
Journal of Scientometric Research, 2025; 14(3):716-731.
https://www.jscires.org Research Article

Journal of Scientometric Research, Vol 14, Issue 3, Sep-Dec, 2025716

DOI: 10.5530/jscires.20251393

Copyright Information :

Copyright Author (s) 2025 Distributed under

Creative Commons CC-BY 4.0

Publishing Partner : Manuscript Technomedia. [www.mstechnomedia.com]

Metabolomics and Peptidomics in Cocoa: Scientometric 
Analysis and Systematic Review of Flavor-Related Chemical 
Compounds in Postharvest Transformation
Martha Zuluaga1,*, Margareth Santander2, Sebastian Escobar3, Fabrice Vaillant2,4

1Universidad Nacional de Colombia - Sede La Paz, Valledupar, COLOMBIA. 
2Corporación Colombiana de Investigación Agropecuaria (Agrosavia), Process & Quality Cacao Laboratory, Centros de Investigación Palmira & 
La Selva – Km 14, Mosquera-Bogotá, Cundinamarca, COLOMBIA. 
3Cacao of Excellence Programme, Bioversity International, ITALY.
4Centre de Coopération Internationale en Recherche Agronomique pour le Développement- CIRAD, UMR QualiSud, 1101 avenue Agrópolis, 
CS 24501, Montpellier, Cedex 5, 34093, FRANCE.

ABSTRACT
This paper provides a systematic review of research on metabolomics and peptidomics in 
cocoa, focusing particularly on compounds that influence flavor formation during postharvest 
processing. Special emphasis is placed on peptides and carbohydrates, which play a critical role in 
flavor quality. The systematic review involved searching the Scopus and Web of Science databases 
using equations, followed by merging the results into a unified dataset. A scientometrics analysis 
was conducted to evaluate scientific productivity across various parameters. Theoretical insights 
were illustrated using the Tree of Science framework to clarify core contributions. Key findings 
highlight that omics methodologies are pivotal for understanding the cocoa metabolome 
and peptidome, contributing to the establishment of robust databases of flavor precursors. 
Nevertheless, further research is necessary to identify specific metabolites that directly influence 
sensory attributes and to determine essential metabolites and optimal conditions for the 
development of high-quality products. Moreover, evaluating how postharvest and agro-industrial 
processing conditions affect quality biomarker modulation in order to maintain consistent 
sensory quality. This review uniquely contributes by introducing the innovative application of the 
Tree of Science methodology to cocoa research, offering a structured scientometric perspective 
on the evolution and emerging trends in cocoa metabolomics and peptidomics. Furthermore, 
the analysis of key flavor-related metabolites presented here serves as a valuable resource for 
optimizing cocoa flavor quality through targeted postharvest interventions.

Keywords: Cocoa Flavor Precursors, Cocoa flavor, Cocoa Quality, Science in Flavor Metabolites, 
Scientometric Analysis.

INTRODUCTION

Chocolate is one of the most consumed products globally and 
is mainly valued for the sensations that consumers experience 
in the face of the complexity of its exquisite flavor.[1] The flavor 
quality is influenced by the interaction of multiple factors such as 
cacao genotype, environmental and growing conditions and the 
postharvest transformation process.

Considering the flavor, two cocoa classes are distinguished 
worldwide: The Fine Flavor Cocoa (FFC) characterized by the 
cocoa derivatives that develop specialty aromatic notes as florality, 

fruity, nutty and caramel and on the other hand, bulk cocoa, 
which exhibits a basic cocoa flavor without any differentiating 
aroma when processed in cocoa derivatives.[2]

Driven by new consumer trends favoring chocolates with higher 
cocoa solids content and with specialty flavor characteristics, 
the Fine Flavor Cocoa (FFC) market has exhibited a significant 
growth.[3] This market has advantages over the bulk cocoa market, 
higher profitability and price stability. Therefore, participating in 
this specialized market is a great opportunity, nevertheless, to 
achieve it, cocoa with specialty flavor characteristics should be 
produced.

The postharvest processes critical influence flavor quality by 
inducing physical and chemical transformation in cocoa seeds 
as they are converted into cocoa beans and eventually chocolate. 
During the transition from seeds to beans, fermentation and 
drying are the key stages, whereas roasting is crucial during 
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chocolate production.[4] During these processes, chemical 
components of the seeds such as proteins and carbohydrates 
are transformed into low weight molecules, including peptides, 
free amino acids and reducing sugars. These compounds, known 
as flavor precursors, participate in Maillard reactions during 
roasting, resulting in a complex matrix of volatile compounds. 
Together with non-volatile compounds such as phenolic 
compounds and methylxanthines (e.g., theobromine, caffeine, 
theophylline), they define the sensory profile of chocolate.[5]

As the metabolomic fingerprint is significantly affected by the 
postharvest processing variables, understanding the cocoa 
metabolome becomes an important way to explain the flavor 
formation and its relation to cocoa quality. This information 
can contribute to control and systematize the postharvest 
transformation process of cocoa, based on the desired quality 
sensory characteristics in the final product, especially when 
process biomarkers associated with specific quality attributes are 
known and can be used to follow the process behavior in terms 
of the quality.[6,7]

Other reviews about the flavor formation and the influence of the 
transformation process on the cocoa quality, have been written 
in the last decade.[2,4,5,8,9] However, according to the literature 
search, this is the first scientometrics analysis related to the cocoa 
metabolomics and peptidomics in cocoa.

Consequently, the present review aims to identify (i) identify 
and discuss the key metabolites, particularly peptides and 
carbohydrates, that significantly influence cocoa flavor 
development during postharvest processing; and (ii) reveal 
emerging research trends and pivotal contributions in cocoa 
metabolomics and peptidomics through scientometric analysis, 
employing citation networks, clustering methodologies, and the 
Tree of Science algorithm.[10,11]

Accordingly, this review and scientometric analysis seek to 
answer two specific questions:

First, what are the key metabolites influencing cocoa flavor during 
postharvest processes?. This question guides a detailed discussion 
on the biochemical transformations occurring in cocoa seeds, 
focusing on peptides and carbohydrates as essential precursors 
for flavor development.

Second, how do scientometric tools reveal emerging trends in 
cocoa metabolomics and peptidomics?. Through scientometric 
analysis, this review aims to identify central themes, influential 
research clusters, and the evolution of knowledge in cocoa 
science, facilitating the recognition of current trends and future 
research directions.

The citation network was made up of 4,021 papers from the 
records of the search and the cited references of each paper. 
Also, we identify the perspectives in which metabolomics and 
peptidomics were applied in the study of Theobroma c. using the 

modularity algorithm in the citation network. Finally, traditional 
metrics such as production per year, the most productive journals 
and the co-author network of researchers were also performed.

Hereinafter, this manuscript is divided into two sections. The first 
section describes the methodology of systematic literature review 
and scientometrics analysis. And the second section presents the 
theoretical discussion of metabolomics and peptidomics in cocoa 
postharvest processes and its influence in quality.

METHODOLOGY

Search equation

The search equation was performed in Web of Science (WoS) and 
Scopus databases following two equations searches and indexes 
SCI-EXPANDED, SSCI, A&HCI, ESCI. The first equation 
was “Topic: (Cacao OR Cocoa OR Theobroma) and Topic: 
(metabolomic* OR peptid*)” and the same equation in Scopus 
in title, abstract and keywords. The second equation: “Topic: 
(Cacao OR Cocoa OR Theobroma) and Topic: (sugar* OR 
carbohydrate*)” in both WoS and Scopus. For the first equation 
search, 284 records were downloaded with the cited references 
in a plain text format from WoS and 385 records from Scopus 
in bibText format with all records and cited references. For the 
second equation, 1023 records were downloaded with the cited 
references from WoS and 1981 from Scopus (Table 1).

All records and cited references were merged into a single 
dataset using the R package “tosr” (https://cran.r-project.org/
web/packages/tosr/index.html) which facilitates the integration 
of primary records with their cited references. By combining 
the extensive Scopus and WoS databases, we accessed over 150 
million records of scientific records, enabling an overview of 
research related to cocoa flavor precursors.

A PRISMA diagram (Figure 1) illustrates the paper selection 
process employed for this review. The preprocessing stage, 
essential for the subsequent data analysis, was executed using 
R scripts developed by Core of Science (https://github.com/
coreofscience, accessed on May 13, 2024). This step involved 
extracting key information from references, handling missing 
values, and preparing the dataset for analysis.[12]

Scientometrics analysis

We conducted a scientometric analysis to quantitatively examine 
various scientific data, such as annual scientific production, 
average citations per year, relevant sources, author productivity 
and co-citation analysis, among others. This pipeline was designed 
to start from general metrics and gradually progress toward more 
specific insights. The scientific annual production included the 
results of WoS and Scopus separately as well as total publications 
per year in the dataset and the total citations. Moreover, country 
production, journal contribution and co-authorship were 
visualized through tables and network graphs.
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Tree of Science (ToS)

References and cited records were classified and prioritized using 
Tree of Science (ToS) methodology, an open-source approach 
for literature mapping based on citation network analysis​. This 
method categorizes papers into three groups according to network 
topology,[10,11] roots, trunk and leaves. Roots represent classical 
papers, the trunk is the bridge between the classical and the most 
recent academic literature and the leaves show the newest papers 
that exhibit a higher connection with the trunk and root.

The main sub-areas or perspectives were extracted from the 
network citation using the modularity class algorithm,[12] the 
main three clusters were extracted from the network citation to 
identify different perspectives of this area of knowledge.

Moreover, the open-source software Gephi[13] was used for the 
data visualization and to apply the modularity class algorithm. 
The full code used for data preprocessing, network construction, 
and visualization is openly available at: https://github.com/
coreofscience/tosr.

RESULTS AND DISCUSSION

Scientometrics analysis
Search equation

Figure 2 shows the documents produced in the last 2 decades 
related to metabolomics, peptidomics and sugars in cacao. 
Scientific production in cocoa metabolomics and peptidomics 
showed a marked increase between 2000 and 2015, representing 
62% of the total output. After a brief decline, publication rates 
stabilized, reaching a peak again in 2021. This pattern reflects 
an initial phase of rapid growth followed by a consolidation 
period. Key contributions during these stages, such as the 
identification of diketopiperazines by Stark and Hofmann,[14] and 
the influence of yeasts and starter microorganisms on the bean 
metabolome and sensory profile.[15-19] Significantly advanced the 
understanding of flavor precursor metabolites. In this period 
important contributions emerged on cocoa peptidome,[6,7] as 
well as sugar contribution on sensory profile.[20] The number of 
citations followed a similar pattern until 2013, with a peak of 
9,495 citations in that year, followed by 8,744 citations in 2011. 
The most cited article is a comprehensive review of the different 
groups of compounds and foods,[21] highlighting a significant 
research sub-line focused on the impact of these metabolites 
(peptides and sugars) on humans. On the other hand, the most 
cited article related to metabolites and the sensory quality of 
chocolate is by Ho et al.,[18] that was discussed at the beginning 
of this section.

Country network

Although associating cocoa metabolites with specific sensory 
profiles remains complex, significant research efforts are 
concentrated in a few countries. Approximately 1,500 documents 

and 45,600 citations come from just 10 nations. Notably, major 
cocoa producers like Côte d'Ivoire and Ghana contribute little to 
academic production, while countries like Indonesia and Brazil, 
and major chocolate consumers such as Germany and the United 
Kingdom, lead in research output. These findings highlight that 
scientific productivity in cocoa metabolomics and peptidomics 
is more aligned with research infrastructure than with cocoa 
production or consumption levels.

In the USA, there have been 393 papers in prestigious scientific 
journals. Out of these 393 documents, most of the documents 
are published in Q1 journals near to 53% (207), 12% (47) in Q2, 
3.6% (14) in Q3, 1.5% (6) in Q4 and near to 30% of the total 
publication is in journals with no category (Table 2). Within 
this group of articles, one noteworthy publication is Lonchampt 
and Hartel[22] with 185 citations, which outlines the different 
process mechanisms by which fat bloom forms in chocolate 
manufacturing and its impact on the sensory profile.

As for Brazil, the distribution of the publication in the quantiles is 
more homogeneous than in the USA. Here 37% (96) are published 
in Q1, 22% (58) in Q2, 11% (29) in Q3 and 2% (6) in Q4 (Table 
2). Within this group of articles, the document by Schwan[23] has 
150 citations. Despite being a relatively old article, it is considered 
a classic as it explains the fermentation process when different 
microorganisms are inoculated and its influence on metabolite 
production.

Regarding the United Kingdom, there are 81 (44%) documents 
published in Q1 journals; 19 (10%) in Q2, 1% in Q3 and the same 
percentage in Q4 (Table 2). These publications have achieved 
8177 citations. From this section, one of the most cited articles 
addresses the formation of volatiles from the interactions of 
Maillard reactions.[21]

Germany has a total of 148 scientific publications, in which 
nearly 53% is published in Q1 and nearly 26% in journals with no 
category (Table 2). One of the most cited articles (165 citations) 
is by Frauendorfer and Schieberle.[24] This work presents a 
comparative analysis of the aromas in roasted and unroasted 
Criollo cocoa extracts and the metabolites associated with each 
sensory profile.

As far as Spain is concerned, nearly 60% of the total publications 
are in Q1. The most cited article deals with the effect of roasting on 
the total dietary fiber content and the reduction in sugar content 
and how this affects the formation of Maillard polymers.[25]

The publications of Italy, France, China, India and Indonesia 
represent 15% of the total production in this topic (as shown in 
Table 2). Most of the documents are in Q1 ranked journals and 
with a significant presence in non-categorized journals as well. 
Among the articles published by Italy, we highlight the document 
by Caligiani et al.,[26] which for the first time presents the 
metabolic profile of cocoa beans using 1H NMR techniques on 
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polar extracts of fermented cocoa beans from different varieties 
(Forastero, Criollo and Trinitario) and origins (Ecuador, Ghana, 
Grenada and Trinidad). A notable publication from France, 
recognized for its number of citations (174), is by Risterucci et 
al.,[27] In this study, a high-density molecular linkage map was 
constructed using a mapping population of 181 progenies from 
a cross between two heterozygous genotypes, a Forastero and a 
Trinitario, to explore their relationship with quality. A significant 
publication from China by Luna et al.,[28] details the chemical 
composition contributing to the flavor of cocoa liquor from a 
self-pollinated population of the Ecuadorian clone EET 95. One 
of the most cited articles from India (98 citations) examines the 
sensitivity to desiccation and freezing of recalcitrant cocoa seeds 
and its impact on quality.[29] In Indonesia, research by Jinap et 
al.,[30] focused on identifying specific aroma precursors of cocoa 
and methylpyrazines in under-fermented cocoa beans obtained 
from fermentation induced by endogenous carboxypeptidase. 
The under-fermented cocoa beans exhibited significantly higher 
levels of hydrophilic peptides and free hydrophobic amino acids 
compared to non-fermented beans. These essential cocoa aroma 
components may result from the breakdown of proteins and 
polypeptides by endogenous carboxypeptidase activated during 
fermentation.

Figure 3 shows the collaboration network among countries. In 
the figure, six major communities are identified, formed through 
academic collaboration between countries. The size of the node 
is determined by the degree, which indicates the frequency of 
international collaboration. The visualization of nodes and links 
over the time shows that the scientific community consolidated 
from 2015 onwards because the number of links are higher than 
the number of nodes, indicating more studies among the same 
countries. The countries with the highest levels of collaboration 
are the USA, Germany, the United Kingdom and France. In 
Figure 3 the communities are represented by different colors, 
with the purple community being the largest. A classic document 
in the purple community that includes Brazil and Portugal is by 
Do Carmo Brito et al.,[31] The study analyzed the fermentation 
and processing of cocoa over 144 hr, revealing chemical and 
microscopic changes. Fermentation reduced phenolic compounds 
and protein bodies, while drying and roasting, caused cellular 
damage. The main chemical changes involved reducing sugars, 
amino acids, proteins and phenols. From the green community 
a recent collaborative study between Germany and Switzerland 
focuses on the influence of aerobic and anaerobic incubation 
on the formation of non-volatile compounds, comparing them 
with unfermented cocoa beans and those with spontaneous 
fermentation.[32]

Figure 3 also shows the communities by size. In this figure 
there are three main communities where collaboration between 
countries is more diverse. Additionally, in the graph of nodes and 
links over time, it can be observed that starting from 2013, there 

are more links than nodes, indicating an increase in the number 
of collaborations between countries-a trend that continues to 
grow.

Journal analysis

In Table 3, the journals with the highest number of publications, 
their impact factor, H-index and quartile are reported. Food 
Chemistry and Food Research International have a similar 
number of publications, both ranked similarly in terms of 
quartiles. Interestingly, the top 10 journals include a conference 
proceedings journal without categorization, possibly because 
it compiles several documents from events in the studied area 
of knowledge. Otherwise, all the journals in this top 10 are 
well-established scientific journals, categorized in the highest 
ranking and have H-indices above 100.

Figure 4 shows the citation network between journals and the 
clustering by themes based on colors. The first cluster in green 
is related to metabolites and omics sciences in plantations.[33] 
The purple cluster relates to studies on the health effects and 
molecular expressions of cocoa consumption.[34] The third cluster, 
in orange, which is the focus of this review, relates to metabolites 
in the processes of transforming cocoa into chocolate. Moreover, 
the nodes and links visualization highlight the consolidation of 
journals over the time, suggesting that after 2007 the proportion 
of new citations has increased relative to the introduction of new 
journals in the field.

Figure 4 also shows that there are primarily three communities of 
journals that mostly cite each other, generating the three largest 
clusters. Additionally, the graph of nodes and links over time 
reveals that no new journals related to this research area have 
emerged in the last 10 years. However, the number of links has 
increased, indicating greater citation among existing journals.

Parameter Web of 
Science

Scopus

Range 2000 - 2024
Date February 13, 2024
Document 
type

Papers, books, chapters, conference 
proceedings, reviews.

Search field Title, abstract and keywords
Equation 1 (metabolomic* OR peptid*) AND (cacao OR 

cocoa OR theobroma)
Equation 2 (sugar* OR carbohydrate*) AND (cacao OR 

cocoa OR theobroma)
Results 
equation 1

284 385

Results 
equation 2

1023 1981

Total 1307 2366

Table 1: Search parameters.
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Author collaboration network
The author’s collaboration performance is approached from 
these perspectives: first, emphasizes the most productive authors 
contributing to the metabolomics or peptidomics in cacao and 
its influence in the chocolate quality, while the second outlines 
the network of academic collaborations. Table 4 identifies Pereira, 
Kuhnert and Dewettinck with de major production with 16, 15 
and 14 papers respectively. The most recent article with Pereira’s 
participation is about identifying the genes encoding enzymes in 
the microbiota during the fermentation of two cocoa varieties. 
Initial differences in the microbiota were found to unify over time 
due to selection pressures. The study concluded that changes in 
genes over time indicated specific metabolic pathways at different 
stages of fermentation, which can improve cocoa processing 
practices to ensure more stable quality in the final products.[35] On 
the other hand, one of the latest articles co-authored by Kuhnert 
involved designing an experiment using response surface 
methodology to model cocoa roasting and its flavor-related 
components. Variables included chemical compounds that 
change during roasting and the influence of time, temperature 
and the addition of water, acid and base.[36] Conversely, the most 
cited article in which Dewettinck has collaborated as a co-author 
(232 citations) is about the factors influencing the variation 
in the sensory profile and quality of cocoa.[2] Afoakwa and De 
Vuyst have participated in 13 scientific documents; Biehl, Bolini, 
Schwan and Voigt participated in 11 papers; D’Souza, Saputro, 
Silva and Van D W D in 10 papers; And Andres-Lacueva and 
Jinap in 9 scientific documents. Afoakwa also participated in the 
review published by Kongor et al.,[2] De Vuyst has been working 
on microorganism biodiversity and its influence on the cacao 

fermentation process. All these authors and their contributions 
will be discussed in the next section.

Figure 5 shows the three largest communities according to 
the number of links. These graphics aim to provide a better 
understanding of the authorship and citation patterns among 
researchers. The image depicts the ego network of the three 
most prolific authors. The links and nodes over time graph 
shows that there is a big size and density of each community, 
thus these authors are highly interconnected and frequently 
cited, corroborating their significant contributions to this field of 
knowledge.

Pereira exhibits a recurring collaboration with Schwan, with 
their work focusing on microbial biodiversity and its effect on 
cocoa transformation. Kuhnert's community, on the other hand, 
has strong connections with D’Souza, Ullrich and Megias-Perez, 
who have deeply studied the biochemistry of the fermentation 
process, making significant contributions to the elucidation of 
peptides, sugars, polyphenols and Amadori compounds with 
a robust analytical platform for conducting metabolomic and 
peptidomic analysis. Finally, Dewettinck's community includes 
collaborations with Saputro and Afoakwa, who have focused 
their studies on postharvest variables that can affect the sensory 
profile of chocolate.

Figure 5 also shows the communities formed by authors. There 
are three scientific communities that are more consolidated 
based on the number of authors they connect. Additionally, in 
the graph of nodes and links over time, it is evident that there 
is strong interaction among authors since, starting from 2011, 
the number of links exceeds the number of authors, indicating a 

Figure 1:  PRISMA diagram. Document selection process.[12]
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strong tendency to cite works within the scientific community in 
this field of knowledge.

Tree of Science
Evolution of peptidomics research in cocoa

The following section shows chronologically the research 
dynamics in peptidomics and metabolomics of cocoa following 
a tree metaphor (roots, trunk and leaves). At the beginning, 
classical studies are presented, which are the “roots” or base of 
research. Then, it was compiled those that consolidate the area 
of knowledge the “trunk” and finally the recent research was 
grouped as the “leaves” approach.

Roots

The cacao protein composition has been studied since the 
beginning of 1900’s.[37] reported the protein fraction of the cocoa 
and their solubility in different solvents and polarities. Then, 
this fraction was characterized in 1984 and reported to contain 
albumins, globulins, prolamin and glutelin.[38] Moreover, it has 
been reported that the seeds of dicotyledonous plants primarily 
contain legumin-like and vicilin-like globulins.[38]

Biehl et al.,[39] later reported the effects of pH and temperature on 
the proteolysis process. They determined that the flavor potential 
increases with the decrease of pH and that these conditions 
may also increase proteolysis. They emphasized that proteolysis 

is influenced not only by pH but also by microbial activity, 
moisture, and acetic acid concentration within the cotyledon. 
Moderate levels of acetic acid (4.5-7.5 w/w) facilitate diffusion 
into the beans without raising acidity, while the presence of 
specific microorganisms can positively or negatively affect flavor 
depending on fermentation conditions. The authors highlighted 
that flavor development depends more on the specific type of 
peptides rather than their total quantity. They also determined 
optimal pH values for enzyme activity: pH 4.5 for exopeptidases 
and dual optima at pH 3.5 and 5.5 for endopeptidases.[39]

In the following years, Spencer and Hodge[40] deduced the amino 
acid sequence of cocoa albumin from cDNA, also they found 
that the albumin molecular weight was 21 kDa. Later, Voigt et 
al.,[41] reported for the first time the percentage composition of 
the Theobroma´s protein fraction, albumin 52% and vicilin-like 
globulin 43%.

The research by Voigt et al.,[42] marked the beginning of a series 
of studies that continued annually, each presenting new insights. 
In their 1994 study, they delved into the proteolytic processes 
occurring during fermentation. Their findings indicated that flavor 
precursors were derived from the digestion of vicilin, primarily 
catalyzed by aspartic endoprotease and carboxypeptidase. 
Interestingly, when the albumin fraction underwent enzymatic 
digestion, no specific aroma precursors were identified.[43] 
Expanding on this work, Voigt et al.,[42] performed the in vitro 

Figure 2: Scientific production.
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analysis of enzymatic reaction by aspartic endoprotease and 
carboxypeptidase. They found that the flavor precursors came 
from the hydrophilic oligopeptides.[42] Additionally, Bytof et al.,[44] 
determined that the peptides with arginine, proline, or leucine 
in the carboxy terminal are resistant against the degradation 
with carboxypeptidase, due to the enzyme preferentially liberate 
hydrophobic amino acid and are not able to cleave off carboxy 
terminal prolyl or basic amino acid residues.

The enzymatic activity during the fermentation process was 
further studied. Hansen et al.,[45] extracted, quantified and 
evaluated the enzyme activity to finally compare the performance 
of the different types of enzymes present during the fermentation 
process. They reported that the aminopeptidase, invertase 
and polyphenol oxidase were deactivated at the fermentation 
process. Moreover, carboxypeptidase was partially deactivated, 
whereas endoprotease and glycosidase continue active during 
fermentation. Finally, most of the enzymes were permanently 
active during the drying process, either solar or artificial drying, 
but polyphenol oxidase was inactivated.

Trunk

Subsequently, Hansen et al.,[46] examined enzyme activities 
related to flavor formation across different cocoa genotypes 
and maturation stages. They found lower protease activity in 
immature beans and reduced polyphenol oxidase activity in beans 
harvested four weeks before maturation. Pulp invertase activity 
increased with maturation and during pod storage, leading to 
changes in sugar composition. High-quality flavor cultivars 
exhibited greater protease activity but lower cotyledon invertase 
levels. Interestingly, despite carboxypeptidase being considered 
important for flavor formation, its activity was lowest in the fine 
flavor cultivar, suggesting no straightforward correlation between 
this enzyme and flavor quality. Overall, the study concluded that 
unfermented bean enzyme activity does not limit the formation 
of flavor precursors.

Hansen et al.,[46] and Jinap et al.,[47] published the results about the 
influence of incubation in the activation of the enzymes in dried 
under-fermented cocoa beans and the impact of this process in 
the flavor formation. Previous studies showed that most of the 
enzymes remain active during the drying process (excluding 
carboxypeptidase), but in this paper the results showed that the 
enzymes partially lost their activity. They implemented 4 hr of 
incubation of the under-fermented cocoa beans, finding that 
free amino acid concentration significantly increased. Likewise, 
the reducing sugars concentration of well-fermented beans was 
comparable with the under-fermented-incubated samples. The 
flavor quality of dried and partially fermented cocoa beans can 
be enhanced by activating the enzymatic machinery using an 
incubation process.

Building on previous scientific advances, researchers began 
characterizing peptides derived from vicilin to understand 
their sequences, origin, and transformation during the 
chocolate-making process. Kratzer et al.,[48] found that vicilin-like 
globulin consists of two major subunits (47 kDa and 31 kDa) and 
three smaller ones (15.5, 15.0, and 14.5 kDa), all derived from 
proteolytic cleavage of a 66 kDa precursor. All vicilin subunits 
originate from the amino acid sequence between positions 131 
and 566. These subunits originate from amino acid positions 
131–566, with overlapping regions and distinct proteolytic 
pathways. Notably, the 47 kDa and 31 kDa subunits arise 
independently from a common intermediate. Subsequent studies 
revealed that albumin also contributes to flavor precursors.[1,49] 
Caligiani et al.,[1] reported that Criollo genotypes, known for fine 
flavor, produce a higher proportion of peptides from albumin. 
Similarly, Marseglia et al.,[49] detected numerous albumin-derived 
oligopeptides in well fermented cocoa beans.

Additionally, Marseglia et al.,[49] identified and semi-quantified 
44 peptides in fermented cocoa beans from different geographic 
regions. They found that the peptides were in the same amino 
acid regions reported by Kratzer et al.,[48] The preferred cleavage 
sites in the N-terminal were aspartic acid, asparagine and arginine 

Country Production Citation Q1 Q2 Q3 Q4 No category
USA 393 (14,79%) 14828 (19,60%) 207 47 14 6 119
Brazil 258 (9,71%) 5209 (6,88%) 96 58 29 6 69
United Kingdom 183 (6,89%) 8177 (10,81%) 81 19 2 2 79
Germany 148 (5,57%) 4333 (5,73%) 79 16 14 0 39
Spain 117 (4,40%) 3058 (4,04%) 70 16 7 6 18
Italy 98 (3,69%) 4542 (6,00%) 60 14 7 1 16
France 93 (3,50%) 2486 (3,29%) 51 10 11 2 19
China 72  (2,71%) 1243 (1,64%) 35 13 2 7 15
India 72 (2,71%) 1361 (1,80%) 21 8 9 8 26
Indonesia 66 (2,48%) 363 (0,48%) 8 4 7 9 38

Table 2: Top 10 Contributing Countries.
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suggesting the activity of the endogenous aspartic endoprotease. 
Even though it was reported before that the C-terminal should 
not have acidic amino acids due to the carboxypeptidase 
releasing hydrophobic amino acids. Marseglia et al.,[49] found that 
the preferred cleavage sites in the C-terminal were phenylalanine, 
glutamic acid and aspartic acid. Despite peptides with arginine, 
lysine, or proline residues in the C-terminal were resistant to 
degradation by the carboxypeptidase, Marseglia et al.,[49] found 
different results, as many peptides showed valine-phenylalanine 
sequence in their C-terminal, indicating that other proteases 
could be involved in the process, suggesting that may be microbial 
origin peptidases. When peptides were quantified, the data on 
roasted products exhibits that after roasting, the peptide content 
was reduced by approximately 30%.

Similarly, Caligiani et al.,[1] published about the peptide pattern 
of 48 cocoa beans samples from 22 different geographical origins 
and the relationship between the relative abundance of the 33 
peptides identified during the fermentation time. Related to the 
flavor quality, they found that samples considered as fine flavor 
cocoa contained the highest amounts of the peptides ASKDQPL 
(from Ecuador), TVWRLD, IEF, DEEGNFKIL (from Malaysian 
and Brazil), APLSPGDVF, SPGDVF (from Ghana), GAGGGGL, 
RLD, VI, RRSDLD, EVL (from Mexico) and a peptide with a 
molecular weight of 1090 and 1596 (from Ecuador and Nigeria 
respectively). Moreover, they proposed that proteolytic activity 
depends not only on the physicochemical factors such as pH 
or temperature but also on the geographical origin because the 
region is tightly related with a specific genotype.

Up to this point in this literature review, it has been possible to 
identify some peptides related to complete fermentation, however, 
specific-cocoa aroma peptides have not yet been characterized. 
In this vein, Voigt et al.,[50] reported peptides associated with the 

formation of the cocoa-specific aroma notes through a controlled 
roasting process. The peptide fractions and free amino acids were 
roasted alongside deodorized cocoa butter and a blend of glucose 
and fructose. A trained test panel then assessed the resulting 
aroma profiles. Cocoa and malty aromas were present in the 
total precursor extract and the hydrophilic fraction, regardless of 
the presence of free amino acids. Conversely, chocolate-specific 
aromas were absent in the roasted hydrophobic fraction, whether 
free amino acids were included. Additionally, roasting the 
synthetic mixture of free amino acids without peptides produced 
bread-like, flowery and honey-like aromas, but lacked the 
distinctive cocoa and dark chocolate notes.

The hydrophilic peptide fraction that revealed the most 
cocoa-specific aroma was characterized. The most prominent 
sequences in this fraction were: NNPYYFPK, RNNPYYFPK. 
Another 52 peptides of the hydrophilic fraction were also 
considered to contribute to the cocoa-specific aroma, and they 
were identified and published in the document. They suggest that 
the peptides are in the amino acid positions of 140-148, 194-198, 
392-398, 471-476 and 497-499 of the vicilin precursor sequences.

Later, Mayorga-Gross et al.,[51] through a non-targeted 
metabolomic approach studied the metabolomic differences 
between the three fermentation stages, 0-2, 3-4 and 5-6 days. 
They found that ten tentatively identified oligopeptides from 3 to 
12 amino acids are discriminating against metabolites among the 
37 most discriminant ions with respect to processing time. They 
also observed an increase in the oligopeptides to maximal levels 
after 3 to 4 days of fermentation and then, a drop-in intensity 
occurred. For this reason, they propose to revise the processing 
time for the transformation from beans to cocoa beans, which 
can be shorter than usual.

Figure 3: Country Network Analysis.
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John et al.,[52] performed a controlled transformation of the 
cocoa beans, excluding bacterial activity, to analyze protein 
degradation. They simulated the fermentation matrix using 
ethanol and organic acids (citric, acetic, and lactic). The artificial 
system showed increased endoprotease activity but reduced 
exopeptidase activity, with vicilin-derived peptides still present 
after 72 hr. When compared to commercial fermentation, 60-67% 
of the peptides overlapped in sequence and length, though slight 
differences were observed at the N- and C-terminal regions. In the 
artificial system, the N-terminal showed a preference for aspartate, 
followed by valine, serine, and alanine, while in commercial 
fermentation, alanine and aspartate were predominant. In both 
cases, phenylalanine and tyrosine were favored at the C-terminal, 
supporting their inhibitory effect on carboxypeptidase. The study 
also suggested that albumin may contribute to flavor formation, 
as a diverse range of albumin-derived peptides, though smaller 
than those from vicilin, was observed. Additionally, free amino 
acids may also play a role in cocoa flavor development.

Regarding the peptides found after 48 hr of artificial 
transformation, they presented some peptides reported before 
in a commercial fermentation, RNNPYYFPK, NNQRIF, 
DEEGNFKI, NGKGTITF, QVKAPLSPGDVF and ASKDQPLN. 
Also, they found two peptides that were present in all the samples: 
APLSPGDVF and SPGDVF. In summary, they found that the 
proteolytic process in an artificial system simulates commercial 
fermentation.[52]

Leaves

In the next contribution to the elucidation of peptide identity, 
the authors used different times of fermentation to observe 
the sequential proteolytic degradation and report the largest 
collection of cocoa peptides at the time. Not only from vicilin and 
albumin, but also from lipoxygenase, peroxidase and chitinase. 

D'Souza et al.,[6] identified 392 peptides from vicilin, 167 from 
albumin, 26 from peroxidase and 20 from lipoxygenase, 20 
from chitinase and 241 smaller peptides from multiple proteins. 
They also reported a general pattern that the fermentation time 
is inversely proportional to the length of the peptide. As time 
progressed, the peptides identified were smaller and no peptides 
were detected in fresh unfermented beans. The length of the 
peptides at 24 hr of fermentation were between 21 to 23 amino 
acids, from 48 to 72 hr between 7 to 20 amino acids and from 72 
to 96 hr between 3 to 6 amino acids. After 96 hr there was a high 
increase in di, tri, tetra and pentapeptides. They also highlight 
that two-thirds of all peptides detected have lengths from 2 to 5 
amino acids.

Regarding the flavor formation, N-terminal and C-terminal 
amino acids, ti was found that methionine, leucine, valine, 
isoleucine, phenylalanine and alanine in the N-terminal tend to 
react with reducing sugars producing carboxylic acids, Strecker 
amines and aldehydes; that produces characteristic cocoa 
aroma. On the other hand, the bitter tasting could be formed 
by the intramolecular cyclization at the N-terminal producing 
diketopiperazines. Furthermore, Tyrosine residues are the 
most abundant at the C-terminal. Gly and Gln residues at the 
C-terminal also showed a high relative abundance. Thr and Val 
residues at the C-terminal tend to be short-lived. Finally, they 
argue that hundreds of more reactive and more abundant smaller 
peptides might be cocoa flavor precursors and certainly plays the 
largest role in flavor formation.[6]

Interestingly, recent research is focused on investigating from this 
complex and large peptidome, those specific peptides associated 
with the development of cocoa flavor. In other words, peptides 
can be considered as flavor precursors metabolites, because 
they are linked to the development of a specific quality sensory 
attribute in chocolate.

Journal WOS Scopus Impact Factor h-Index Quantile
Food Chemistry 40 55 1.75 324 Q1
Food Research International 48 46 1.5 212 Q1
Journal of Agricultural and Food 
Chemistry

34 41 1.11 345 Q1

Journal of Food Science 16 43 0.78 179 Q1
Journal of the Science of Food and 
Agriculture

18 42 0.75 174 Q1

Nutrients 15 34 1.3 209 Q1
Appetite 4 33 1.27 178 Q1
Iop Conference Series: Earth and 
Environmental Science

0 27 0.2 48 -

European Food Research and Technology 19 20 0.67 122 Q1
Lwt-Food Science and Technology 24 0 1.31 172 Q1

Table 3: Top 10 Contributing Journals.
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In this way, Scollo et al.,[53] characterized the peptide and protein 
profiles of IMC 67 genotypes of cacao at different fermentation 
stages. In this study, 1,058 endogenous peptides were identified 
and quantified, making these results the largest collection of cocoa 
peptides up to now. Also, they propose potential biomarkers of 
the fermentation process. The results showed that 315 peptides 
were found on day 0, 710 peptides during day 2, 626 during day 
4 and 286 peptides during day 6. The ontology of those peptides 
was as follows: 502 peptides from vicilin, 144 peptides from 
21kDa albumin, 60 from lipoxygenase, 40 from RmLC cupin, 29 
from glyceraldehyde-3-phosphate dehydrogenase and 28 from 
peroxygenase, among others. To identify the potential biomarkers 
three statistical filters were applied. First, the highest abundance 
among the fourth fermentation day. Second, a fold change 
greater than 4 between the highest and lowest intensities. Third, 
the absence on day 0. Consequently, they found 192 differential 
peptides on day 2, 46 at day 4 and 21 at day 6.

Then, Escobar et al.,[7] explained that fine cocoa attributes were 
found at 96 hr of fermentation and the peptide precursors present 
in higher intensities in the fermented beans at this time of process 
were FGVPSK (from vicilin amino acid region 519-524), NHR, 
LPSVK, LLC, LKY, VDNIFNNPDESY (vicilin 526-537). They 
also reported that the peptide AGGGGL (from albumin amino 
acid region 54-59) was found at a lower intensity at 96 hr of 
fermentation. Moreover, this study presented other differential 
peptides considered as candidate biomarkers of quality at 72, 
120 and 144 hr of fermentation, which are associated with high, 
medium, or low sensory quality.

Evolution of targeted and untargeted metabolomics 
research on carbohydrates
Roots

Despite the relevance of carbohydrates and their biochemical 
changes during the transformation of cocoa seeds to beans and 
to chocolate, these were initially under-studied. The research was 
mostly focused on the study of peptides. Nevertheless, the first 
studies include the identification of sugars in roasted cocoa beans 
or nibs.[54] These studies observed that nibs contained mainly 
D-fructose, D-glucose, sucrose and raffinose oligosaccharides. 
Other carbohydrates such as stachyose, melibiose, manninotriose, 
planteose, verbascose, verbascotetraose and mesoinositol were 
also detected.

In 1966 the quantification of total sugars (0.34 to 1.38%) and 
reducing sugars (0.39 to 3.48%) in nibs from were reported by 
Rohan and Stewart.[55] Afterwards, new research Rohan and 
Stewart[56] also revealed the dynamics of reducing sugars in African 
cocoa seeds during fermentation in heaps. The authors found the 
maximum concentration at 2 or 3 days of the transformation 
process. Subsequently, the concentration of reducing sugars 
stayed relatively constant before decreasing marginally towards 
the end of fermentation. They also observed an almost complete 
degradation of reducing sugars and a substantial reduction in 
total sugars during roasting.

Reineccius et al.,[57] highlighted the importance of carbohydrates 
in the cocoa metabolomic fingerprint due to their role in 
flavor formation. During spontaneous fermentation, sucrose is 
converted into reducing sugars like fructose and glucose, which 
act as key flavor precursors during roasting via Maillard reactions. 

Figure 4: Journal Analysis.
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These sugars react with amino acids and peptides to generate 
aroma-active compounds such as pyrazines, furans, furanones, 
esters, aldehydes, ketones, pyrroles, aldols, and terpenes, all 
contributing to chocolate’s final flavor. The authors were the first 
to quantify individual sugars in fermented and dried beans from 
various geographic origins, consistently identifying fructose, 
sorbose, glucose, sucrose, inositol, mannitol, and pentitol. 
Variations in sugar concentrations were linked to harvest and 
postharvest practices, with highly fermented beans showing 
lower sucrose and 2–16 times more fructose than glucose.

Trunk

The research was focused on studying the dynamics of sugars 
during the transformation of seeds to cocoa beans. Hashim et al.,[58] 
revealed that during fermentation, the sucrose and total sugars 
decreased significantly in 89 and 75%, respectively. This implied 
the increase of total reducing sugars. Thus, fructose, glucose, 
mannitol, inositol and total reducing sugars concentrations 
peaked after 4 days of fermentation, then gradually decreased 
until the process concluded.

The research was also focused on the study of enzymes that act 
on sugars. In this sense, as the endogenous enzymatic activity of 
invertase has only briefly been studied, new research was done 
with the aim to characterize the activity of this enzyme in the 
cotyledon during cocoa fermentation.[59] This enzyme plays a 
crucial role in reducing sugars. It was reported that the overall 
cotyledon invertase activity was low, with invertase activity 
nearly disappearing within 2 days of fermentation. Although 
sugar inversion persisted for 5 days, only minimal levels of 

cotyledon invertase activity were detectable after the first 2 days 
of fermentation.

Subsequent studies[60,61] examined changes in fructose, glucose, 
mannitol, and sucrose during spontaneous fermentation, 
particularly under the influence of starter culture inoculation. 
Sucrose levels declined steadily after 24 hr, while glucose and 
fructose increased. Mannitol appeared after 12 hr and stabilized 
after 60 hr. Monitoring sugar concentration dynamics helps 
identify peak metabolite production within the cocoa seed, 
revealing clear phases of accumulation and decline. This 
information is valuable for defining optimal fermentation 
times, which are often predetermined without considering the 
concentration of flavor precursors. Therefore, processing should 
be planned based on metabolite profiles to improve both flavor 
quality and process efficiency.

Afterwards, a new study[62] carried out the transformation of 
cocoa seeds under controlled conditions in comparison with 
spontaneous fermentation to analyze if flavor precursors, 
such as reducing sugars, were produced in similar quantities 
in both processes. In this study, the process was performed by 
controlling the temperature, the acidification was conducted 
using acetic and lactic acids and the absence of microorganisms. 
The concentration of reducing sugars found in the treatments of 
controlled conditions (16.4-28.0 mg g-1 ffdm) was higher than 
the reported spontaneous fermentation (3.3 and 11.1 mg g-1 
ffdm). For this reason and considering that sugars are limiting 
compounds in reactions of chocolate flavor formation, the 
treatment under controlled conditions appears as an alternative 
way of cocoa transformation method with high potential to 

Figure 5: Author Collaboration Network.
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manage the cocoa flavor, as it allows to obtain a higher quantity of 
the limiting compounds of flavor-forming reactions.

Subsequently, the research of Mayorga-Gross et al.,[51] combined 
the untargeted metabolomic analysis with multivariate statistics 
and the main results to be highlighted were that sugars (such as 
sucrose) are one of the most discriminating chemical groups in 
spontaneous cocoa fermentation. It means that sugars discriminate 
between the fermentation time causing the formation of clusters 
according to the days of the process.

New research assessed the effect of Pod Storage (PS) (0, 3 and 7 
days of PS) on specific flavor precursor development focused on 
reducing sugars and free amino acid profiles and the implications 
in the volatile aroma compounds formation in the cocoa liquor.[63] 
The authors found that PS contributes to a slight increase in the 
total content of reducing sugars in cocoa beans. Also, they suggest 
that 7 days of PS seemed to improve the formation volatiles. 
Hinneh et al.,[63] stated that these findings could be considered 
to improve the flavor potential of cocoa beans considering that 

both, reducing sugars and amino acids/peptides, are the flavor 
precursors that generate aromas that may produce a fine or a 
basic flavor profile.

Leaves
Subsequently, pioneering studies were developed with the aim to 
find relationships between the sugars as flavor precursors with the 
volatile and sensory profiles of derived chocolate.[64,65] Hinneh et 
al.,[64] observed that an increase in the overall volatile concentration 
when long PS (7 days of PS) were applied, could be attributed to 
the onset of widespread degradation of the cocoa pulp, making 
available reducing sugars. In all cases, regardless of the cacao 
origin/variety (categorized as fine or bulk), chocolates processed 
under moderate-high roasting temperatures (135-160ºC) and 
After 7 days, pyrazines (cocoa/nutty/roasted aromas), acids 
(sour perception), esters (fruity/floral/sweet aromas), furans 
(roasted/cheesy/green aromas), pyrroles (caramel aroma) and 
undesirable volatiles such as dimethyldisulfide (sulfurous) and 
2-methoxyphenol (smoky) were perceived.

No Researcher Total Articles* Scopus
h-Index

Affiliation

1 Pereira G 16 37 Universidade Federal Do Parana, 
Curitiba, Brazil.

2 Kuhnert N 15 49 Constructor University, Bremen, 
Germany.

3 Dewettinck K 14 68 Universiteit Gent, Ghent, Belgium.
4 Afoakwa E 13 32 Ghana Communication Technology 

University, Accra, Ghana.
5 De V L 13 93 Vrije Universiteit Brussel, Brussels, 

Belgium.
6 Biehl B 11 25 Technische Universität Braunschweig, 

Braunschweig, Germany
7 Bolini H 11 46 Universidade Estadual de Campinas, 

Campinas, Brazil.
8 Schwan R 11 56 Universidade Federal de Lavras, 

Lavras, Brazil.
9 Voigt J 11 25 Friedrich-Schiller-Universität Jena, 

Jena, Germany.
10 D'souza R 10 11  ECA Agroindustria S.A., Concordia, 

Argentina.
11 Saputro A 10 11  Universitas Gadjah Mada, Yogyakarta, 

Indonesia.
12 Silva F 10 41 Universidade Católica Portuguesa, 

Porto, Portugal.
13 Van D W D 10 33 Universiteit Gent, Ghent, Belgium.
14 Andres-Lacueva C 9 75 Universitat de Barcelona, Barcelona, 

Spain.
15 Jinap S 9 60 University Putra Malaysia, Serdang, 

Malaysia.

Table 4: Top 15 Contributing Authors.
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In this sense, according to these previous findings, Hinneh et 
al.,[64,65] suggest that it is possible to boost the aromatic quality 
of bulk cocoa in the function of the targeted aroma profile, 
considering the optimization of the conditions/variables of 
postharvesting transformation operations from seeds to beans 
and/or through the processing processes of the cocoa beans into 
chocolate.

Recent studies[66,67] used untargeted approaches to analyze Low 
Molecular Weight Carbohydrates (LMWCs) in unfermented and 
fermented cocoa beans from different origins and fermentation 
methods (spontaneous and starter culture-based). For the 
first time, iminosugars were identified. Quantitative analysis 
showed sucrose as the dominant carbohydrate in unfermented 
beans, averaging 1,165.7 mg/100 g (range: 230-4,086.8 mg/100 
g), followed by raffinose (399.7 mg/100 g) and stachyose 
(211.4 mg/100 g). These sugars were generally reduced after 
fermentation. Glucose content varied across processing types, 
with unfermented beans averaging 74.5 mg/100 g, spontaneously 
fermented beans 28.3 mg/100 g, and starter culture-fermented 
beans 48.1 mg/100 g. In contrast, fructose levels remained 
relatively consistent regardless of fermentation status.[66]

Moreover, in this study, the authors proposed that stachyose, 
raffinose, sucrose, hexosyl glycerol, melibiose and three unknown 
disaccharides were candidate markers of the cocoa beans’ 
transformation.

Soon after, Megías-Pérez et al.,[67] corroborated the presence 
of sucrose and melibiose, raffinose, stachyose, fructose, 
glucose and galactose, maltose isomers E and Z, galactinol 
(O-α-D-galactopyranosyl-(1→3)-D- myo-inositol).

In unfermented cocoa, myo-inositol, scylloinositol, 1-kestose 
and 6-kestose were identified, along with minor LMWC 
tentatively identified as fructosyl-glucoses, diglycosyl-glycerol 
and glucosyl-sucrose. This study assessed new potential marker 
candidates for cocoa bean origin or fermentation status, focusing 
on scylloinositol, 1-kestose and galactinol. Significant differences 
in scylloinositol content were found among different origins, 
regardless of fermentation status. Additionally, galactinol was 
suggested as a potential indicator of fermentation status due to its 
absence in fermented beans.[67]

Recent comprehensive research by Megias-Perez et al.,[68] 
provided a thorough characterization and quantification of 
LMWC, detailing their changes during spontaneous fermentation 
and elucidating unprecedented mechanistic insights into their 
chemical/enzymatic degradation reactions. They observed a 
decrease in di- and oligosaccharides (except melibiose) with an 
average content loss of 95% for sucrose, 94% for raffinose, 90% 
for 1-kestose and 81% for stachyose, compared to unfermented 
seeds. Conversely, increases were noted in mannitol, 69% for 
fructose and 97% for glucose. Myo-inositol and scylloinositol 

contents also decreased by 4% and 22%, respectively, while 
galactinol content diminished until it vanished between 48 and 
96 hr of fermentation.

Furthermore, they identified the period between 48 and 96 h 
as critical for significant changes in the LMWC profile. These 
findings align with previous studies on concurrent biochemical 
reactions, such as proteolysis, which similarly pinpoint critical 
times for generating flavor precursors like peptides and free 
amino acids.[51,69]

Finally, the authors tentatively proposed the kinetics of LMWC 
degradation (excluding monosaccharides), noting that sucrose, 
raffinose and stachyose best fit a first-order kinetic model, 
suggesting their degradation via acidic hydrolysis or enzymatic 
hydrolysis under acidic conditions. For raffinose and 1-kestose, a 
zero-order kinetic model was more fitting, indicating enzymatic 
hydrolysis mechanisms under acidic conditions.

CONCLUSION

Peptidomics, along with targeted and untargeted metabolomics, 
have contributed to comprehending the dynamics of cocoa flavor 
precursor metabolites' formation, namely peptides and sugars. 
On one hand, these provide insights into their behavior over 
processing time, particularly during transformation from seeds 
to beans. This is crucial as it reveals points of heightened intensity 
for these metabolites during process time, where obtaining 
superior quality attributes is more probable and the process could 
be faster, for instance, by employing a shorter fermentation time.

On the other hand, these approaches facilitate the establishment 
of biomarkers associated with sensory quality attributes. Also, 
these metabolites can be utilized to differentiate the cacao origin 
and the processing time. In the case of peptides, these include 
fine flavor cocoa biomarkers such as ASKDQPL, TVWRLD, 
IEF, DEEGNFKIL, APLSPGDVF, SPGDVF, GAGGGGL, 
RLD, VI, RRSDLD, EVL, FGVPSK, NHR, LPSVK, LLC, LKY, 
VDNIFNNPDESY. And the cocoa-specific aroma biomarkers 
such as NNPYYFPK, RNNPYYFPK. As for sugars, sucrose and 
galactinol as discriminating metabolites of the fermentation time 
and scylloinositol of the cocoa origin.

Moreover, cocoa seeds have other carbohydrate types that 
have been identified by advanced instrumental techniques. 
However, their contribution to flavor formation has been little 
studied. Further research is required about the influence of 
postharvest transformation and agro-industrial processing 
stages on: 1. The biochemical transformation of the diversity 
of cocoa carbohydrates, 2. The chemical and/or enzymatic 
mechanisms linked to their degradation, 3. The interaction with 
other compounds in the cocoa seeds and 4. The participation in 
optimum quantity terms in non-enzymatic browning reactions 
that produce volatile organic flavor compounds, which define the 
quality in the sensory profile.
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Despite the genetic origin and agroclimatic conditions influences 
quality, we found that to generate high-quality flavor cocoa, 
it is essential to work intensively on postharvest processes and 
practices. Future research should focus on analyzing the optimal 
conditions of the postharvest transformation operations to 
produce fine flavor metabolites responsible for high-quality 
cocoa attributes. This could consider the generation of specific 
metabolites related to fine quality (high quality biomarkers 
related to peptides and carbohydrates), the optimal flavor 
precursors concentration, the optimal conditions that promote 
the enzyme activities involved for the generation of this type of 
metabolites, as well as the other non-enzymatic reactions (i.e., 
acidic hydrolysis, oxidation), which contribute the production of 
cocoa with specialty flavor characteristics.

Finally, this review provides both practical and theoretical 
contributions to the field of cocoa research. Practically, by 
identifying key flavor-related metabolites such as specific peptides 
and carbohydrates, it offers valuable insights for optimizing 
postharvest processing practices aimed at enhancing cocoa flavor 
quality. The identification of potential quality biomarkers opens 
new opportunities for monitoring and controlling fermentation 
and drying processes to produce specialty cocoa with consistent 
sensory profiles. Furthermore, the findings offer guidance for 
the development of differentiated chocolate products targeted at 
premium markets.

From a theoretical perspective, this review consolidates and 
organizes existing knowledge on cocoa metabolomics and 
peptidomics, applying for the first time the "Tree of Science" 
methodology to map the evolution and structure of this 
scientific domain. This approach reveals critical knowledge 
gaps, such as the need for further studies on carbohydrate 
transformation mechanisms and metabolite interactions during 
processing. Additionally, the scientometric analysis provides a 
novel framework for understanding research trends and offers 
a foundation for proposing new hypotheses related to the 
biochemical pathways influencing cocoa flavor. Overall, this 
study contributes significantly to advancing both applied and 
fundamental knowledge in cocoa science.
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