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Abstract
Starter cultures represent a viable approach for improving coffee quality through controlled fermentation. This study 
evaluated the influence of microencapsulated Meyerozyma caribbica on dry fermentation of Castillo coffee using a facto-
rial design with two fermentation times (48 and 72 h) and three inoculum concentrations (3%, 5%, and 8%), alongside 
a control. Physicochemical and microbiological analyses revealed interactions between fermentation time and inoculum 
concentration for key variables associated with sugar degradation, acidity formation, and microbial dynamics. The scale-
up treatment (5%, 48 h) reached 84.50 points according to the Specialty Coffee Association and presented red fruit notes 
with subtle wine nuances. This treatment also showed phenolic content of 2228.6 mg GAE/100 g and antioxidant capacity 
of 4072.5 mg Trolox/100 g (ABTS) and 1939.2 mg Trolox/100 g (DPPH). The findings indicate that microencapsulated 
yeasts contribute to consistent fermentation behavior, improved cup quality, and enhanced functional attributes, offering 
a practical strategy for specialty coffee production.
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particularly fermentation, washing, and drying. The lack 
of standardized protocols increases variability, generating 
physical and sensory defects that restrict access to specialty 
markets and reduce profitability [5]. Training smallholder 
producers in standardized methods is therefore essential to 
improve quality, reduce market risks, and strengthen value 
chains [6, 7].

Production is dominated by Coffea arabica and wet pro-
cessing, which involves flotation, depulping, mucilage fer-
mentation, washing, and drying to 10–12% moisture [8, 9]. 
In contrast, dry processing, predominantly aerobic, favors 
the retention of glucose and fructose and the proliferation of 
epiphytic microbial communities supported by pectins and 
polysaccharide-degrading enzymes [10]. Drying conditions 
strongly influence volatile compound formation and sen-
sory quality; deviations in moisture promote either struc-
tural loss or fungal growth [11].

Although considered slower and less sophisticated, dry 
processing can yield premium coffees with distinctive pro-
files and higher market value [12]. Yeast inoculation has 

Introduction

Coffee is among the most consumed non-alcoholic bever-
ages worldwide [1, 2]. In Colombia, coffee represents a 
strategic economic sector, with the 2023–24 harvest reach-
ing 13.9 million 60-kg bags, of which 12.33 million were 
exported, generating over USD 2.9 billion. This activity 
supports nearly 550,000 rural families and contributes sub-
stantially to national GDP [3, 4].

Despite decades of expertise, Colombian coffee pro-
duction still faces limitations in postharvest practices, 
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been shown to enhance sensory traits such as caramel, dried 
fruits, and vanilla [13], while controlled fermentation influ-
ences acidity, flavor, and aroma [14, 15]. The Specialty 
Coffee Association defines specialty coffee as one free 
of defects and with a score above 80 points, assessed by 
certified Q-graders through attributes including fragrance, 
acidity, balance, and sweetness [16]. In addition, specialty 
coffees must comply with traceability and sustainability 
requirements [17].

Recent studies report that yeasts contribute to process 
control in coffee fermentation by shaping microbial succes-
sion and metabolite formation under wet and dry processing 
conditions, with documented impacts on process consis-
tency and cup quality [18–22]. In wet processing, yeasts 
contribute to mucilage transformation, while dry process-
ing can benefit from starter inoculation through improved 
reproducibility under matrix conditions that vary in mois-
ture and solute distribution [18, 22]. Recent reports also 
describe yeast-mediated suppression of ochratoxin-related 
fungal risk during postharvest processing through ecologi-
cal competition and inhibitory metabolites, supporting the 
use of yeasts as biocontrol agents in coffee fermentation 
systems [23, 24].

Most controlled coffee fermentations reported in the 
literature rely on non-encapsulated yeasts, including Sac-
charomyces cerevisiae and Pichia spp., where inoculation 
modifies microbial succession and can improve sensory 
quality [13, 14, 18, 25]. However, free-cell inoculum 
remain sensitive to the physical constraints of dry process-
ing, including heterogeneous moisture distribution, locally 
high solute concentrations, and progressive dehydration of 
the fruit surface and mucilage. These matrix features can 
reduce early colonization efficiency and increase variabil-
ity at smallholder scale. Microencapsulation introduces a 
biophysical control layer that separates cells from imme-
diate environmental stressors during inoculation and early 
fermentation while enabling rapid release of viable cells 
within the coffee mass. This protective microenvironment 
can support handling and dosing, reduce direct exposure to 
dehydration and osmotic stress, and improve the probability 
of starter dominance under field-relevant conditions.

Despite increasing evidence that yeasts contribute to 
process control and biocontrol during coffee fermenta-
tion, few studies have examined encapsulated Meyerozyma 
caribbica as a biological tool to restrict undesirable micro-
organisms while maintaining or improving sensory quality 
under dry processing conditions. Addressing this gap, the 
present study aimed to evaluate controlled dry fermentation 
of coffee using an encapsulated inoculum of Meyerozyma 
caribbica by integrating (i) physicochemical evolution 
associated with sugar solubilization and acidification, (ii) 
microbial dynamics relevant to process control and hygiene 

indicators, (iii) safety-related outcomes linked to ochratoxin 
risk, and (iv) quality outcomes based on protocol-based 
sensory grading and complementary functional measures 
including total phenolic content and antioxidant capacity.

Materials and Methods

The experimental design was organized into three stages. 
The first stage included (i) preparation of raw material, (ii) 
microencapsulation and viability testing of the yeast, and 
(iii) microbiological characterization of cherries. The second 
stage comprised (iv) implementation of a factorial experi-
mental design combining fermentation time and inoculum 
concentration, and (v) physicochemical and microbiological 
analyses. The third stage focused on (vi) scaling of the most 
promising treatment and (vii) complementary evaluations of 
phenolic content, antioxidant capacity, and sensory quality.

Preparation of Raw Material

Coffee cherries (Coffea arabica var. Colombia) were har-
vested at 1557  m.a.s.l. in Morales, Cauca (Colombia). 
Manual selection was performed based on physiological 
ripeness, discarding unripe, overripe, or visually defective 
fruits. The selected cherries were washed using potable 
water to reduce the microbial load adhered to the exocarp.

Microencapsulation of Yeast for Fermentation

The materials used included cassava starch of the waxy 
variety (Ingredion Colombia S.A.), sodium alginate 
(containing D–mannuronic and L–guluronic acids, with 
molecular weight 80,000–120,000 g/mol; Sigma-Aldrich, 
Steinheim, Germany), calcium chloride (Agenquímicos, 
Cali, Colombia), and an exopolysaccharide produced by 
Weissella confusa isolated from sugarcane juice [26], 
deposited in the MIBIA laboratory collection [27]. The 
starter microorganism consisted of a microencapsulated 
Meyerozyma caribbica isolate preserved in the MIBIA 
culture collection at Universidad del Valle and originally 
obtained from coffee fermentation matrices. Detailed 
information on strain origin, taxonomic identification, 
and supporting analyses is provided in the Supplemen-
tary Material.

Preparation of Microcapsules

Microcapsules were produced following Briceño-Vélez 
[28]. Yeast strains were activated in a medium containing 
22.24 g sugar, 21.53 g soy milk, 19.41 g whey, 6 g agar, and 
300 mL water per 15 mL inoculum, followed by incubation 
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at 35 °C for 20 h. Cultures were centrifuged at 4000 rpm for 
10 min, the supernatant was discarded, and the cell pellet 
was washed with 0.1% peptone water until reaching a sus-
pension of approximately 9 log CFU/g, determined using 
the McFarland scale [29].

Cassava starch, EPS, and sodium alginate solutions were 
sterilized in an autoclave (Market Forget STM-EL, USA) 
at 121 °C for 15 min. The sterile solutions were then mixed 
with 10 mL of the active cell suspension on a magnetic stir-
rer (Benchmark, H3760-H, USA). The resulting mixtures 
were atomized using a spraying system (Discover LN-I with 
mini compressor Discover TC-06, USA) equipped with a 
0.5 mm nozzle and collected in sterile 0.1 M calcium chlo-
ride solution as crosslinking agent. After 15 min of gelation, 
the material was centrifuged at 4000  rpm for 10 min and 
dried in a convection oven at 40 °C for 3 h. The dry mate-
rial was milled and stored for subsequent use as a starter 
inoculum.

Microcapsule Characterization: Microencapsulation 
Percentage, Viability, and Release Time

Microcapsules were characterized through microencapsu-
lation percentage, viability, release time in coffee matrix, 
physicochemical properties (water activity, moisture, solu-
bility, wettability), and particle morphology and size docu-
mented by SEM.

Microencapsulation percentage was determined from 
viable counts of released cells relative to viable counts of 
free cells added during microcapsule production. One gram 
of microcapsules was mixed with 9 mL of 0.1% peptone 
water until disintegration using a homogenizer (Minimix, 
Interscience, France). Viable counts were obtained by plate 
counting on malt extract agar after incubation at 37.5 °C for 
48 h. Microencapsulation percentage was calculated as: PM 
(%) = (N/N0) × 100, where N corresponds to viable released 
cells (log CFU g− 1 microcapsules) and N0 corresponds to 
viable free cells added to the wall mixture (log CFU g− 1) 
[30].

The viability of microencapsulated M. caribbica was 
evaluated by reactivating 1 g of powdered sample in 9 mL of 
peptone water, followed by vortex mixing. Serial dilutions 
were prepared up to 10⁻⁶. From the last three dilutions, 100 
µL aliquots were spread onto malt extract agar plates, which 
were incubated at 37.5 °C for 48 h (Kryoven incubator).

Release time was determined in coffee matrix using the 
approach of Criollo et al. [30] with modifications. Micro-
capsules were added to 50 g of coffee mass. Sampling was 
performed every 2 min until viable counts reached the target 
value defined for the inoculum.

Microcapsule morphology was examined by scanning 
electron microscopy. Dried microcapsules were mounted on 

aluminum stubs using conductive carbon tape and coated 
with a conductive metal layer prior to imaging. Micrographs 
were acquired at multiple magnifications to document sur-
face features and cross-sectional structure.

Microbiological Characterization of Raw Material

Microbiological characterization of coffee cherries was 
carried out according to Colombian Technical Standards 
(NTC) 4519, 4516, and 4132 for coliforms, mesophilic 
bacteria, and fungi, respectively. One gram of cherries was 
homogenized in a sterile bag with 9 mL of peptone water 
using a stomacher (HETTICH Rotofix 32), and serial dilu-
tions from 10⁻¹ to 10⁻⁵ were prepared following Samaniego 
[31]. For mesophilic bacteria counts, dilutions from 10⁻³ to 
10⁻⁵ were inoculated in triplicate onto Plate Count Agar 
(PCA) using the surface-spread technique with glass 
beads, followed by incubation at 37 °C for 48 h; colonies 
were counted on plates containing 30–300 colonies, and 
results were expressed as CFU/g [31]. Yeast and mold 
counts were determined by spreading 0.1 mL aliquots from 
dilutions 10⁻³ to 10⁻⁵ onto Potato Dextrose Agar (PDA) 
in triplicate, with incubation at 27 °C for 72 h (Kryoven 
incubator), and results were expressed as CFU/g [31]. Pre-
sumptive tests for total coliforms were performed by inoc-
ulating dilutions 10⁻¹ to 10⁻³ into lauryl sulfate broth with 
Durham tubes (three per dilution), incubating at 37 °C for 
48 h, and recording gas production to determine the most 
probable number (MPN) using the standard table. Con-
firmatory tests were carried out by streaking gas-positive 
tubes onto eosin methylene blue (EMB) agar and adding 
Kovacs reagent to detect indole production; the formation 
of a red ring indicated presumptive positive results for E. 
coli, while the absence of color change was interpreted as 
negative. Colonies with a metallic green sheen on EMB 
were considered positive.

Experimental Design

A 2 × 4 factorial design was implemented with two factors: 
inoculum concentration (0, 3, 5, and 8% w/w) and fermen-
tation time (48 and 72 h). Each treatment was conducted in 
triplicate (n = 3). Before performing ANOVA, the assump-
tions of normality and homogeneity of variances were veri-
fied using and, respectively. Data were then analyzed by 
ANOVA with a significance threshold of p ≤ 0.05, followed 
by Tukey’s multiple-comparison test at a 95% confidence 
level when significant effects were detected. Statistical anal-
yses were conducted using Minitab 19. Complete ANOVA 
tables, including degrees of freedom, mean squares, F-val-
ues, and p-values, are provided in the Supplementary Mate-
rial. Unless otherwise indicated, values for the factorial 
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design correspond to three independent experimental repli-
cates per treatment (n = 3) (Table 1).

Coffee Fermentation

Fermentation was carried out by inoculating microencap-
sulated M. caribbica according to the experimental design 
(Sect.   2.10). Selected cherries were placed in 1 L plastic 
bioreactors and partially covered with distilled water to 
promote activation and release of the yeast. The bioreactors 
were incubated at 35 °C for 48 or 72 h, in triplicate. Fer-
mentation temperature was set at 35 °C based on the ther-
mal tolerance reported for fermentation-associated yeasts 
and preliminary trials performed with the starter used in this 
study. Criollo et al. [30] reported yeast adaptation across a 
broad temperature range up to 45 °C, supporting controlled 
fermentations above ambient conditions. Preliminary tri-
als also indicated higher biomass production and improved 
adaptation of M. caribbica at 35–37  °C, which supported 
selection of 35  °C as the fermentation temperature. After 
fermentation, drying was conducted at 37 °C as a mild tem-
perature selected to approximate practical drying ranges 
while limiting heat-driven changes that can negatively 
affect precursors and cup quality. Cherries were dried until 
reaching 11% moisture and a water activity of 0.55, which 
were used as endpoint criteria to standardize drying across 
treatments (Fig. 1).

Microbiological Parameters

Microbiological parameters were evaluated through colony 
counts, presumptive and confirmatory tests for coliforms, 

and growth kinetics of M. caribbica. For colony counts of 
lactic acid bacteria (LAB), Enterobacteriaceae, molds, and 
yeasts, serial dilutions up to 10⁻⁶ were prepared, and ali-
quots of 100 µL from the last three dilutions were inoculated 
on selective media: MRS with aniline blue (LAB), VRB 
(Enterobacteriaceae), PDA (molds), and malt extract agar 
(yeasts), following NTC 4519 (aerobic mesophilic counts), 
NTC 4516 (coliforms), and NTC 4132 (molds and yeasts). 
Plates were incubated at 37.5 °C for 48 h for bacteria and 
60 h for molds and yeasts.

For presumptive and confirmatory tests for coliforms, 
aliquots of 1 mL from dilutions 10⁻¹ to 10⁻³ were inoculated 
into lauryl sulfate broth with Durham tubes and incubated at 
37.5 °C for 48 h; gas-positive tubes were further tested with 
Kovacs reagent for indole detection, where a red ring con-
firmed the presence of E. coli [32]. Growth kinetics of M. 
caribbica were determined by sampling at 0, 12, 24, 30, 36, 
48, 60, and 72 h, followed by serial dilutions (10⁻³ to 10⁻⁵) 
and spreading of 0.1 mL in triplicate onto malt agar plates. 
Plates were incubated at 37 °C for 72 h, and CFU counts 
were expressed as CFU/mL [31].

Physicochemical Parameters

Physicochemical parameters included measurements of 
moisture content, pH, reducing and total sugars, titratable 
acidity, and total soluble solids. Moisture content was deter-
mined using the AOAC 930.15 gravimetric method [33] 
with a thermobalance (OHAUS MB 23) at 105 °C for 16 h. 
The pH of homogenized coffee liquor was measured at 25 
°C with a calibrated pH meter (Orion 710-A) in triplicate. 
Reducing sugars were quantified using the DNS method 
[34] with absorbance at 540 nm, while total sugars were 
determined by the anthrone method with absorbance at 620 
nm; both analyses employed glucose standard curves (R² = 
0.999). Titratable acidity was measured according to NTC 
4623 [35] by titration with 0.1 M NaOH using phenolphtha-
lein as an indicator, and results were expressed as milli-
equivalents of acetic acid per liter. Total soluble solids were 
determined with a digital refractometer (PCE Instruments, 
PCE-DR, Germany) and reported as °Brix.

Table 1  Experimental design for dry-processed coffee fermentation
Process Variables Levels Response Variables
Inoculum concentration 
(% w/w)

0, 3, 5, 8 Total soluble solids, 
Total and reducing 
sugars, pH, Titrat-
able acidity, Micro-
biological and 
sensory analyses

Fermentation time (h) 48, 72

Fig. 1  Experimental treatments 
subjected to fermentation
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Scale-Up Test

The treatment selected for scaling corresponded to the con-
dition that showed the most favorable physicochemical and 
microbiological performance in the laboratory-scale trials. 
This selection was based on an integrative decision matrix 
used as a decision-support tool to compare the response 
variables obtained for each treatment. The selected condi-
tion was then scaled up to ferment 20 kg of C. arabica var. 
Castillo cherries, previously selected and washed. Fermen-
tation was carried out in a controlled system (CubaBIO-
TEC) consisting of a 70  L hermetic fermenter equipped 
with temperature, agitation, aeration, liquid feeding, and 
UV light control (Fig. 2).

After fermentation, drying, and hulling, green coffee 
was subjected to complementary analyses to evaluate the 
effect of M. caribbica encapsulated inoculum on ochra-
toxin A inhibition, phenolic content, antioxidant capacity, 
and sensory attributes. Total phenolic content was quanti-
fied using the Folin-Ciocalteu method with gallic acid as 
standard (20–300  µg), measuring absorbance at 760  nm 
and expressing results as gallic acid equivalents. Antioxi-
dant capacity was determined using two methods: ABTS 
radical cation decolorization following standard method-
ology and the DPPH radical assay, with results expressed 
as Trolox equivalents in both cases. Ochratoxin A (OTA) 
was quantified by SynLab using high-performance liquid 
chromatography with fluorescence detection (HPLC-FLD), 
reported under method code HPLC-FL-207, within an ISO/
IEC 17025:2017 accredited scope of service. The analyti-
cal report applies a reporting convention in which OTA 
concentrations below 5.0 µg/kg are classified as not detect-
able. This criterion was used to interpret OTA results. Sen-
sory evaluation was performed by La Taza de Juan S.A.S. 
(Sevilla, Valle del Cauca), where coffee samples were 
roasted to a medium level, ground to medium–fine particle 
size, and evaluated by certified Q-grader Juan Sebastián 

Gómez Ocampo following SCA protocols (Specialty Cof-
fee Association, s. f.). Attributes including fragrance/aroma, 
flavor, acidity, body, and balance were scored.

Results and Discussion

The results are presented in three sections. The first part 
describes the microbiological behavior of Meyerozyma 
caribbica and the initial characterization of coffee cherries, 
followed by the factorial experimental design used to evalu-
ate the influence of fermentation time and inoculum concen-
tration on physicochemical and microbiological parameters. 
The second part reports the statistical analysis of these vari-
ables, including growth dynamics and interaction effects. 
Finally, the third part addresses the optimization, validation, 
and performance of the selected inoculum during coffee fer-
mentation, integrating complementary analyses of phenolic 
content, antioxidant capacity, and sensory quality.

Microcapsule Properties, Morphology, and 
Functional Performance

Microcapsules presented water activity of 0.57 ± 0.003. 
Moisture content ranged from 7.10 to 10.45% (wet basis), 
and the dried powder used for fermentation presented 1.3% 
moisture. Solubility reached 53.06 ± 0.54%, and wettabil-
ity reached 31.46 ± 2.02 s, remaining below 120 s, support-
ing rapid dispersion in aqueous media. Microencapsulation 
percentage reached 86%, and viability in the encapsulated 
inoculum reached 8.20 × 108 CFU/g.

SEM micrographs showed irregular particles with a con-
tinuous coating. Surface views (Fig. 3a-c) did not show vis-
ible holes, and cross-sectional views (Fig. 3d–f) showed a 
compact coating layer. Fragmentation observed in Fig. 3a 
is associated with sample preparation. Particle size ranged 
from 5.25 to 10.6 μm, and microscopy at 100× after safranin 

Fig. 2  Controlled fermentation 
system
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staining showed diameters within agglomerates between 5.3 
and 11 μm. The absence of surface holes supports the inter-
pretation that EPS from Weissella confusa contributed to a 
sealing effect within the alginate–starch matrix, which can 
reduce surface discontinuities and support protection during 
drying and handling [28].

Microencapsulation percentage (86%) falls within the 
reference range reported for comparable systems [36]. 
Viability remained above 107 CFU/g, which matches com-
monly used benchmarks for starter preparations intended for 
fermentation [36] . Release testing in coffee matrix showed 
complete release between 5 and 9 min, reaching 7.6 × 108 
CFU/g after release, supporting rapid initiation of fermenta-
tion after inoculation [30].

Water activity and moisture content contribute to micro-
biological stability during storage by limiting biochemical 
reactions, and these parameters have been discussed as rel-
evant for dried starter preparations [28, 37]. A comparison 
with Criollo et al. [30] provides context for these values, 
since microencapsulated Pichia kudriavzevii, Wickerhamo-
myces anomalus, and Lactobacillus plantarum produced 
using the same formulation showed water activity between 
0.42 and 0.46 and moisture around 7.6–7.8%. These results 
highlight the role of formulation and drying conditions in 

controlling water activity and moisture in encapsulated 
microbial starters.

Viability of the Microencapsulated Inoculum and 
Microbiological Analysis of Initial Coffee

Table 2 summarizes the viability of the Meyerozyma carib-
bica inoculum and the microbial counts of the initial coffee 
cherries.

The initial concentration and viability of the M. carib-
bica inoculum are critical for controlling the fermentation 
process, as the number of CFU directly influences microbial 

Table 2  Viability of M. caribbica inoculum and microbial counts of 
initial coffee cherries
Parameter Value

(CFU/mL)
M. caribbica inoculum viability 3.8 × 10⁸
Mesophilic bacteria 2.9 × 10⁶
Enterobacteriaceae 2.0 × 10⁶
Yeasts 3.0 × 10⁶
Lactic acid bacteria (LAB) 2.0 × 10⁶
Fungi Not detected
Total coliforms (MPN) > 1100
Confirmatory test E. coli detected

Fig. 3  Scanning electron microscopy (SEM) micrographs of microcap-
sules: surface views for (a–c); cross-sectional views for (d-f). Surface 
micrographs show a continuous coating without visible holes. Cross-

sections show a compact coating layer; fragmentation in (a) is associ-
ated with sample preparation
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dynamics and fermentation efficiency [38, 39]. The viability 
obtained in this study was 3.8 × 10⁸ CFU/mL, a value com-
parable to that described by Martins et al. [38]. In their study 
on yeast microencapsulation by spray drying for application 
in coffee-based fermentation media, they used inoculum 
with viabilities on the order of 10⁷ CFU/mL. Their findings 
indicated that a high initial concentration not only enhances 
fermentation rate but also improves reproducibility and 
facilitates process scale-up. Siedler et al., (2020) further 
reported that high and sustained inoculum concentrations 
promote competitive exclusion and restrict the growth of 
undesirable microorganisms during fermentation.

According to De Bruyn et al. [40] and Elhalis et al. [1, 
41], coffee cherries represent the main substrate for the 
growth of yeasts, bacteria, and filamentous fungi, with 
microbial composition determined by intrinsic characteris-
tics of the bean, environmental conditions, and postharvest 
handling practices. In this study, the initial microbial load 
for mesophiles, Enterobacteriaceae, yeasts, and LAB was 
2.9 × 10⁶ CFU/g, 2.0 × 10⁶ CFU/g, 3.0 × 10⁶ CFU/g, and 
2.0 × 10⁶ CFU/g, respectively. These values are consistent 
with those reported by Sánchez-Riaño et al. [42], who eval-
uated the microbial load of coffee pulp after depulping and 
reported values of 1.1 × 10⁶ CFU/g for mesophilic bacteria 
and 1.8 × 10⁵ CFU/g for yeasts and molds. Similarly, Li et 
al., (2025) observed microbial analysis of coffee after har-
vesting and cherry selection, reporting yeast concentrations 
of 10³ CFU/g.

The absence of fungi in the culture media observed in 
this study may be attributed to the application of good agri-
cultural, hygienic, and handling practices during harvest. 
Studies such as Sánchez-Riaño et al. [42] demonstrated 
that sanitizing coffee cherries with potable water, combined 
with prior density selection, promotes stability of the fer-
mentation process without significantly altering the initial 
microbiota. This procedure eliminates impurities, surface 
residues, and defective cherries, contributing to greater 
process control. Furthermore, Díaz et al. [43] reported that 
adequate hygiene and moisture control during coffee har-
vesting significantly reduce contamination by ochratoxin 
A, a compound directly associated with fungal growth and 
metabolic activity.

Regarding the presumptive test for coliforms, an MPN 
> 1100 was obtained, confirming the presence of total coli-
forms. These findings are consistent with those reported 
by Blandón Castaño et al. [44] in pulp samples, suggest-
ing that the microbial load of coffee and its by-products fol-
low a similar pattern. Previous studiesindicated that once 
harvested, coffee presents a considerable microbial load 
composed of microorganisms that drive the fermentation 
process [18, 40, 41]. Samples showing positive results with 
gas production were subjected to the indole confirmatory 

test with Kovacs reagent, suggesting the presence of Esch-
erichia coli in the initial coffee. Subculture in EMB medium 
confirmed this result, with colonies showing metallic green 
sheen at dilution 10⁻¹, characteristic of bacteria with high 
efficiency in lactose fermentation such as E. coli, whose 
activity produces marked acidification of the medium [45]. 
Colonies with a wine-red color observed at dilution 10⁻² 
likely correspond to other Enterobacteriaceae that ferment 
lactose more slowly [46].

Experimental Design and Preliminary Laboratory-
Scale Trials

Table 3 summarizes the ANOVA p-values, with statistically 
significant effects (p ≤ 0.05) shown in bold. The complete 
ANOVA outputs, including degrees of freedom, F-values, 
and p-values, are provided in the Supplementary Material. 
The factorial analysis confirmed that fermentation time 
and inoculum concentration had significant effects on both 
physicochemical and microbiological parameters. Fermen-
tation time was the main factor influencing titratable acid-
ity, pH, reducing sugars, and microbial populations, while 
inoculum concentration significantly affected sugar solubi-
lization, and soluble solids. The interaction between the two 
factors was also significant for several variables, indicating 
that microbial activity and metabolite production depended 
on both fermentation duration and inoculation levels.

Fermentation time was the key driver of acidification 
(titratable acidity, pH) and sugar consumption (reducing and 
total sugars), consistent with studies showing that extended 
fermentations enhance metabolite release and microbial 
stabilization [47, 48]. Inoculum concentration significantly 
influenced sugar consumption and yeast proliferation, con-
firming its role in fermentation kinetics. The interaction of 

Table 3  p-values from ANOVA showing the effects of fermentation 
time, inoculum concentration, and their interaction on the response 
variables (significant at p ≤ 0.05)
Response 
variable

Model Linear Fermen-
tation 
time (h)

Inoculum 
concentra-
tion (% 
w/w)

Interac-
tion 
(Time × 
Inoculum)

Titratable 
acidity

0.000 0.000 0.000 0.064 0.000

Reducing 
sugars

0.000 0.000 0.004 0.000 0.130

Total 
sugars

0.000 0.000 0.000 0.003 0.046

pH 0.000 0.000 0.000 0.503 0.000
Soluble 
solids

0.000 0.000 1.000 0.000 0.005

Lactic acid 
bacteria

0.016 0.007 0.001 0.190 0.228

Mesophilic 
bacteria

0.021 0.009 0.010 0.037 0.277
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time and inoculum was particularly relevant for pH, titrat-
able acidity, and Enterobacteriaceae counts, reinforcing that 
fermentation outcomes are determined by their combined 
effect rather than a single factor.

These findings are consistent with reports indicating that 
controlled inoculation strategies shape microbial succes-
sion and metabolite synthesis, especially alcohols and esters 
during dry fermentations [25, 49]. These compounds con-
tribute to desirable sensory profiles, including caramelized, 
red wine, and fruity notes, in contrast to profiles generated 
under shorter fermentations.

Preliminary trials were carried out to determine suitable 
fermentation times, evaluating four levels of the studied 
factor (Control, 3%, 5%, and 8%). During these trials, 
pH and soluble solids were monitored, providing critical 
insights into fermentation dynamics. The observed trends 
(Fig. 4) served as the basis for defining the experimental 
objective.

The evaluation of soluble solids (Fig. 4) showed that 24 
h of fermentation was insufficient, as the limited decrease 
indicated restricted sugar utilization from pulp and muci-
lage, thereby limiting the formation of metabolites of 

interest [48]. In contrast, extending fermentation to 96 h 
produced a sharp decline in pH, surpassing the thresholds 
reported by Puerta [48] and compromising the sensory pro-
file of the beverage.

Fermentation periods of 48 and 72 h promoted greater 
solubilization of simple sugars, supporting microbial 
metabolism and the synthesis of aromatic precursors [47]. 
Within this range, pH values remained in the optimal inter-
val described by Puerta [50]. Comparable findings were 
reported by Palumbo et al. [49] and Vale et al. [25], who 
demonstrated that extended fermentations of 48 and 72 h 
enhanced the production of alcohols (1-hexanol, 2-hepta-
nol, benzyl alcohol, phenylethyl alcohol, and 3-octanol) and 
esters (ethyl acetate and amyl acetate). These compounds 
contributed to sensory profiles characterized by caramel-
ized, red wine, and fruity notes, contrasting with those 
obtained after shorter fermentations of 24 h.

Fermentation times of 48 and 72 h were established as 
the most suitable conditions for subsequent evaluations, as 
they balanced sugar utilization, microbial stability, metabo-
lite synthesis, and the preservation of a desirable sensory 
profile.

Fig. 4  Preliminary laboratory-
scale fermentation trials of coffee 
cherries using different inoculum 
concentrations. Evolution of (a) 
pH and (b) soluble solids (°Brix) 
at different fermentation times 
and inoculum concentrations
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Microbiological Parameters of Fermented Coffee

Table 4 presents the evolution of microbiological behavior 
of whole coffee cherries during fermentation, using different 
concentrations of the starter culture Meyerozyma caribbica 
(0%, 3%, 5%, and 8%) at two fermentation times (48 and 
72 h). Average concentrations of yeasts, filamentous fungi, 
lactic acid bacteria, aerobic mesophiles, and Enterobacte-
riaceae are reported in colony-forming units per milliliter 
(CFU/g).

Figures S1–S13 (Supplementary Material) present the 
microbiological characterization and statistical analysis of 
fermented coffee under different inoculum concentrations 
and fermentation times.

Yeasts

Figure S1a shows the morphology of Meyerozyma carib-
bica under a stereoscope, allowing evaluation of its uni-
formity and macroscopic traits [51]. Colonies exhibited 
circular form, regular edges, convex surface, smooth and 
glossy texture, and creamy-white coloration, consistent with 
the description of Ebabhi et al. [52], who reported smooth, 
shiny, ovoid, or irregular colonies for the same yeast. Fig-
ure S1b shows yeast cells with oval to rounded structures, 
arranged individually or in small groups, indicative of active 
budding [52].

Figure S2 shows the average yeast colony-forming unit 
(CFU/g) counts during the fermentation of whole cof-
fee cherries, comparing different inoculum concentrations 

(control, 3%, 5%, and 8%) at two fermentation times (48 
and 72 h). Treatments showed significant differences, as 
presented in Table 3 and Figure S3a, both in main effects 
(fermentation time and inoculum concentration) and in their 
interaction, directly influencing yeast populations. Figure 
S3b shows a decline in yeast counts as fermentation pro-
gressed. Stanley et al. [53] attributed this reduction to sub-
strate depletion, microbial competition, and accumulation 
of inhibitory metabolites such as ethanol, which disrupts 
cellular functions by integrating into membranes, increas-
ing permeability, and altering enzymatic activity and ionic 
balance.

At 48 h, higher inoculum concentrations produced larger 
yeast populations, with peaks significantly higher than the 
control. This behavior was also influenced by fermentation 
system conditions. Antonio and Agüera [54], reported that 
fermentation type affects yeast viability; in closed systems, 
CO₂ accumulation induces physiological adaptations that 
allow certain strains to maintain viability, whereas in open 
systems, oxygen availability supports aerobic metabolism 
and population stability during extended fermentation. 
Figure S3a shows that the slope of the control and the 8% 
inoculum treatments reflect a sharper decline in yeast counts 
compared with other treatments, suggesting that the absence 
of inoculum or excessive concentrations reduce yeast stabil-
ity during fermentation.

At 72 h, the control, 3%, and 8% inoculum treatments 
did not differ significantly, indicating that the 3% inoculum 
provided insufficient viable cells to sustain fermentation, 
while the high density in the 8% treatment likely caused 
rapid substrate depletion, limiting further growth. Westman 
et al. [55] showed that fermentations with high cell densi-
ties may experience reduced efficiency due to nutrient and 
oxygen limitations. In contrast, the yeast population in the 
5% inoculum treatment remained more stable at both 48 and 
72 h, reflecting a balance between substrate availability and 
microbial activity. This observation is consistent with Kaur 
et al. [56], who reported that high inoculum concentrations 
do not necessarily increase production and may reduce effi-
ciency through nutrient competition and substrate depletion.

 De Bruyn et al. [40] and Elhalis et al. [1, 41] empha-
sized the key role of yeasts in coffee fermentation, par-
ticularly in degrading mucilage and pulp pectin through 
extracellular enzymes such as polygalacturonase, pectin 
lyase, and pectin methylesterase. Pectin lyase breaks down 
pectin and releases unsaturated galacturonic acids; polyga-
lacturonase hydrolyzes α-1,4 linkages of polygalacturonic 
acid; and pectin methylesterase catalyzes de-esterification 
of methoxyl groups, producing pectic acid and methanol. 
These processes, carried out by yeasts such as M. carib-
bica and Pichia kluyveri isolated from C. arabica and C. 
canephora, alter concentrations of soluble carbohydrates, 

Table 4  Microbial dynamics during fermentation of coffee cherries 
with different concentrations of M. caribbica inoculum
Microorganisms Time 

(h)
0% 
(Control)

3% 5% 8%

Yeasts Initial 3.0 × 10⁶ – – –
48 3.8 × 10⁸ 8.5 × 10⁸ 9.9 × 10⁸ 2.2 × 10⁹
72 4.0 × 10⁷ 1.6 × 10⁸ 2.4 × 10⁸ 4.0 × 10⁹

Fungi 48 Nd Nd Nd Nd
72 Nd Nd Nd Nd

Mesophiles Initial 2.9 × 10⁶ – – –
48 3.0 × 10⁸ 7.6 × 10⁸ 8.3 × 10⁸ 5.1 × 10⁸
72 3.9 × 10⁷ 1.6 × 10⁸ 5.1 × 10⁸ 4.7 × 10⁸

Lactic acid 
bacteria

Initial 2.0 × 10⁶ – – –
48 1.2 × 10⁹ 7.1 × 10⁸ 8.1 × 10⁸ 2.8 × 10⁸
72 1.6 × 10⁷ 1.2 × 10⁸ 2.2 × 10⁸ 1.4 × 10⁸

Enterobacteria-
ceae

Initial 2.0 × 10⁶ – – –
48 4.0 × 10⁴ Nd Nd Nd
72 Nd Nd Nd Nd

Total coliforms Initial > 1100 – – –
48 192 < 3 < 3 < 3
72 < 3 < 3 < 3 < 3

Results expressed as mean concentrations (CFU/g), except for coli-
forms (MPN/mL). Nd: not detected
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organic acids, and volatile compounds in pulp, favoring the 
formation of aromatic precursors [57].

Lactic Acid Bacteria (LAB)

Shen et al. [22] indicated that lactic acid bacteria represent 
a significant proportion of the coffee fruit microbiota, since 
their metabolic activity plays a central role in mucilage 
degradation, volatile compound generation, and pH modi-
fication. Figure S4 shows LAB growth on MRS medium 
with aniline blue, where colonies with blue halos indicate 
lactic acid production [58]. Figure S5 presents LAB CFU/g 
counts at 48 and 72 h, and Figure S6 shows factorial interac-
tion and main effects. Fermentation time was significant (p 
≤ 0.05), with counts decreasing as fermentation advanced. 
The pronounced reduction in the control at 72 h correlated 
with lower pH values.

These results align with Gutiérrez-Sarmiento et al. [59], 
who reported optimal LAB growth at near-neutral pH with 
moderate oxygen incorporation. Stability in inoculated 
treatments is explained by yeast–LAB cooperation: yeasts 
release amino acids (glutamine, glutamate, proline, phenyl-
alanine) that serve as nutrients for LAB, while LAB acidify 
the medium, supporting yeast metabolism and mucilage 
degradation [60, 61]. LAB also contribute to biocontrol by 
producing organic acids that inhibit fungal growth [64].

Mesophilic Microorganisms

Figure S7 shows growth of mesophiles on PCA medium, 
while Figure S8 presents CFU/g counts at 48 and 72 h, and 
Figure S9 shows factorial interactions and main effects. 
At 48 h, inoculated treatments had higher counts than the 
control. Statistical analyses revealed that both fermenta-
tion time and inoculum concentration had significant effects 
(p ≤ 0.05). However, the absence of interaction suggests that 
these effects are independent, meaning that certain combi-
nations may yield similar outcomes due to balancing indi-
vidual effects.

At 48  h, mesophilic concentrations were higher in all 
inoculated treatments compared with the control. By 72 h, a 
generalized decline was observed. Puerta et al. [62] associ-
ated this reduction with the progressive acidification caused 
by organic acid production during fermentation, creating 
unfavorable conditions for mesophiles. Microbial com-
petition and nutrient availability also contributed to this 
decrease.

Peñuela-Martínez et al. [63] reported that mesophilic 
populations can remain stable during fermentation under 
controlled conditions at 30 °C, attributed to thermotoler-
ance, which explains the high concentrations observed. 
Moreover, yeast inoculation appeared to favor mesophilic 

growth, possibly due to metabolites that stimulate devel-
opment. This interaction may reflect metabolic synergy 
between yeasts and mesophiles, including LAB as an 
important component. Pereira et al. [61] highlighted that 
yeasts release amino acids serving as essential nutrients for 
LAB growth and activity.

Fungi

Fungi are relevant in many biotechnological processes 
due to their ability to synthesize enzymes and secondary 
metabolites [64]. In coffee fermentation, their development 
is influenced by environmental and biological conditions 
of the fermentation ecosystem, including natural vectors 
such as the coffee berry borer (Hypothenemus hampei) [22, 
24]. Species such as Penicillium, Fusarium, Cladosporium, 
Aspergillus, Pestalotia, and Paecilomyces can contribute to 
mucilage degradation. However, Shen et al. [22] reported 
that in dry fermentation, fungal populations tend to increase 
progressively from harvest to drying, raising the risk of con-
tamination with mycotoxins. This contamination is mainly 
due to filamentous fungi, with Aspergillus, Penicillium, 
Cladosporium, and Fusarium as the primary agents [24]. 
Among these mycotoxins, ochratoxin A stands out for its 
high toxicity, being classified as teratogenic, carcinogenic, 
hepatotoxic, neurotoxic, and nephrotoxic [65, 66].

No fungal growth was detected in any treatments of this 
study, which could be attributed to either the initial absence 
of fungi or microbial competition in the fermentative envi-
ronment that inhibited their development [67]. Previous 
research indicated that yeasts and LAB can restrict fungal 
growth through the production of antifungal metabolites 
such as 2-phenylethanol, isoamyl alcohol, 4-hydroxy-
phenylethanol, isoamyl acetate, and ethyl acetate, which 
inhibit both mycelial growth and mycotoxin synthesis [68].

Some yeasts act as biological control agents through the 
production of lytic enzymes such as proteases, chitinases, 
and glucanases, which degrade structural components of 
other microorganisms, thereby limiting their development 
[24]. M. caribbica has demonstrated strong antagonistic 
capacity, showing notable biocontrol effects in fruits such 
as kiwi, mango, jujube, and passion fruit [68]. According 
to Salazar-Hernández et al. [69], M. caribbica can secrete 
hydrolytic enzymes including chitinase, β-1,3-glucanase, 
and N-acetyl-β-D-glucosaminidase, which inhibit fungal 
hyphae growth.

Enterobacteria

Enterobacteria comprise a group of pathogenic microorgan-
isms that pose a significant risk to human health [45, 70]. 
Braga et al. [71] reported their natural presence in farms and 
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coffee plants. In their study, the Enterobacteriaceae fam-
ily—including Enterobacter, Citrobacter, Klebsiella, and 
Pantoea—was predominant during fermentation. Figure 
S10 shows enterobacteria on MacConkey medium, and Fig-
ure S10 presents their dynamics during fermentation. At 48 
h, the control treatment showed 4.00 × 10⁴ CFU/g of entero-
bacteria, although no growth was observed in inoculated 
treatments with M. caribbica. This suggests that yeasts may 
inhibit bacteria through antimicrobial metabolite production 
or nutrient competition. Olstorpe et al. [72] demonstrated 
that yeasts such as Hansenula anomala (also known as 
Pichia anomala) inhibited enterobacteria including E. coli, 
Klebsiella pneumoniae, Enterobacter sakazakii, and Serra-
tia marcescens, mainly through volatile antimicrobial com-
pounds such as ethyl acetate, which suppress both molds 
and bacteria. Braga et al. [71] also reported that enterobac-
teria such as Klebsiella and Enterobacter can participate 
in coffee fermentation via the Embden-Meyerhof pathway, 
releasing CO₂, H₂, acetone, and 2,3-butanediol, compounds 
that negatively affect beverage sensory quality.

Although species such as Enterobacter, Klebsiella, and 
Pantoea can produce enzymes including pectinases, xyla-
nases, and pectin methylesterases that degrade complex 
carbohydrates and release simple sugars [73], in treatments 
where these bacteria predominated, no significant increase 
in reducing sugars was observed, suggesting low enzymatic 
activity compared with the starter inoculum.

Coliforms, members of Enterobacteriaceae, are widely 
used as indicators of fecal contamination, since their detec-
tion reflects deficiencies in hygiene practices along the pro-
duction chain, compromising both quality and safety of the 
final product [32, 45].

At 48 h, the control treatment showed 192 MPN/mL of 
total coliforms, whereas no coliforms were detected in inoc-
ulated treatments, suggesting a possible inhibitory effect 
of the starter culture. Previous studies have reported noted 

that yeasts of the genus Saccharomyces produce antimicro-
bial compounds such as organic acids that inhibit coliforms 
by acidifying the medium. The absence of coliforms in all 
treatments at 72 h agrees with Puerta [62], who stated that 
decreasing pH creates a hostile environment for coliforms 
while favoring acidophilic microorganisms such as yeasts 
and LAB.

The negative indole test in the control treatment at 48 
h (Figure S12) suggests the absence of E. coli, which is 
typically identified by its ability to produce indole from 
tryptophan (Baldeón Beltrán, 2013). This absence may be 
attributed to inhibition of E. coli by acidic conditions gen-
erated during fermentation or by competition for nutrients. 
Nonetheless, gas production indicates the presence of lac-
tose-fermenting coliforms, since non-fecal enterobacteria 
such as K. pneumoniae, K. oxytoca, and E. cloacae can fer-
ment lactose and produce gas without indole [70].

Growth Kinetics

The established concentrations of the starter culture directly 
influenced the progression of fermentation, determining 
both microbial load and persistence of microorganisms over 
time. This process was further modulated by several factors, 
including the production of metabolites and antimicrobial 
peptides, as well as competition for available substrates in 
the coffee matrix [74, 75].

Figure 5 shows the evolution of Meyerozyma caribbica 
concentrations (CFU/mL) during fermentation of whole 
cherries at three inoculum levels (3%, 5%, and 8%). This 
graphical representation illustrates yeast dynamics as a 
function of time and initial inoculum concentration.

In Fig. 5, yeast populations inoculated at the three differ-
ent concentrations exhibited an exponential growth phase 
until reaching a maximum peak, followed by a stationary 
phase and subsequent decline. The 8% inoculum treatment 

Fig. 5  Growth kinetics of 
microencapsulated Meyerozyma 
caribbica
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reached the highest yeast concentration at 36 h (2.10 × 10⁹ 
CFU/g). Subsequently, a substantial decrease in cell density 
was observed, suggesting either depletion of available sug-
ars or inhibition caused by accumulated metabolites [53].

In the 5% inoculum treatment, microbial populations 
entered exponential growth up to 24 h, followed by a sta-
tionary phase that peaked at 48 h (1.90 × 10⁹ CFU/g), after 
which a gradual decline occurred, reflecting greater stability 
of the fermentative system. This behavior agrees with Lessa 
da Silva et al. [57], who also reported maximum populations 
at 48 h in coffee fermentations, a critical stage for depoly-
merization of pectin in mucilage and pulp through enzymes 
such as pectinases and cellulases.

At 24 h, the 3% inoculum treatment reached its maximum 
population (1.5 × 10⁹ CFU/g). Up to this point, its microbial 
growth rate was comparable to the 8% inoculum treatment. 
However, the yeast population then declined progressively, 
likely due to a lower initial biomass that limited both colo-
nization rate and metabolite production [76].

Physicochemical Parameters of Fermented Coffee

Moisture

Dry matter determinations showed moisture contents on 
a wet basis of 68.39% ± 0.0133 and 67.23% ± 0.0105 
for the coffee bean and cherry, respectively. These values 
fall within the range reported by Pereira et al. [77] for 
harvested coffee fruits and are consistent with Coelho et 
al. [78], who indicated that cherry moisture at harvest 
varies between 30% and 65% depending on ripeness. The 
slightly lower moisture content observed in whole cher-
ries compared with beans is explained by the inclusion 
of additional tissues, mainly pulp and mucilage, which 
contain higher proportions of dry matter (approximately 
29% and 5% on a dry weight basis, respectively). Their 
presence increases the total solid fraction of the sample, 
leading to a relative reduction in moisture content on a 
wet basis [41].

pH and Titratable Acidity

Measurement of pH is a reliable parameter for achieving 
greater consistency and control during fermentation, pre-
venting both under- and over-fermentation, conditions that 
directly affect final coffee quality [79]. From the analysis 
presented in Table 3, the interaction between fermenta-
tion time and inoculum concentration was statistically sig-
nificant (p ≤ 0.05), indicating that the effect of inoculum 
concentration on pH depended on fermentation time, and 
conversely, the effect of fermentation time depended on 
inoculum concentration.

This significant interaction explains the patterns shown 
in Figure S13a, where pH trends varied notably between 48 
and 72 h at different inoculum levels. Fermentation time was 
identified as a statistically significant factor (Figure S13b), 
confirming that process duration consistently affected pH 
regardless of inoculum concentration. This trend is further 
shown in Figure S14, where pH values at 72 h were lower 
than those at 48 h across all treatments. In contrast, inocu-
lum concentration alone had no significant effect (p > 0.05), 
suggesting that variations in inoculum level do not inde-
pendently produce significant changes in pH. The observed 
differences in pH at different concentrations were primarily 
mediated by the interaction with fermentation time.

As shown in Figure S14, the absence of inoculum at 72 
h resulted in the lowest pH (3.30), comparable with values 
reported by Galarza and Figueroa [80] for spontaneous fer-
mentations, where a pH of 3.5 was observed at the same 
stage. According to these authors, pH reduction is mainly 
attributed to the activity of endophytic mesophiles present 
in the cherry, which degrade pulp and mucilage substrates, 
including cellulose, highly methyl-esterified pectic sub-
stances (galacturonic acids), and sugars through extracel-
lular enzymatic activity, leading to mucilage acidification 
[41, 57].

In the control treatment, acidification was markedly 
higher compared with inoculated treatments. This effect 
could be attributed to the absence of the M. caribbica starter, 
which allowed the native acidifying microflora to predomi-
nate, increasing acid release and accelerating pH decline 
[1]. These results are consistent with Elhalis et al. [1], who 
demonstrated that inhibition of yeast growth using antifun-
gals in wet fermentation increased organic acid concen-
trations, particularly acetic and butyric acids. By contrast, 
the addition of moderate inoculum concentrations (3–5%) 
slowed pH reduction, suggesting mechanisms of competi-
tive exclusion and physiological adaptation of inoculated 
yeasts [10, 81]. According to Elhalis et al. [41], yeasts com-
pete effectively for nutrients and limit pectinolytic activity 
of bacteria, reducing production of acidifying metabolites 
by the autochthonous microbiota, composed mainly of lac-
tic acid bacteria (Lactobacillus, Lactococcus, Leuconostoc) 
and acetic acid bacteria (Gluconobacter, Acetobacter) [40, 
82, 83]. This competitive advantage is reinforced by the 
high acid tolerance of yeasts, which allows them to remain 
active under low pH conditions while inhibiting acid-sensi-
tive bacteria [79].

However, at 8% inoculum and 72 h of fermentation, pH 
decreased again, suggesting that high microbial density 
leads to greater pectinolytic activity. This interpretation is 
consistent with Lessa da Silva et al. [57], who demonstrated 
that maximum yeast populations in dry coffee fermentation 
are decisive for depolymerization and hydrolysis of pectin 
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in mucilage and pulp. This process is associated with the 
synergistic action of enzymes such as polygalacturonase, 
pectin lyase, pectin methylesterase, and cellulases.

Preference of microorganisms for simple sugars over 
polysaccharides favored the production of organic acids, 
mainly lactic and acetic acids, which led to increased titrat-
able acidity as fermentation time extended (Figure S15 and 
S16). This behavior revealed the expected inverse correla-
tion with pH, illustrated in Figure S14 [41, 80]. According 
to Nakyinsige et al. [83] and Martins et al. [39], the rise 
in titratable acidity results from microbial degradation of 
pectin into simple sugars, subsequently metabolized to 
organic acids. Bressani et al. [81] reported detection of 
multiple organic acids during yeast-inoculated dry fermen-
tation, including acetic, citric, malic, succinic, lactic, isobu-
tyric, and propionic acids, with acetic acid being the most 
abundant.

Reducing and Total Sugars

Pereira et al. [77] emphasized that aroma development in 
coffee depends on the presence of chemical precursors in 
the bean, particularly insoluble carbohydrates such as cel-
lulose and hemicellulose, and soluble sugars including 
arabinose, fructose, galactose, glucose, sucrose, raffinose, 
and stachyose [84]. Low-molecular-weight sugars such as 
sucrose, glucose, and fructose are critical during roasting, 
as they are precursors of acids and volatiles in Maillard, 
Strecker, and pyrolytic reactions [1]. Polysaccharides in the 
bean are also essential for volatile retention, directly influ-
encing flavor perception [77].

Statistical analysis of reducing sugars showed that the 
interaction between fermentation time and inoculum con-
centration was not significant (p > 0.05). However, both fac-
tors independently showed significant effects (p ≤ 0.05), as 
seen in Figure S17, confirming that each factor alone deter-
mined by reducing sugar concentrations.

The highly significant effect of inoculum concentration 
explains the clear increase in reducing sugar values with 
higher inoculum levels (Figures S17 and S18). This behav-
ior suggests that higher yeast inoculum enhances hydrolysis 
of complex polysaccharides such as pectin, cellulose, and 
sucrose through enzymes like invertase, releasing mono-
mers such as fructose, glucose, and rhamnose [15]. These 
findings are consistent with Elhalis et al. [1], who reported 
that yeast inoculation facilitates degradation of complex 
carbohydrates into monosaccharides through metabolic 
activity.

At the same time, fermentation time significantly affected 
reducing sugar concentrations, showing a gradual decline as 
fermentation progressed (Figure S18). The sharp decrease 
at 72 h, particularly in the control and the 8% treatment, 

suggests progressive sugar consumption by microorganisms 
as the main carbon source during prolonged fermentation 
[1]. Pereira et al. [77] noted that yeasts produce multiple 
low-molecular-weight compounds, including esters, higher 
alcohols, aldehydes, ketones, and terpenoids, during muci-
lage removal as a result of sugar metabolism.

In ripe C. arabica fruits, cell wall polysaccharides 
(CWPs), mainly galactomannans and arabinogalactans, 
represent 48–60% of dry matter and serve as key reserves 
[85]. The significant decrease in total sugars between 
48 and 72  h (Figures S19 and S20) reflects microbial 
metabolism and progressive degradation of CWPs and 
sucrose.

During the first 48 h, microorganisms favored hydro-
lysis of complex compounds, releasing simple sugars and 
increasing total sugar concentration, particularly at 8% 
inoculum. Prakash et al. [15] argued that sugars are the 
first substrates metabolized during coffee fermentation, 
with yeasts playing the primary role through hydrolytic 
enzymes such as amylases, pectinases, and cellulases, 
with pulp as the main substrate. At 72 h, the high reduction 
in total sugar concentrations indicated a metabolic shift 
toward consumption for cell growth and volatile metabo-
lite synthesis associated with aroma and sensory profile 
[86]. This transition is consistent with microbial adaptive 
responses under nutrient stress, intensifying degradation 
of alternative carbon sources. Polanía et al. [87, 88] also 
observed that sugars were consumed for microbial growth 
while significant secondary metabolites, such as ethanol 
and acetic and lactic acids, were produced. Bruyn et al. 
[40] further noted that under prolonged fermentation, 
anoxia caused by immersion can trigger endosperm ger-
mination and anaerobic metabolism, consuming carbohy-
drates through glycolysis.

The high total sugar concentrations observed at 8% 
inoculum may be attributed to enhanced hydrolytic activity 
during early stages, while lower values at 3% may reflect 
imbalances between enzyme production and substrate avail-
ability. Mardhatilah et al. [89] reported that limited yeast 
concentrations result in insufficient carbohydrate degrada-
tion. Interestingly, the control treatment at 48 h revealed 
native microflora with hydrolytic activity comparable to 
that of the 5% inoculum, whereas sharper sugar reductions 
at 8% suggested that sugar consumption rate was propor-
tional to population density [89].

Total Soluble Solids (TSS)

Quantification of TSS is a relevant criterion for determin-
ing the endpoint of fermentation, since their concentration 
reflects not only sugars but also organic acids, vitamins, 
amino acids, and phenolic pectins, whose variation is 
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closely related to mucilage degradation and fermentation 
progression [15, 90].

Statistical analysis of TSS revealed that both inoculum 
concentration (p ≤ 0.05) and its interaction with fermenta-
tion time (p ≤ 0.05) were significant. In contrast, fermen-
tation time as an independent factor had no significant 
effect (p > 0.05) (Figure S21b). The interaction explained 
the nonlinear patterns shown in Figure S21a. At 48 h, the 
8% inoculum treatment showed the highest TSS values 
(5.8–6.0 °Brix), whereas at 72  h, the control treatment 
registered the highest values (5.3 °Brix) (Figure S22).

The differential behavior according to inoculum con-
centration revealed specific metabolic dynamics medi-
ated by microbial diversity and population density [83]. 
The 8% inoculum treatment showed intense enzymatic 
activity during the first 48 h, favoring rapid solubilization 
of sugars, followed by metabolic conversion to alcohols 
that caused a significant reduction in TSS at 72 h [91]. 
In contrast, the control, 5%, and 3% treatments showed 
increases in TSS between 48 and 72 h, with progressively 
lower release rates. Nakyinsige et al. [83] attributed such 
variations to microbial degradation of sugars into organic 
acids. Polanía et al. [19, 20] suggested that TSS stability 
may result from the selective sugar preferences of LAB, 
which readily utilize glucose but have limited capacity to 
metabolize sucrose and fructose.

Finally, factors such as pulp and mucilage thickness and 
variations in bean size and density across treatments influ-
enced fluctuations in TSS during fermentation [63].

Scaling Test

The physicochemical and microbiological results 
obtained in the factorial design were integrated through a 
decision matrix (Table 5) to support selection of the treat-
ment used for scaling. This matrix was used as a deci-
sion-support tool for comparing the overall performance 
of the treatments and did not constitute a statistical opti-
mization method. Based on this integrative comparison, 
the optimal condition for the scale-up stage was selected, 
and the subsequent complementary analyses focused on 
phenolic compounds, ochratoxin A, antioxidant capacity, 
and sensory evaluation.

From the results presented in Table 6, the treatment 
with 5% M. caribbica at 48 h emerged as the most suit-
able for scaling, achieving the highest consolidated score 
(15 points). This treatment showed superior performance 
in key variables such as yeast viability and stability dur-
ing fermentation, antagonistic activity against Entero-
bacteriaceae, formation of a balanced consortium with 
lactic acid bacteria, maintenance of pH at optimal lev-
els, and efficient degradation and utilization of sugars for 

Table 5  Decision matrix
Decision criteria Treatments

48 h 72 h
Control 3% 5% 8% Control 3% 5% 8%

Viability and stability of M. caribbica during fermentation N/A 2 3 1 N/A 2 3 1
Antagonistic activity of M. caribbica against Enterobacteriaceae N/A 3 3 3 N/A 3 3 3
Population consortium between M. caribbica and LAB N/A 2 3 1 N/A 1 3 2
Optimal pH (pH: 3.5) 2 3 3 3 1 2 2 1
Degradation of complex sugars (TSS) 2 1 1 3 2 1 1 3
Utilization rate of complex and simple sugars by M. caribbica for 
organic acid production (pH, titratable acidity)

N/A 1 2 3 N/A 2 3 3

Consolidated score 4 12 15 14 3 11 15 13
Note: The scoring system was structured hierarchically into three levels: 3 (High), 2 (Medium), and 1 (Low).

Table 6  Sensory evaluation results by La Taza de Juan S.A.S
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organic acid production. Moreover, the 48  h treatment 
offers additional advantages by reducing fermentation 
time, which optimizes the process from both technical 
and operational perspectives without compromising final 
product quality.

Sensory Analysis

The sensory analysis of the scaled treatment classified the 
product as specialty coffee (see Table 6), according to the 
standards of the Specialty Coffee Association (SCA). The 
evaluation was carried out by a certified Q Grader at the 
laboratory La Taza de Juan S.A.S., obtaining a final score 
of 84.50 points.

Uniformity, clean cup, and sweetness reached the maxi-
mum score of 10.0, reflecting controlled fermentation con-
ditions, proper cherry selection at optimal ripeness, good 
laboratory practices, and the purity of the starter culture 
[87]. The fragrance/aroma parameter scored 8.25, high-
lighting fruity notes such as cherry, red fruits, and red wine. 
Bressani et al. [92] reported that M. caribbica enhances the 
generation of aromas associated with red fruits and caramel-
ized sugars. Similarly, Pereira et al. [77] indicated that M. 
caribbica strains contribute to volatile synthesis, including 
organic acids, higher alcohols (phenylethanol), and esters 
(benzyl benzoate, ethyl hexadecanoate), all linked to fruity 
and floral sensory profiles. Liu et al. [93] demonstrated the 
role of yeasts in improving sensory profiles; Saccharomy-
ces cerevisiae, used as starter, produced volatiles such as 
3-methylbutanol and 2-phenylethanol, precursors of iso-
amyl acetate and 2-phenylethyl acetate, which impart ripe 
fruit, cherry, and floral notes.

The flavor parameter scored 8.0, with descriptors of 
watermelon and complementary cereal-sugarcane notes. 
Tieghi et al. [94] emphasized that flavor arises from the 
integration of gustatory sensations and retronasal aromas. 
These cereal descriptors may be linked to pyrroles, volatile 
compounds mainly generated during roasting [95, 96].

Acidity scored 7.75, described as bright and citric. 
Echeverri-Giraldo et al. [97], working with C. arabica 
var. Castillo, identified lactic acid, phosphoric acid, and 
3,5-dicaffeoylquinic acid (3,5-di-CQA) as key compounds 
correlated with acidity perception, directly contributing to 
this sensory attribute. Aftertaste scored 7.50, reflecting per-
sistence of positive taste and aroma after consumption [94], 
with subtle red wine notes possibly linked to chlorogenic 
acid-derived lactones such as 3,4-O-caffeoyl-γ-quinide, 
which influence flavor stability [88, 98]. Body was rated 
7.50, described as silky with a slightly sandy texture. This 
attribute may result from multiple factors. Bressani et al. 
[92] showed that fermentation with M. caribbica produced 
a dense and structured body. Díaz et al. [43] noted that 

thermal decomposition of phenols during roasting releases 
caffeine, which contributes to intensity and body. [65, 79]. 
The combined effects of varietal biochemistry, fermenta-
tion, and roasting likely explain the silky yet sandy texture.

Balance was rated 7.50, reflecting a harmonious interac-
tion of attributes and an overall positive perception [94].

Comparatively, Polanía et al. [19, 20] reported 81.75 
points for spontaneous fermentation of Castillo coffee. 
The differences between their results and the present study 
were most evident in fragrance/aroma, flavor, acidity, and 
balance, as well as in specific notes of red fruits, red wine, 
cherry, watermelon, silky body, and bright citric acidity. 
These variations underscore the influence of fermentation 
and processing conditions on the organoleptic profile of 
coffee.

Total Phenols and Antioxidant Capacity

Results of total phenolic content and antioxidant capacity, 
measured by ABTS and DPPH assays, are summarized in 
Table 7 as mean ± SD (n = 3). Total phenolic content reached 
2228.6 ± 215.4  mg GAE/100  g, while antioxidant capac-
ity reached 4072.5 ± 481.9 mg Trolox/100 g by ABTS and 
1939.2 ± 218.4 mg Trolox/100 g by DPPH. These values fall 
within the ranges reported for coffee matrices in the litera-
ture [99–101].

Values are reported as mean ± SD of three independent 
measurements (n = 3).

The measurements correspond to green coffee and 
therefore reflect the combined effect of dry processing and 
controlled fermentation, but they do not capture the com-
positional shifts that occur during roasting. Roasting can 
decrease the concentration of native phenolics, including 
chlorogenic-related structures, through thermal degrada-
tion and transformations associated with Maillard reactions 
and melanoidin formation [102, 103]. Roast degree further 
modulates retention, and light roasts often show higher 
polyphenol retention because of lower thermal exposure 
combined with concentration effects linked to moisture loss 
[104]. Processing method also contributes to variability in 
phenolic content, since conditions that change contact time 
with water and fermentation intensity can influence extrac-
tion and degradation patterns [77, 102]. This context sup-
ports interpretation of the values reported here as a baseline 

Table 7  Total phenolic content and antioxidant capacity of green cof-
fee measured by ABTS and DPPH assays
Sample Total phenols 

(mg GAE/100 g)
Antioxidant 
capacity ABTS 
(mg Trolox/100 g)

Antioxidant 
capacity 
DPPH (mg 
Trolox/100 g)

Green coffee 2228.6 ± 215.4 4072.5 ± 481.9 1939.2 ± 218.4
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after processing and fermentation rather than a proxy for the 
roasted coffee composition.

Differences between ABTS and DPPH results are 
expected because each assay responds to different anti-
oxidant fractions. ABTS captures both hydrophilic and 
lipophilic antioxidant capacity, while DPPH shows higher 
sensitivity toward lipophilic components, which can yield 
lower absolute values [103]. The ABTS and DPPH results 
reported here therefore remain method-consistent and com-
parable to values reported for fermented coffees inoculated 
with lactic acid bacteria and yeast consortia (Therdtatha et 
al., 2023).

Ochratoxin A

One of the main constraints in international coffee trade is 
contamination with ochratoxin A (OTA) [66]. It has been 
estimated that about 10% of coffee batches present detect-
able levels of this mycotoxin [105]. The presence of OTA 
not only compromises quality and safety but also reduces 
sensory acceptance in specialty markets [66]. Its monitor-
ing and control are therefore essential for food safety under 
increasingly strict international regulations. In Table 8, the 
results of the OTA determination for the scaled treatment 
are shown.

The results indicated minimal detection of mycotoxin-
related compounds in the processed samples. OTA was 
reported as not detectable, based on the reporting criterion of 
the accredited assay, which classifies values below 5.0 µg/
kg as not detectable. This interpretation was considered in 
relation to European Union maximum levels for OTA in 
roasted and ground coffee, as established in Commission 
Regulation (EU) 223/915 [106]. The regulatory limit for 
this product category falls within the range of 3.0–5.0 µg/
kg; therefore, the processed samples remained below the 
maximum levels permitted under EU criteria.

Absence of OTA also suggests adequate postharvest 
management that prevented favorable conditions for fila-
mentous fungi such as Aspergillus and Penicillium. This is 
critical since OTA is thermostable and not fully degraded 
even at 250 °C [65, 107], meaning its presence in green 
coffee irreversibly compromises final quality. Additional 
factors such as harvest season, storage time, and storage 
conditions significantly influence OTA accumulation [65]. 
Effective control therefore requires not only controlled fer-
mentation but also good practices during drying and storage 

to ensure optimal water activity and inhibit fungal growth, 
thereby minimizing the risk of OTA contamination [108].

Conclusions

The application of starter cultures in coffee fermentation was 
proposed as a strategy to reduce processing time, improve 
control, and optimize the sensory quality of the final prod-
uct. In this context, the use of microencapsulated Meyero-
zyma caribbica, isolated from the fruit itself and applied at 
5% for 48 h, enabled successful completion of fermentation 
without inducing over-fermentation, as evidenced by physi-
cochemical parameters, particularly pH. Microencapsula-
tion also contributed to extending the shelf life of the culture 
for up to six months, facilitating its handling and applica-
tion under controlled conditions, while reducing the risk of 
contamination. This microbiological control had a positive 
impact on key sensory attributes, including sweetness, clean 
cup, uniformity, aroma, flavor, body, aftertaste, balance, and 
overall score. Additionally, the use of pulp as substrate in 
dry processing supported the reduction of organic waste, 
promoting full utilization of the fruit. Therefore, this strat-
egy represents a promising alternative to transform a tradi-
tionally variable process into a technologically controlled 
approach focused on improving cup quality and process 
sustainability. Future research should further explore the 
characterization of microbial isolates and define optimal 
industrial-scale conditions to shorten fermentation times 
using selected starter cultures.
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