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Abstract: Research into microbial interactions during coffee processing is essential for developing new
methods that adapt to climate change and improve flavor, thus enhancing the resilience and quality
of global coffee production. This study aimed to investigate how microbial communities interact and
contribute to flavor development in coffee processing within humid subtropical climates. Employing
Illumina sequencing for microbial dynamics analysis, and high-performance liquid chromatography
(HPLC) integrated with gas chromatography-mass spectrometry (GC-MS) for metabolite assessment,
the study revealed intricate microbial diversity and associated metabolic activities. Throughout the
fermentation process, dominant microbial species included Enterobacter, Erwinia, Kluyvera, and Pantoea
from the prokaryotic group, and Fusarium, Cladosporium, Kurtzmaniella, Leptosphaerulina, Neonectria,
and Penicillium from the eukaryotic group. The key metabolites identified were ethanol, and lactic,
acetic, and citric acids. Notably, the bacterial community plays a crucial role in flavor development
by utilizing metabolic versatility to produce esters and alcohols, while plant-derived metabolites
such as caffeine and linalool remain stable throughout the fermentation process. The undirected
network analysis revealed 321 interactions among microbial species and key substances during the
fermentation process, with Enterobacter, Kluyvera, and Serratia showing strong connections with sugar
and various volatile compounds, such as hexanal, benzaldehyde, 3-methylbenzaldehyde, 2-butenal,
and 4-heptenal. These interactions, including inhibitory effects by Fusarium and Cladosporium, suggest
microbial adaptability to subtropical conditions, potentially influencing fermentation and coffee
quality. The sensory analysis showed that the final beverage obtained a score of 80.83 £ 0.39, being
classified as a specialty coffee by the Specialty Coffee Association (SCA) metrics. Nonetheless, further
enhancements in acidity, body, and aftertaste could lead to a more balanced flavor profile. The
findings of this research hold substantial implications for the coffee industry in humid subtropical
regions, offering potential strategies to enhance flavor quality and consistency through controlled
fermentation practices. Furthermore, this study contributes to the broader understanding of how
microbial ecology interplays with environmental factors to influence food and beverage fermentation,
a topic of growing interest in the context of climate change and sustainable agriculture.
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1. Introduction

Coffee is a vital commodity in the global market, serving as a significant export product
for numerous developing countries and driving a complex multi-billion-dollar industry [1].
The quality of coffee for export is critically shaped during post-harvest processing, which
encompasses key stages such as harvesting, fermentation, and drying [2]. The fermenta-
tion step involves the breakdown of sugars and mucilage surrounding the coffee beans,
leading to the development of unique aromatic compounds and flavors [3]. In the current
coffee processing, open fermentation (natural or dry processing), submerged fermentation
(washed or wet processing), carbonic maceration, and induced fermentation are critical
techniques that substantially contribute to the development of coffee’s flavor [4]. Among
these, open and submerged fermentations are most practiced globally, each influencing the
flavor profile in distinct ways [4-6].

In the context of climate change, researching new coffee production areas and develop-
ing new varieties becomes increasingly crucial. Such initiatives are vital for sustaining the
global coffee industry in the face of changing environmental conditions and ensuring the
resilience and diversity of coffee crops [1]. The subtropical humid regions, particularly in
the state of Santa Catarina, south of Brazil, present a promising frontier for the cultivation of
specialty Arabica coffee. This region, not traditionally recognized in the official agroclimatic
zoning for Coffea species cultivation, has shown remarkable potential due to its unique
climatic characteristics. The climatic specificity of the region, characterized by average
annual temperatures of 18 to 23 °C, sets a unique stage for coffee fruit development [7].
The region’s historical context of coffee production, combined with recent climatic shifts,
suggests a renewed potential for high-quality coffee production. The coffee from this area,
especially when grown under organic conditions in banana orchards, has demonstrated
sensory qualities that classify it as excellent specialty coffee [7].

In regions with high rainfall, wet fermentation is pivotal in coffee processing, especially
for facilitating bean drying [5]. This method involves pulping the coffee cherries and
submerging the beans in water-filled tanks, creating an environment conducive to microbial
fermentative metabolism. This microbial activity is essential for the efficient removal of
pulp and mucilage from the coffee beans. Additionally, it generates ethanol, lactic acid,
and various minor compounds, including esters, higher alcohols, aldehydes, and ketones.
Coffee beverages derived from wet fermentation exhibit distinct sensory characteristics,
such as higher acidity, a lighter body, and a more pronounced aroma compared to dry-
processed coffees [8,9]. This disparity can be attributed to the varying metabolic activities
of sugars and free amino acids within the seeds, along with intense microbial activity that
enhances floral and fruity aromas [2].

In any fermentation process, indigenous microorganisms are of paramount impor-
tance. The concept of microbial terroir, which suggests that regional flavors and aromas
in fermented products may stem from locally distinct microbial diversity, has garnered
attention in the pursuit of capturing the unique geographic characteristics of coffee fermen-
tation in tropical regions. Typically, a variety of yeast species and lactic acid bacteria (LAB)
dominate coffee fermentation in countries such as Brazil, Ecuador, Mexico, Australia, Colom-
bia, Honduras, and India [5,10-15]. Understanding the composition of the microbiome
enables the selection of specific microbial groups to modulate coffee flavors according to
regional nuances. Nevertheless, thorough investigation into the microbial terroir of different
coffee-producing regions is imperative before implementing practical applications [16].

This study aimed to evaluate the intricate interplay between microbial activity and
flavor profile development in coffee fermentation, particularly under the unique conditions
of humid subtropical climates. This comprehensive study underscores the pivotal role
of microbial communities in shaping the sensory characteristics of coffee, focusing on
how varying environmental conditions in these regions influence microbial diversity and
activity. By integrating metagenetic and metabolomics techniques, we aim to elucidate
the complex biochemical pathways and microbial interactions that occur during coffee
processing. This approach not only provides insights into the specific microbial strains that
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contribute to desirable flavor traits but also highlights the impact of climatic factors on
microbial fermentation processes.

2. Material and Methods
2.1. Area of Study and Sampling Procedure

Figure 1 illustrates the extensive regions in Brazil dedicated to coffee planting and process-
ing, with a particular focus on the sampling location in Corupa, Santa Catarina State. Situated
in a humid subtropical climate zone, this area falls below the well-known coffee production
area often referred to as the ‘Coffee Belt". The coffee cherries (Coffea arabica var. Catuai) were
manually harvested and then pulped. Approximately 500 g of cherries were placed into sterile
plastic bags, gently squeezed to remove the skins, and subjected to a 24 h wet fermentation
(1:1 coffee-to-water ratio). Aliquots of the fraction liquid from the fermenting coffee bean mass
were collected at times 0, 12, 17, 20, and 24 h. All samples were collected in triplicate and
transported to the Center of Agro-industrial Biotechnology of Parand (CENBAPAR, Curitiba,
Brazil) under refrigeration and kept at —20 °C until further analysis.

BRAZIL

Tropic of Cancer
Equator

Tropic of Capricorn
Coffee Belt

Coffee producing states
Coffee plantation cities in Santa Catarina state

23°S

Sampling region
Corupd, —26.4261, -49.2433

moEma

Figure 1. Geographic distribution of coffee processing regions in Brazil with a focus on the sampling
area in Santa Catarina state.

2.2. Metataxonomic Analysis

Total DNA was extracted from each sample using the DNeasy PowerSoil Pro Kit (Qia-
gen, Hilden, Germany), following the manufacturer’s recommendations. After extraction,
the DNA was quantified using a Nanodrop spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). The V3-V4 variable regions of the bacterial 165 rRNA gene were
amplified from the total DNA extracted, using primers 341F and 805R. To amplify the ITS
region of the fungi, primers 3F and 805R were used [17], both coded with Nextera indices,
according to the manufacturer’s instructions (Illumina Inc., San Diego, CA, USA). The
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samples were sequenced in pairs (2 x 250 bp) using the MiSeq v2 reagent kit and run on a
MiSeq platform (Illumina, San Diego, CA, USA). The raw reads obtained during sequencing
were analyzed using the parameters of the QIIME (Quantitative Insights into Microbial
Ecology) software. Short (<100 bp) and low-quality sequences containing more than one
ambiguous base (N) were eliminated. Subsequently, the high-quality reads obtained were
aligned with the SILVA database [18] using the UCLUST method [19].

Taxonomic allocation and the generation of operational taxonomic units (OTUs) were
carried out using a cut-off point of 97% sequence identity. The number of OTUs obtained
in the metagenetic analyses was used to calculate the diversity (Shannon and Simpson) and
richness (Chao) indices in the Past program, version 4.03.

2.3. Biochemical Analysis of the Fermentation Liquid Fraction
2.3.1. Analysis of Sugar Consumption and Organic Acid Production by High-Performance
Liquid Chromatography

Sugars, organic acids, and alcohols were determined by high-performance liquid
chromatography (HPLC). The liquid fraction of the fermentation was analyzed on an HPLC
system (Agilent Technologies, Waldbronn, Germany) coupled with refractive index (RID)
and diode array (DAD) detectors. Compounds were separated using a Hiplex-H column
(300 x 7.7 mm) (Bio-Rad, Richmond, CA, USA) with an isocratic mobile phase (4 mmol/L
H,S0Oy4) at a flow rate of 0.5 mL/min for 30 minutes. Quantification of reducing sugars and
alcohol was performed using the RID detector, while organic acids were detected by DAD
at 210 nm. The concentration of each compound was obtained through analytical curves
constructed from standard solutions with known concentrations of lactic, citric, acetic acid,
ethanol, glucose, and fructose.

2.3.2. Main Volatile Organic Compounds Identified by Gas Chromatography Coupled to
Mass Spectrometry

Volatile organic compounds (VOCs) generated during fermentation were identified
using gas chromatography coupled with mass spectrometry (GC/MS). Fermentation
samples underwent analysis through Solid Phase Microextraction (SPME), utilizing a
DVB/CAR/PDMS Fiber (Supelco Co., Bellefonte, PA, USA). The SPME fiber was exposed
for 30 min at 60 °C. Subsequently, compounds were thermally desorbed at 260 °C and
directly introduced into the gas chromatograph. The GC system was equipped with a
model SH-Rtx-5MS capillary column measuring 30 m x 0.25 mm X 0.25 pm. Temperature
settings within the GC included a column oven temperature of 60 °C (held for 2 min),
then increased to 220 °C at a rate of 4 °C/min, and finally increased to 240 °C at a rate of
1 °C/min (held for 5 min). The injection temperature was 260 °C, and the detector tem-
perature was 250 °C. Helium was employed as the carrier gas at a flow rate of 1 mL/min,
with a column pressure of 57.4 kPa and a split ratio of 1:20. MS analysis ranged from 30 to
250 (m/z), with an ion source temperature of 250 °C. Volatile compounds were identified
by comparing each mass spectrum either with spectra from authentic compounds or with
spectra in reference libraries. The relative abundance of each VOC present in the headspace
was expressed as peak area multiplied by 10° [5].

2.4. Co-Occurrence/Co-Exclusion Analysis

To analyze the statistical interdependencies among various microbial communities and
their metabolic products, Spearman’s rank correlation was employed using the statistical
software R (version 4.2.3) with the ‘corrplot’ package, which assists in visualizing correla-
tion matrices. The correlation coefficients obtained from this method identified significant
positive and negative associations among the studied variables. For a more comprehensive
visualization of these relationships, network maps were constructed using the open-source
software Gephi (version 0.10.1), which is effective in network analysis and visualization.
These maps, depicting the Spearman correlation coefficients as edges, illustrate the complex
interactions between microbial species and their influence on coffee flavor profiles during
the fermentation process under humid subtropical climate conditions.
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2.5. Sensory Analysis

To determine the quality of the final beverage, the coffee beans were dried until they
reached around 11% humidity, and then a roasting curve was developed to preserve the
cellular structure of the beans in a Probat Leogap equipment model Probatino (Curitiba,
Brazil). To develop the curve, an initial temperature of 130 °C was used, followed by
a gradual increase in temperature allowing for a longer roast (10 min) and a maximum
temperature of 220 °C. Cupping was carried out following the recommendations of the
Specialty Coffee Association (SCA). Three certified Q-Graders were then asked to describe
and score the attributes of aroma, flavor, aftertaste, acidity, body, balance, uniformity, cup
cleanliness, sweetness, and overall quality on a scale of 6 to 10, with increments of 0.25.

2.6. Statistical Analyses

The data from the analyses of biochemical changes and sensory evaluation were
subjected to post hoc comparison of means using the Tukey test. These analyses were
carried out using the Statistica program, version 10.0 (Statsoft Inc., Tulsa, OK, USA). The
significance level was established using a two-sided p-value (<0.05).

3. Results and Discussion
3.1. Coffea Alpha Diversity during the Fermentation Process

In the dynamic process of coffee fermentation, microbial communities are essential in
shaping the flavor and quality of the final product. This microbiological-driven chemical trans-
formation involves bacteria and fungi, whose presence and activity levels vary significantly
throughout the fermentation [2]. These fluctuations are reflected in the changes in microbial
diversity and richness, as measured by the Shannon, Simpson, and Chao indices, illustrated
in Figure 2. The bacterial and fungal diversity, measured by the Shannon and Simpson Index,
gradually decreased throughout fermentation due to the emergence of dominant species, such
as Enterobacter, Erwinia, Fusarium, and Cladosporium (Figure 3). Initially exhibiting a low Chao
index, bacterial richness—indicative of the potential number of different species—experienced
a marked increase around the 12 h mark before stabilizing. This significant shift suggests
a substantial turnover in bacterial species midway through the fermentation. Conversely,
the Chao index for fungi remains relatively stable throughout the fermentation, indicating
a consistent richness in fungal species. In summary, fungal diversity and richness seem to
experience less pronounced peaks compared to bacterial measurements, possibly indicating a
more stable fungal community or less influence from environmental conditions.
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Figure 2. Violin plots of microbial diversity and richness during coffee fermentation in the subtropi-
cal zone.
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Figure 3. Relative abundance (%) of all microbial taxa at family and genus level identified during
coffee fermentation in the subtropical zone.

3.2. Fermentation Diversity and Dynamics

A total of 65.581 bacterial and 37.917 fungi high-quality reads were obtained from
the fermentation of coffee beans in the subtropical zone over 24 h. The OTU reads were
distributed among 29 bacterial families and 43 fungal families (Figure 3). The Enterobacte-
riaceae and Erwiniaceae families were the predominant bacterial groups throughout the
fermentation. Given that coffee pulp is rich in citrate, pectin, and other complex carbo-
hydrates, bacteria from these families are likely involved in citrate fermentation during
the initial stages of the coffee bean fermentation [20], as well as in pectin degradation
and extracellular cellulase and protease activities throughout the process [21]. Although
this microbial profile is uncommon in coffee fermentations, high-throughput sequencing
analyses have shown these bacterial families to be predominant groups in Brazil and
Australia [13,17]. Nevertheless, the specific trends for individual families, such as En-
terobacteriaceae and Methylobacteriaceae, are somewhat distinct from previous studies,
possibly influenced by local conditions or specific fermentation practices. Moreover, other
bacterial families such as Methylobacteriaceae, Sphingomonadaceae, and Pseudomon-
adaceae were present in large populations at the start of the process but experienced a
significant decrease throughout fermentation. This trend could be attributed to environ-
mental changes during the fermentation, including shifts in pH, temperature, or resource
competition [22-24].

The fungal communities during fermentation were predominantly dominated by
Nectriaceae, Cladosporiaceae, and, to a lesser extent, Aspergillaceae. The fluctuations and
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observed changes in these families suggest they possess specific roles or niches within
the fermentation ecosystem. Their varying patterns and eventual stabilization or increase
might be linked to the evolving conditions during fermentation. This microbial structure,
composed mainly of filamentous fungi and enterobacteria, has been observed in coffee
fermentations in Central America, South America, and Oceania regions [13,14,17,22,25,26].
However, the role of these microorganisms in fermentation and the mechanisms of interac-
tion are still poorly understood.

At the genus level, the high diversity of bacteria and fungi at the beginning of the
coffee fermentation is evident (Figure 3). This initial diversity likely reflects environmental
microbial populations that are not specifically adapted to the coffee fermentation envi-
ronment. As fermentation progresses, conditions such as pH, temperature, and nutrient
availability change, favoring organisms that are more suited to the evolving environment
of the coffee pulp [4].

Pantoea showed an interesting pattern, starting with 25.25% at the beginning of the
fermentation and peaking at 56.42% after 12 h, then gradually decreasing to 44.74% by the
end. The initial surge and subsequent decline of Pantoea suggest its significant but shifting
role in coffee fermentation, potentially influencing the early flavor development stages.
Enterobacter showed a consistent increase from 12.28% at 0 h to 29.99% at 24 h. Other genera
of bacteria present in high populations at the start of the fermentation, including Methylobac-
terium (16.35%), Pseudomonas (7.45%), and Sphingomonas (5.52%), decreased dramatically
to minimal levels at 24 h of fermentation. This indicates that these environment-related
species are not adapted to coffee fermentation conditions, including nutrient availability and
utilization, changes in pH and oxygen levels, competition and succession, and accumulation
of metabolic by-products. The increasing trend of Enterobacter could be associated with its
role in later stages of fermentation, possibly affecting the final flavor profile of the coffee.

Both Pantoea and Enterobacter are known for their diverse metabolic capabilities, in-
cluding the production of cellulases, pectinases, and xylanases [27,28]. These enzymes are
crucial for breaking down complex carbohydrates found in plant materials, facilitating
the release of simpler sugars that are more readily fermentable. Pantoea, for instance, has
been studied for its role in plant growth promotion and biological control, with a focus
on its enzymatic activities related to plant interactions [29]. Similarly, Enterobacter species
are known for their metabolic versatility, including the ability to degrade plant-derived
polysaccharides [30,31]. The metabolic activities of these bacteria can lead to the production
of various metabolites during fermentation. These include organic acids, alcohols, and
esters, which are key contributors to the flavor profile of fermented coffee [2]. However,
the dominance of Pantoea and Enterobacter presents a notable deviation from the typical
microbial profile observed in coffee fermentations in other regions, where LAB are often
dominant [5,12]. The prominence of Pantoea and Enterobacter in this study may reflect a
natural adaptation to the specific environmental conditions of subtropical areas, processing
methods, or the intrinsic qualities of the coffee beans. Understanding these variations is
crucial for tailoring fermentation practices to enhance desired flavor profiles and improve
coffee quality. The contrasting microbial dominance observed here could also indicate the
potential need for an inoculation process in subtropical coffee fermentation.

At the genus level, Fusarium, Cladosporium, and Penicillium dominated the fermentation
process. Fusarium showed a significant increase in abundance from 28.80 (0 h) to 57.54%
(24 h), while Cladosporium and Penicillium showed fluctuations during the fermentation.
The decline of fungal genera throughout fermentation (e.g.,: Bonordeniella; Phaeoseptoria)
may be due to changes in environmental conditions during coffee processing, as previously
mentioned. Fusarium and Cladosporium, which exhibit stronger dominance as fermentation
progresses, possess enzymatic apparatuses that enable them to utilize complex carbohy-
drates present in coffee pulp [32,33]. This capability allows them to thrive and outcompete
other microorganisms as the fermentation environment becomes more selective. Fusarium
species are known for their production of a wide array of enzymes, including cellulases
and xylanases [34]. Cladosporium also possesses enzymes capable of degrading complex



Foods 2024, 13,1871

8 of 15

Concentration (g/L)

polysaccharides [33]. These enzymatic activities enable both Fusarium and Cladosporium
to access nutrients from the coffee pulp, supporting their growth and dominance during
fermentation, as recently suggested by Elhalis, Cox, and Zhao and Vale et al. [13,17,26].

3.3. Metabolic Profile Changes during Coffee Fermentation
3.3.1. Major Metabolite Changes

Figure 4 presents the concentration changes of various metabolites over time dur-
ing coffee fermentation. There was a gradual increase in glucose concentration (from
0.85 + 0.14 to 7.87 & 0.01 g/L) and fructose (from 0.17 £ 0.03 to 9.47 & 0.02 g/L) within the
initial 20 h of fermentation, attributed to the hydrolysis of complex polysaccharides present
in the coffee pulp [4,35]. Following this period, a slight reduction in sugar content was ob-
served, resulting in high levels of glucose (7.71 & 0.10 g/L) and fructose (9.08 £ 0.01 g/L).
This indicated incomplete fermentation, a phenomenon previously observed in sponta-
neous coffee fermentations with short-duration cycles [36,37], which could result in a lack
of depth and complexity in the flavor profile of the coffee. Additionally, there may be a risk
of over-fermentation as other opportunistic microbes continue to metabolize the sugars,
leading to undesirable flavors and spoilage.
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Figure 4. Course of sugar consumption (A) and metabolite formation (B) during coffee fermentation
in the subtropical zone.

Sugar consumption was directed into ethanol as the primary end metabolite. This
compound exhibited a notable increase (p < 0.05) over 24 h, beginning at 3.46 + 0.84
and peaking at 12.03 &= 0.73 g /L. Lactic and acetic acids were identified after 12 hours of
fermentation, with peak production (2.14 £ 0.68 g/L and 1.13 £ 0.43 g/L, respectively)
achieved by the 17th hour. Ethanol and lactic acid, found in concentrations similar to
those observed in prior coffee fermentations, aid in removing the coffee pulp and inhibit
the growth of microorganisms that produce off-flavors [5,26,38]. Regarding coffee quality,
ethanol acts as a byproduct that contributes to esters and other aromatic compounds’
formation, essential for the coffee’s flavor complexity and depth. Lactic acid, in turn,
provides a milder and more pleasant profile than other acids [8,9]. Conversely, the role of
acetic acid in fermentation remains uncertain; however, concentrations above 1 g/L may
detrimentally impact the final product’s quality [5,26]. Finally, the concentration of citric
acid remained relatively stable, starting at 0.88 £ 0.06 g/L, and ending with values around
0.45 + 0.08 g/L. The stability of this acid during coffee fermentation may be associated
with the low presence of yeasts that use this compound as a carbon source [2,39].
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3.3.2. Volatile Compounds

Figure 5 shows the evolving pattern of VOCs over a 24 h fermentation, highlighting
the metabolic impact of both plant-derived (25 VOCs) and microbial-derived (13 VOCs)
compounds [2,22,24,38,40-44]. The content of each VOC identified throughout the fermen-
tation is also presented in the Supplemental Material, Table S1. The fluctuating levels of
volatiles across the time points suggest that microbial activity intensifies as fermentation
progresses, with a distinct profile emerging at 24 h. A variety of microbial-associated
volatile compounds, including 2-butenal, hexanal, 4-heptanol, hexanoic acid, ethenyl es-
ter, 2-octenal, benzaldehyde, 3-methylbenzaldehyde, and 6-Methyl-hept-2-en-4-ol, were
exclusively identified at the end of the fermentation (Figure 5). This could be due to the
cumulative effects of enzymatic activities and microbial growth over time, leading to the
production of new volatile compounds or the transformation of existing ones [2]. Although
members of the Enterobacteriaceae family are often associated with the production of
off-flavors in coffee fermentations [15,17,22], Enterobacter, Kluyvera, and Pantoea have been
identified as part of the microbiota responsible for flavor formation in fermented foods.
This is due to their metabolic versatility, which can contribute to specific esters and alcohol
generation [45,46]. It is important to note that the metabolic pathways of these microor-
ganisms are influenced by the coffee bean’s substrate, the fermentation environment, and
interactions between microbial communities [11,12,23,46]. The specific metabolites pro-
duced during coffee fermentation are often the result of complex microbial consortia rather
than individual species [5]. Hence, while these attributions are educated guesses based on
typical metabolic products, precise identification requires direct analysis and isolation of
compounds produced by each microorganism during fermentation.

Hexadecanoic acid .
1,2-Benzenedicarboxylic acid, bis(2-methylpropyl) ester Plant metabolites
Hexadecane

Diethyltoluamide

Heptadecane
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Figure 5. Volatile organic compounds detected during coffee fermentation in the subtropical zone.
The differentiation between plant- and microbial-derived based on a comprehensive analysis of
studies referenced in [2,17,22,38,40-44,47].
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From the plant metabolites, it is notable that caffeine remains relatively constant
throughout the fermentation, which is expected as caffeine is a stable alkaloid during
fermentation. The role of caffeine in coffee plants is multifaceted, influencing not only the
taste but also contributing to various ecological functions within the plant [48]. During
the processing of coffee, including the fermentation stage, the presence of caffeine remains
a prominent characteristic of the beans, contributing significantly to the final product’s
sensory profile [40]. Other plant-derived volatiles showed variations that correspond
to the breakdown or transformation of plant materials over time. For example, various
metabolites present at the beginning of the fermentation process, including hexadecanoic
acid, heptadecane, tetradecane, and heneicosane, are components derived from plant
material [41-43]. Other plant-associated metabolites formed during fermentation may
result from plant-aided enzymatic reactions (e.g., geranyl acetone, isopropyl palmitate,
pentadecane, and eicosane) or even through the leaching process from the grain to the
exterior, like hexadecanoic acid (methyl and ethyl ester), which is one of the main fatty
acids found in coffee beans [41,44,49]. It is speculated that the leaching of these com-
pounds may result in a lower integrity of the cell membrane system of the coffee beans.
Thus, this cellular damage could affect both the diffusion of volatile compounds from
the liquid fraction into the beans and allow chemical components previously compart-
mentalized in the endosperm to encounter oxidative and hydrolytic enzymes, affecting
the quality of the final beverage [50]. However, more studies are needed to analyze
these phenomena.

3.4. Co-Occurrence/Co-Exclusion Relationships between Genera and Microbial Metabolites

The co-occurrence and co-exclusion relationships between microbial genera and
metabolism can be visualized in Figure 6. Using data from an undirected network, 321 con-
nections were found, each representing interactions between microbial species found in
the fermentation process and chemical targets with variable weights (Figure 6). It was
possible to observe how Enterobacter, Kluyvera, Pantoea, Serratia, Hanseniaspora, Pseudomonas,
Fusarium, Cladosporium, and Penicillium interact with various key substances, including
glucose, fructose, acetic, lactic, and citric acids, ethanol, benzaldehyde, and 4-heptenal.
Kluyvera and Serratia showed the highest number of connections (12 each) and a signif-
icantly positive average weight (0.636), indicating strong interactions with compounds
such as benzaldehyde and 4-heptenal. Interestingly, Fusarium and Cladosporium, both with
predominantly negative connections, indicate possible inhibitory effects or chemical compe-
tition with other microorganisms during the fermentation. This may also be related to their
primary actions on complex carbohydrates present in coffee pulp [26,51], such as pectin and
cellulose, which were not measured in this study. Enterobacter and Pseudomonas displayed a
variety of interactions with substances such as decanal and glucose, but with low average
weights, suggesting weaker or less influential interactions. Interestingly, 4-heptenal was a
common target for a variety of sources, possibly serving as an important intermediary in
the production of other key metabolites [2]. These findings demonstrate the adaptability
of new microbial groups to subtropical climate conditions, possibly with modifications in
metabolic pathways that affect the synthesis of compounds during coffee fermentation.
These microbial adaptations to non-tropical conditions can be optimized to maintain or
improve coffee quality. This includes the possibility of developing specific starter cultures
that can be used to control or direct the fermentation process in favor of desired sensory
characteristics [52,53].
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Figure 6. Network map based on the relationships between the main microbiological groups and
metabolites generated during the coffee fermentation in the subtropical region. The size of each node
is determined by its degree, representing the number of connections it has with other nodes. The thick-
ness of the edges is defined by the weight of the correlation, based on Spearman’s correlation values.

3.5. Sensory Analysis

The sensory analysis revealed that the final beverage achieved a score of 80.83 + 0.39,
classifying it as a specialty coffee according to SCA metrics (Figure 7). Descriptors noted
flavors of butter, caramel, cocoa, malt, dark chocolate, and herbal undertones in the coffee
beverage. However, it exhibited low citric acidity, a medium body lacking in cleanliness,
and imbalance. The limited sensory complexity may be attributed to the absence of yeasts
and LAB during the fermentation process, typically responsible for esters, aldehydes, and
lactic acid, crucial for shaping the beverage’s sensory profile [38]. Another hypothesis is
that the 24 h fermentation period might have been too short for microbial compounds
to fully permeate the beans [17]. Bisso et al. [7] assessed the sensory quality of semi-dry-
processed coffee in similar humid subtropical climates. Semi-dry processing involves
mechanically depulping coffee fruits and subjecting them directly to sun drying. The
authors noted a coffee beverage with more pronounced sugar and caramel-like perceptions,
characteristics more commonly associated with dry-processed coffees. This underscores
the role of processing methods and microbial activity in shaping the sensory profile of
coffee beverages.
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Figure 7. Sensory analysis of the coffee beverage produced from beans fermented by a spontaneous

process in the subtropical zone.

4. Conclusions

In Santa Catarina’s humid subtropical climate, the microbial community was primarily
influenced by Enterobacter, Fusarium, and Pantoea, diverging significantly from the microbial
compositions found in typical tropical regions, which are usually dominated by yeast and
LAB. Species like Enterobacter and Fusarium contributed to the formation of distinct flavor
compounds such as hexanal, benzaldehyde, 3-methylbenzaldehyde, 2-butenal, and 4-
heptenal. These compounds are essential for developing a unique sensory profile that
includes fruity and floral notes, distinguishing the coffee produced in this region from
others. This resulted in a specific sensory coffee profile that qualifies as specialty coffee.

However, the prevalence of microorganisms such as Enterobacteria and filamentous
fungi presents significant challenges. Firstly, a high sugar content was observed at the end of
fermentation. This could result in the inefficient production of key metabolites, in contrast
to the typical observations in tropical regions where LAB and yeast dominate. In addition,
Enterobacteria and filamentous fungi can sometimes be associated with undesirable flavor
profiles if not properly managed. Additionally, the resulting beverage exhibited reduced
acidity and body, characteristics frequently associated with LAB metabolism, along with
flavor and aroma profiles likely influenced by yeast. This scenario highlights the necessity
of incorporating specific starter cultures to better regulate these microbial populations,
ensuring the consistency and enhancement of the coffee’s desirable flavors.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /foods13121871/s1, Table S1: Volatile compounds (area x 10°)
identified in the fermentation liquid fraction.

Author Contributions: Conceptualization, methodology, writing—-original draft, data curation,
A.d.S.V. and C.M.T.P; writing—-review and editing, visualization, ].D.D.L.; writing—-review and
editing, methodology, L.R.S.R.; formal analysis, data curation, N.K.E.K.; writing—-review, M.G.B.P.;
writing—review and editing, S.K.B.; project administration, conceptualization, writing—review and
editing, C.R.S.; project administration, supervision, conceptualization, writing—review and editing,
G.V.d.M.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research work was financially supported by the National Council for Scientific and
Technological Development, CNPq, grant nos. 440343 /2022—4.

Institutional Review Board Statement: Not applicable.


https://www.mdpi.com/article/10.3390/foods13121871/s1
https://www.mdpi.com/article/10.3390/foods13121871/s1

Foods 2024, 13, 1871 13 of 15

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Materials, further inquiries can be directed to the corresponding author.

Acknowledgments: The authors gratefully acknowledge CNPq and CAPES for the scholarships
provided to the authors.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

Utrilla-Catalan, R.; Rodriguez-Rivero, R.; Narvaez, V.; Diaz-Barcos, V.; Blanco, M.; Galeano, ]. Growing Inequality in the Coffee
Global Value Chain: A Complex Network Assessment. Sustainability 2022, 14, 672. [CrossRef]

de Melo Pereira, G.V.; de Carvalho Neto, D.P.; Magalhaes Junior, A.L; Vasquez, Z.S.; Medeiros, A.B.P; Vandenberghe, L.P.S.;
Soccol, C.R. Exploring the Impacts of Postharvest Processing on the Aroma Formation of Coffee Beans—A Review. Food Chem.
2019, 272, 441-452. [CrossRef] [PubMed]

Elhalis, H.; Cox, J.; Zhao, J. Coffee Fermentation: Expedition from Traditional to Controlled Process and Perspectives for
Industrialization. Appl. Food Res. 2023, 3, 100253. [CrossRef]

Ferreira, J.C.; Gomes, L.S.; Oliveira, M.M.; Santos, L.D. Coffee Fermentation Process: A Review. Food Res. Int. 2023, 169, 112793.
[CrossRef] [PubMed]

de Oliveira Junqueira, A.C.; de Pereira, G.V.M.; Coral Medina, ].D.; Alvear, M.C.R.; Rosero, R.; de Carvalho Neto, D.P.; Enriquez,
H.G.; Soccol, C.R. First Description of Bacterial and Fungal Communities in Colombian Coffee Beans Fermentation Analysed
Using Illumina-Based Amplicon Sequencing. Sci. Rep. 2019, 9, 8794. [CrossRef]

Lee, L.W,; Cheong, M.W,; Curran, P; Yu, B.; Liu, 5.Q. Coffee Fermentation and Flavor-An Intricate and Delicate Relationship.
Food Chem. 2015, 185, 182-191. [CrossRef]

Bisso, EP,; da Rice, W.S.; Zambonim, FM.; Nachtigall, A.M.; Paiva, C.L.; Schmedler, G.; Oliveira, D. Produgio de Cafés Especiais No
Estado de Santa Catarina, Brasil: Aspectos Climdticos e Avaliagdo Qualitativa de Grios; X Simpdsio de Pesquisa dos Cafés do Brasil:
Vitoria, Brazil, 2019; ISSN 1984-9249.

Salem, F.H.; Lebrun, M.; Mestres, C.; Sieczkowski, N.; Boulanger, R.; Collignan, A. Transfer Kinetics of Labeled Aroma Compounds
from Liquid Media into Coffee Beans during Simulated Wet Processing Conditions. Food Chem. 2020, 322, 126779. [CrossRef]
Salem, EH.; Vasai, F; Duez, C.; Sieczkowski, N.; Boulanger, R.; Collignan, A. Mass Transfer Kinetics of Nonvolatile Compounds
into Coffee Beans during Wet Processing: Study at the Laboratory Scale and in Real Conditions Using Two Yeast Strains. ACS
Food Sci. Technol. 2022, 2, 852-861. [CrossRef]

Zhang, S.J.; De Bruyn, F; Pothakos, V.; Contreras, G.F.; Cai, Z.; Moccand, C.; Weckx, S.; De Vuyst, L. Influence of Various
Processing Parameters on the Microbial Community Dynamics, Metabolomic Profiles, and Cup Quality During Wet Coffee
Processing. Front. Microbiol. 2019, 10, 2621. [CrossRef]

Zhang, S.J.; De Bruyn, F.; Pothakos, V.; Torres, J.; Falconi, C.; Moccand, C.; Weckx, S.; De Vuyst, L.; Bjorkroth, J. Following Coffee
Production from Cherries to Cup: Microbiological and Metabolomic Analysis of Wet Processing of Coffea Arabica. Appl. Environ.
Microbiol. 2019, 85, €02635-18. [CrossRef]

Pothakos, V.; De Vuyst, L.; Zhang, S.J.; De Bruyn, E; Verce, M.; Torres, J.; Callanan, M.; Moccand, C.; Weckx, S. Temporal Shotgun
Metagenomics of an Ecuadorian Coffee Fermentation Process Highlights the Predominance of Lactic Acid Bacteria. Curr. Res.
Biotechnol. 2020, 2, 1-15. [CrossRef]

Elhalis, H.; Cox, J.; Zhao, J. Ecological Diversity, Evolution and Metabolism of Microbial Communities in the Wet Fermentation of
Australian Coffee Beans. Int. |. Food Microbiol. 2020, 321, 108544. [CrossRef] [PubMed]

Cruz-O’Byrne, R.; Piraneque-Gambasica, N.; Aguirre-Forero, S. Microbial Diversity Associated with Spontaneous Coffee Bean
Fermentation Process and Specialty Coffee Production in Northern Colombia. Int. ]. Food Microbiol. 2021, 354, 109282. [CrossRef]
Braga, A.V.U,; Miranda, M.A.; Aoyama, H.; Schmidt, FL. Study on Coffee Quality Improvement by Self-Induced Anaerobic
Fermentation: Microbial Diversity and Enzymatic Activity. Food Res. Int. 2023, 165, 112528. [CrossRef] [PubMed]

Piraino, P; Zotta, T.; Ricciardi, A.; Parente, E. Discrimination of Commercial Caciocavallo Cheeses on the Basis of the Diversity of
Lactic Microflora and Primary Proteolysis. Int. Dairy J. 2005, 15, 1138-1149. [CrossRef]

da Vale, A.S.; Balla, G.; Rodrigues, L.R.S.; de Carvalho Neto, D.P.; Soccol, C.R.; de Melo Pereira, G.V. Understanding the Effects of
Self-Induced Anaerobic Fermentation on Coffee Beans Quality: Microbiological, Metabolic, and Sensory Studies. Foods 2022,
12, 37. [CrossRef] [PubMed]

Quast, C.; Pruesse, E.; Yilmaz, P; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, ].; Glockner, FO. The SILVA Ribosomal RNA Gene
Database Project: Improved Data Processing and Web-Based Tools. Nucleic Acids Res. 2013, 41, D590-D596. [CrossRef] [PubMed]
Edgar, R.C. Search and Clustering Orders of Magnitude Faster than BLAST. Bioinformatics 2010, 26, 2460-2461. [CrossRef]
Garcia-Armisen, T.; Papalexandratou, Z.; Hendryckx, H.; Camu, N.; Vrancken, G.; De Vuyst, L.; Cornelis, P. Diversity of the Total
Bacterial Community Associated with Ghanaian and Brazilian Cocoa Bean Fermentation Samples as Revealed by a 16 S RRNA
Gene Clone Library. Appl. Microbiol. Biotechnol. 2010, 87, 2281-2292. [CrossRef]


https://doi.org/10.3390/su14020672
https://doi.org/10.1016/j.foodchem.2018.08.061
https://www.ncbi.nlm.nih.gov/pubmed/30309567
https://doi.org/10.1016/j.afres.2022.100253
https://doi.org/10.1016/j.foodres.2023.112793
https://www.ncbi.nlm.nih.gov/pubmed/37254380
https://doi.org/10.1038/s41598-019-45002-8
https://doi.org/10.1016/j.foodchem.2015.03.124
https://doi.org/10.1016/j.foodchem.2020.126779
https://doi.org/10.1021/acsfoodscitech.2c00022
https://doi.org/10.3389/fmicb.2019.02621
https://doi.org/10.1128/AEM.02635-18
https://doi.org/10.1016/j.crbiot.2020.02.001
https://doi.org/10.1016/j.ijfoodmicro.2020.108544
https://www.ncbi.nlm.nih.gov/pubmed/32086129
https://doi.org/10.1016/j.ijfoodmicro.2021.109282
https://doi.org/10.1016/j.foodres.2023.112528
https://www.ncbi.nlm.nih.gov/pubmed/36869528
https://doi.org/10.1016/j.idairyj.2004.12.006
https://doi.org/10.3390/foods12010037
https://www.ncbi.nlm.nih.gov/pubmed/36613253
https://doi.org/10.1093/nar/gks1219
https://www.ncbi.nlm.nih.gov/pubmed/23193283
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1007/s00253-010-2698-9

Foods 2024, 13,1871 14 of 15

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Hugouvieux-Cotte-Pattat, N.; Jacot-des-Combes, C.; Briolay, J. Genomic Characterization of a Pectinolytic Isolate of Serratia
Oryzae Isolated from Lake Water. J. Genom. 2019, 7, 64-72. [CrossRef]

Pregolini, V.B.; de Melo Pereira, G.V.; da Silva Vale, A.; de Carvalho Neto, D.P,; Soccol, C.R. Influence of Environmental Microbiota
on the Activity and Metabolism of Starter Cultures Used in Coffee Beans Fermentation. Fermentation 2021, 7, 278. [CrossRef]
Silva, C.E; Batista, L.R.; Abreu, L.M.; Dias, E.S.; Schwan, R.F. Succession of Bacterial and Fungal Communities during Natural
Coffee (Coffea arabica) Fermentation. Food Microbiol. 2008, 25, 951-957. [CrossRef] [PubMed]

do Rosario, D.K.A.; da Silva Mutz, Y.; Vieira, K.M.; Schwan, R.F,; Bernardes, P.C. Effect of Self-Induced Anaerobiosis Fermentation
(SIAF) in the Volatile Compounds and Sensory Quality of Coffee. Eur. Food Res. Technol. 2024, 250, 667—675. [CrossRef]
Pefiuela-Martinez, A.E.; Velasquez-Emiliani, A.V.; Angel, C.A. Microbial Diversity Using a Metataxonomic Approach, Associated
with Coffee Fermentation Processes in the Department of Quindio, Colombia. Fermentation 2023, 9, 343. [CrossRef]

da Vale, A.S.; de Melo Pereira, G.V.; de Carvalho Neto, D.P.; Sorto, R.D.; Goés-Neto, A.; Kato, R.; Soccol, C.R. Facility-Specific
‘House” Microbiome Ensures the Maintenance of Functional Microbial Communities into Coffee Beans Fermentation: Implications
for Source Tracking. Environ. Microbiol. Rep. 2021, 13, 470-481. [CrossRef]

Coutinho, T.A.; Stephanus, N. Venter Pantoea Ananatis: An Unconventional Plant Pathogen. Mol. Plant Pathol. 2009, 10, 325-335.
[CrossRef] [PubMed]

Lv,L.; Luo, J.; Ahmed, T.; Zaki, H.EE.M,; Tian, Y.; Shahid, M.S.; Chen, J.; Li, B. Beneficial Effect and Potential Risk of Pantoea on
Rice Production. Plants 2022, 11, 2608. [CrossRef] [PubMed]

Walterson, A.M.; Stavrinides, J. Pantoea: Insights into a Highly Versatile and Diverse Genus within the Enterobacteriaceae. FEMS
Microbiol. Rev. 2015, 39, 968-984. [CrossRef] [PubMed]

Waghmare, P.R.; Patil, S.M.; Jadhav, S.L.; Jeon, B.-H.; Govindwar, S.P. Utilization of Agricultural Waste Biomass by Cellulolytic
Isolate Enterobacter Sp. SUK-Bio. Agric. Nat. Resour. 2018, 52, 399-406. [CrossRef]

Campos, E.; Negro Alvarez, M.].; Sabaris di Lorenzo, G.; Gonzalez, S.; Rorig, M.; Talia, P.; Grasso, D.H.; Saez, F.; Manzanares
Secades, P.; Ballesteros Perdices, M.; et al. Purification and Characterization of a GH43 (3-Xylosidase from Enterobacter sp.
Identified and Cloned from Forest Soil Bacteria. Microbiol. Res. 2014, 169, 213-220. [CrossRef]

Rana, A.; Sahgal, M.; Johri, B.N. Fusarium Oxysporum: Genomics, Diversity and Plant-Host Interaction. In Developments in
Fungal Biology and Applied Mycology; Springer: Singapore, 2017; pp. 159-199.

de Wit, PJ.G.M.; van der Burgt, A,; Okmen, B.; Stergiopoulos, I.; Abd-Elsalam, K.A.; Aerts, A.L.; Bahkali, A.H.; Beenen, H.G,;
Chettri, P.; Cox, M.P; et al. The Genomes of the Fungal Plant Pathogens Cladosporium Fulvum and Dothistroma Septosporum
Reveal Adaptation to Different Hosts and Lifestyles But Also Signatures of Common Ancestry. PLoS Genet. 2012, 8, e1003088.
[CrossRef] [PubMed]

Prasoulas, G.; Gentikis, A.; Konti, A.; Kalantzi, S.; Kekos, D.; Mamma, D. Bioethanol Production from Food Waste Applying the
Multienzyme System Produced On-Site by Fusarium Oxysporum F3 and Mixed Microbial Cultures. Fermentation 2020, 6, 39.
[CrossRef]

dos Santos Gomes, W.; Pereira, L.L.; Rodrigues da Luz, ].M.; de Soares da Silva, M.C.; Reis Veloso, T.G.; Partelli, F.L. Exploring
the Microbiome of Coffee Plants: Implications for Coffee Quality and Production. Food Res. Int. 2024, 179, 113972. [CrossRef]
[PubMed]

da Vale, A.S.; de Melo Pereira, G.V.; de Carvalho Neto, D.P.,; Rodrigues, C.; Pagnoncelli, M.G.B.; Soccol, C.R. Effect of Co-
Inoculation with Pichia Fermentans and Pediococcus Acidilactici on Metabolite Produced during Fermentation and Volatile
Composition of Coffee Beans. Fermentation 2019, 5, 67. [CrossRef]

Goéngora, C.E.; Holguin-Sterling, L.; Pedraza-Claros, B.; Pérez-Salinas, R.; Ortiz, A.; Navarro-Escalante, L. Metataxonomic
Identification of Microorganisms during the Coffee Fermentation Process in Colombian Farms (Cesar Department). Foods 2024,
13, 839. [CrossRef] [PubMed]

de Sampaio, V.M.; Wiele, N.; da Silva Vale, A.; Woiciechowski, A.L.; Karp, S.G.; Soccol, C.R.; de Melo Pereira, G.V. Modulation of
Aroma and Chemical Composition of Coffee Beans through Simultaneous and Sequential Inoculation of Pichia Fermentans and
Pediococcus pentosaceus during Wet Fermentation. Syst. Microbiol. Biomanuf. 2024. [CrossRef]

Bressani, A.P.P; Martinez, S.J.; Evangelista, S.R.; Dias, D.R.; Schwan, R.F. Characteristics of Fermented Coffee Inoculated with
Yeast Starter Cultures Using Different Inoculation Methods. LWT-Food Sci. Technol. 2018, 92, 212-219. [CrossRef]

Lin, Z.; Wei, J.; Hu, Y,; Pi, D,; Jiang, M.; Lang, T. Caffeine Synthesis and Its Mechanism and Application by Microbial Degradation,
A Review. Foods 2023, 12, 2721. [CrossRef] [PubMed]

Zhu,M,; Long, Y.; Ma, Y.; Chen, Y,; Yu, Q.; Xie, J.; Li, B.; Tian, ]. Comparison of Chemical and Fatty Acid Composition of Green
Coffee Bean (Coffea arabica L.) from Different Geographical Origins. LWT 2021, 140, 110802. [CrossRef]

Stashenko, E.E.; Martinez, J.R.; Cardenas-Vargas, S.; Saavedra-Barrera, R.; Duran, D.C. GC-MS Study of Compounds Isolated
from Coffea Arabica Flowers by Different Extraction Techniques. J. Sep. Sci. 2013, 36, 2901-2914. [CrossRef]

Hafsah, H.; Iriawati, I.; Syamsudin, T.S. Dataset of Volatile Compounds from Flowers and Secondary Metabolites from the Skin
Pulp, Green Beans, and Peaberry Green Beans of Robusta Coffee. Data Brief. 2020, 29, 105219. [CrossRef]

D’Amelio, N.; De Angelis, E.; Navarini, L.; Schievano, E.; Mammi, S. Green Coffee Oil Analysis by High-Resolution Nuclear
Magnetic Resonance Spectroscopy. Talanta 2013, 110, 118-127. [CrossRef] [PubMed]

Smits, T.H.M.; Rezzonico, F.; Kamber, T.; Goesmann, A.; Ishimaru, C.A.; Stockwell, V.O,; Frey, ].E.; Duffy, B. Genome Sequence of
the Biocontrol Agent Pantoea Vagans Strain C9-1. |. Bacteriol. 2010, 192, 6486—6487. [CrossRef] [PubMed]


https://doi.org/10.7150/jgen.38365
https://doi.org/10.3390/fermentation7040278
https://doi.org/10.1016/j.fm.2008.07.003
https://www.ncbi.nlm.nih.gov/pubmed/18954729
https://doi.org/10.1007/s00217-023-04393-9
https://doi.org/10.3390/fermentation9040343
https://doi.org/10.1111/1758-2229.12921
https://doi.org/10.1111/j.1364-3703.2009.00542.x
https://www.ncbi.nlm.nih.gov/pubmed/19400836
https://doi.org/10.3390/plants11192608
https://www.ncbi.nlm.nih.gov/pubmed/36235474
https://doi.org/10.1093/femsre/fuv027
https://www.ncbi.nlm.nih.gov/pubmed/26109597
https://doi.org/10.1016/j.anres.2018.10.019
https://doi.org/10.1016/j.micres.2013.06.004
https://doi.org/10.1371/journal.pgen.1003088
https://www.ncbi.nlm.nih.gov/pubmed/23209441
https://doi.org/10.3390/fermentation6020039
https://doi.org/10.1016/j.foodres.2024.113972
https://www.ncbi.nlm.nih.gov/pubmed/38342526
https://doi.org/10.3390/fermentation5030067
https://doi.org/10.3390/foods13060839
https://www.ncbi.nlm.nih.gov/pubmed/38540829
https://doi.org/10.1007/s43393-024-00253-z
https://doi.org/10.1016/j.lwt.2018.02.029
https://doi.org/10.3390/foods12142721
https://www.ncbi.nlm.nih.gov/pubmed/37509813
https://doi.org/10.1016/j.lwt.2020.110802
https://doi.org/10.1002/jssc.201300458
https://doi.org/10.1016/j.dib.2020.105219
https://doi.org/10.1016/j.talanta.2013.02.024
https://www.ncbi.nlm.nih.gov/pubmed/23618184
https://doi.org/10.1128/JB.01122-10
https://www.ncbi.nlm.nih.gov/pubmed/20952567

Foods 2024, 13, 1871 15 of 15

46.

47.

48.

49.
50.

51.

52.

53.

Chen, ].; Huang, Y.; Wang, X.; He, J.; Li, W.; Lu, M,; Sun, X,; Yin, Y. Revealing Core Functional Microorganisms in the Fermentation
Process of Qicaipaojiao (Capsicum annuum L.) Based on Microbial Metabolic Network. Food Res. Int. 2024, 187, 114315. [CrossRef]
de Cassimiro, D.M.].; Batista, N.N.; Fonseca, H.C.; Naves, ].A.O.; Dias, D.R.; Schwan, R.F. Coinoculation of Lactic Acid Bacteria
and Yeasts Increases the Quality of Wet Fermented Arabica Coffee. Int. |. Food Microbiol. 2022, 369, 109627. [CrossRef]
Rodrigues, R.; Oliveira, M.B.P.P,; Alves, R.C. Chlorogenic Acids and Caffeine from Coffee By-Products: A Review on Skincare
Applications. Cosmetics 2023, 10, 12. [CrossRef]

Speer, K.; Kolling-Speer, I. The Lipid Fraction of the Coffee Bean. Braz. . Plant Physiol. 2006, 18, 201-216. [CrossRef]

Isquierdo, E.P,; Borém, EM.; de Oliveira, P.D.; Siqueira, V.C.; Alves, G.E. Quality of Natural Coffee Subjected to Different Rest
Periods during the Drying Process. Cienc. Agrotecnologia 2012, 36, 439-445. [CrossRef]

Tang, V.C.Y,; Sun, ].; Cornuz, M.; Yu, B.; Lassabliere, B. Effect of Solid-State Fungal Fermentation on the Non-Volatiles Content
and Volatiles Composition of Coffea Canephora (Robusta) Coffee Beans. Food Chem. 2021, 337, 128023. [CrossRef]

Silva, C.E,; Vilela, D.M.; de Souza Cordeiro, C.; Duarte, W.E,; Dias, D.R.; Schwan, R.F. Evaluation of a Potential Starter Culture for
Enhance Quality of Coffee Fermentation. World ]. Microbiol. Biotechnol. 2013, 29, 235-247. [CrossRef]

Evangelista, S.R; Silva, C.F.,; da Miguel, M.G.P.C.; de Cordeiro, C.S.; Pinheiro, A.C.M.; Duarte, W.E,; Schwan, R.F. Improvement of
Coffee Beverage Quality by Using Selected Yeasts Strains during the Fermentation in Dry Process. Food Res. Int. 2014, 61, 183-195.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.foodres.2024.114315
https://doi.org/10.1016/j.ijfoodmicro.2022.109627
https://doi.org/10.3390/cosmetics10010012
https://doi.org/10.1590/S1677-04202006000100014
https://doi.org/10.1590/S1413-70542012000400008
https://doi.org/10.1016/j.foodchem.2020.128023
https://doi.org/10.1007/s11274-012-1175-2
https://doi.org/10.1016/j.foodres.2013.11.033

	Introduction 
	Material and Methods 
	Area of Study and Sampling Procedure 
	Metataxonomic Analysis 
	Biochemical Analysis of the Fermentation Liquid Fraction 
	Analysis of Sugar Consumption and Organic Acid Production by High-Performance Liquid Chromatography 
	Main Volatile Organic Compounds Identified by Gas Chromatography Coupled to Mass Spectrometry 

	Co-Occurrence/Co-Exclusion Analysis 
	Sensory Analysis 
	Statistical Analyses 

	Results and Discussion 
	Coffea Alpha Diversity during the Fermentation Process 
	Fermentation Diversity and Dynamics 
	Metabolic Profile Changes during Coffee Fermentation 
	Major Metabolite Changes 
	Volatile Compounds 

	Co-Occurrence/Co-Exclusion Relationships between Genera and Microbial Metabolites 
	Sensory Analysis 

	Conclusions 
	References

