine metabolism. Some genes are closely related to the synthesis of flavor substances such as
theobromine and anthocyanins (Cornejo et al., 2018). Theobromine is mainly synthesized in young fruits and
cotylodes. The pathway is that AMP/IMP is first converted to 7-methylxanthine nucleoside, and then theobromine
is generated through multiple steps of reaction (Koyama et al., 2003). There are significant differences in the
ability of theobromine synthesis and degradation among different varieties and tissues. Moreover, most
theobromine is directly synthesized in the seeds rather than transported from the pericarp (Zheng et al., 2004).
Genomic studies have also found that beneficial genes related to flavors such as theobromine were selected during
domestication, but some harmful mutations were also accumulated at the same time, which may affect the
adaptability and yield of plants (Cornejo et al., 2018). These achievements provide important genetic resources for
molecular breeding and contribute to the cultivation of new varieties with high theobromine content, excellent
flavor and stress resistance (Argout et al., 2011; Cornejo et al., 2018).

7 Applications for Breeding and Industry

7.1 Marker-assisted breeding for flavor and health-enhancing alkaloid content

Studies have shown that the biosynthetic pathway and genetic basis of theobromine are relatively clear, which

provides strong support for molecular marker-assisted breeding (MAS). The results of population genomics show

that during the domestication of Theobroma cacao, theobromine metabolism-related genes were strongly selected,

especially in the Criollo variety, where the variations of related genes were closely related to flavor and functional
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components (Cornejo et al., 2018). At present, there are a large number of SNP resources and genomic annotation
data, which provide a basis for the development of molecular markers related to high theobromine content,
superior flavor and disease resistance (Cornejo et al., 2018). Through these markers, breeders can more quickly
screen out new materials that have both good flavor and health value to meet the demands of high-end chocolate
and functional foods (Wickramasuriya and Dunwell, 2017).

7.2 Biotechnological strategies for metabolic engineering of theobromine levels

With the development of genomics and metabolomics, metabolic engineering has become another means to
regulate theobromine levels. By using gene editing and transgenic techniques, key enzyme genes (such as
7-methylxanthine synthase) can be targeted and regulated, thereby increasing or decreasing theobromine content
(Koyama et al., 2003). In addition, techniques such as in vitro embryogenesis and genetic transformation have
been applied to the genetic improvement of Theobroma cacao, providing a platform for the precise regulation of
alkaloid metabolism. These methods can not only help cultivate specialized varieties with high or low
theobromine, but also carry out multi-trait improvement in combination with goals such as disease resistance and
stress tolerance (Wickramasuriya and Dunwell, 2017).

7.3 Industrial implications for chocolate quality, pharmacology, and sustainability

The level of theobromine directly affects the flavor, bitterness and functionality of chocolate, thereby determining
the market positioning and consumer experience of the product. Cocoa beans with a high theobromine content can
produce chocolate with a stronger flavor and higher health value, meeting the demands of high-end and functional
markets (Cortez et al., 2023). Meanwhile, theobromine and its derivatives have antioxidant and cardiovascular
protective effects in the fields of health care and pharmacology, and have also expanded the application prospects
of Theobroma cacao industry (Wickramasuriya and Dunwell, 2017). Increasing theobromine levels through
genomics and metabolomics helps improve raw material utilization and product added value, and promotes the
sustainable development of the industry (Wickramasuriya and Dunwell, 2017; Cornejo et al., 2018). Meanwhile,
precision breeding and biotechnology improvement can also reduce dependence on the environment, enhance
production efficiency, increase the income of small-scale farmers, and promote the green transformation of the
global Theobroma cacao industry (Wickramasuriya and Dunwell, 2017).

8 Challenges and Research Gaps

8.1 Complexity of alkaloid regulation and redundancy in gene families

The synthesis of theobromine involves multiple purine metabolic pathways and also requires the joint action of
various enzymes. This regulatory network is very complex. Research has found that there are often multiple
homologous genes and repetitive enzyme activities in related pathways, so the metabolic patterns of different
tissues and developmental stages vary greatly. For instance, the theobromine content in young fruits and tender
leaves is relatively high, but it will significantly decrease as tissues mature. Moreover, the activities of synthetic
and degradation pathways in different tissues also vary (Koyama et al., 2003; Zheng et al., 2004). Transcriptome
analysis also revealed that multiple transcription factors and signaling pathways interact, which makes it more
difficult to identify key regulatory nodes. The redundancy of gene families also indicates that it is difficult to
precisely regulate theobromine content through single gene editing (Gallego et al., 2021).

8.2 Integration difficulties between metabolomic and genomic datasets

Although metabolomics and genomic technologies have provided a wealth of data, the integration of the two
remains highly challenging. The dynamic changes of metabolite abundance are often inconsistent with the
expression of genes at different times and in different tissues, so it is difficult to directly establish the
correspondence between genes and metabolites (Gallego et al., 2021). Environmental factors, such as light
exposure and fermentation treatment, can also simultaneously affect metabolites and gene expression, increasing
the complexity of integration (Cortez et al., 2023). At present, there is a lack of a unified analytical framework and
standardized methods, which limits the in-depth understanding of the regulatory mechanism of theobromine
synthesis (Gallego et al., 2021).
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8.3 Limited field-level validation of laboratory findings

Most research on theobromine is conducted in laboratories, mainly at the cellular, tissue or organ level. The
drawback is the lack of validation in the field environment (Koyama et al., 2003; Zheng et al., 2004). The
metabolic and gene expression patterns in the laboratory often differ from those in the field environment.
Especially when facing environmental stress, pests and diseases or agronomic management, the differences are
more obvious (Gallego et al., 2021). In addition, post-harvest treatments, such as fermentation and baking, can
also significantly affect the content of theobromine and related alkaloids, but the molecular mechanism is not fully
understood (Febrianto and Zhu, 2022; Cortez et al., 2023). Therefore, for laboratory achievements to be truly
applied to field production, more research is still needed.

9 Future Perspectives

9.1 Multi-omics integration: metabolomics, genomics, transcriptomics, proteomics

Multi-omics integration has become an important method for studying complex biological processes. Analyzing
the genome, transcriptome, proteome and metabolome together can provide a more comprehensive understanding
of the synthesis process and regulatory network of theobromine. This method can link genes and phenotypes, and
also identify key regulatory factors and metabolic pathways, providing a basis for functional gene research and
molecular marker development (Picard et al., 2021; Worheide et al., 2021; Ramos-Lépez et al., 2022). In the study
of cocoa processing and flavor, multi-omics analysis also revealed metabolite differences in different regions,
varieties and processing stages, and more molecules related to flavor were understood through proteomic and
peptidomic studies (Agyirifo et al., 2019; Herrera-Rocha et al., 2023). In the future, with the development of
high-throughput technologies and data analysis tools, multi-omics integration will play a greater role in cocoa
quality improvement and functional component development (Mahmood et al., 2022; Shankar and Sharma, 2022;
Cembrowska-Lech et al., 2023).

9.2 Al-driven metabolite prediction and pathway modeling

Artificial intelligence (AI) and machine learning (ML) provide new means for the integration of multi-omics data
and the analysis of complex networks. Al can help predict the relationship among genotypes, environment and
phenotypes through deep learning, knowledge graphs and generative models, and can also discover new molecular
targets and biomarkers (Picard et al., 2021; Mahmood et al., 2022; Yan and Wang, 2022). In metabolite prediction,
Al can handle complex big data and also improve the training effect of models through synthetic data, thereby
more accurately identifying new metabolic pathways and key enzymes (Shankar and Sharma, 2022; Wu and Xie,
2024). These technologies will contribute to more precise regulation of theobromine and related flavors and
nutritional components (Yan and Wang, 2022; Cembrowska-Lech et al., 2023).

9.3 Toward precision breeding for optimized flavor and nutritional value

Combining multi-omics with Al provides a new direction for the precise breeding of Theobroma cacao. By
integrating genomic, transcriptomic, proteomic and metabolomic data and combining them with AI models,
complex traits such as flavor and nutrition can be predicted more quickly and accurately (Shankar and Sharma,
2022; Yan and Wang, 2022). Precision breeding can accelerate the selection and breeding of superior varieties, and
also improve the flavor and nutrition of cocoa in a targeted manner according to different market demands,
achieving optimization from genes to products (Mahmood et al., 2022). In the future, with the accumulation of
more data and the improvement of Al algorithms, intelligent breeding relying on molecular markers and
phenotypic prediction will become an important driving force for promoting the high-quality development of
Theobroma cacao industry (Yan and Wang, 2022; Cembrowska-Lech et al., 2023).
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