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Abstract: Cacao mucilage is typically disposed of during processing, yet its abundant
content of organic compounds, polysaccharides, and nutrients renders it valuable for vari-
ous applications. This scientific study investigates the suitability of cacao mucilage as an
alternative culture medium for Lactiplantibacillus plantarum, Saccharomyces cerevisiae, and
Aspergillus niger, aiming to provide a viable alternative to traditional media. Through a
mixed-design approach, the powdered mucilage, peptone, and yeast extract ingredients
were optimized using the recovery rates of each micro-organism as the response variable.
The optimal formulation of the medium, consisting of 49.6% mucilage, 30% yeast extract,
and 20.9% peptone, resulted in remarkable microbial recovery rates. L. plantarum achieved
an outstanding recovery rate of 98.18%, while S. cerevisiae and A. niger exhibited recovery
rates of 90.57% and 89.90%, respectively. Notably, these recovery rates surpassed those ob-
tained using conventional culture mediums. Thus, cacao mucilage emerges as an effective
component for formulating a natural culture medium that facilitates the growth of yeasts,
lactic acid bacteria, and fungi. The yeast extract peptone mucilage (YPM) medium demon-
strated enhanced growth, particularly for yeasts and lactic acid bacteria, with recovery
rates exceeding 90%. Conversely, A. niger displayed a relatively lower recovery rate. These
findings emphasize the potential of cacao mucilage as a valuable resource for preparing
natural culture media that promotes the growth of yeasts, lactic acid bacteria, and fungji,
offering promising prospects for various applications in microbiology and biotechnology.

Keywords: cacao mucilage; culture medium; bacteria; yeasts; fungi; mix design; micro-
bial growth

1. Introduction

Cacao mucilage, a nutrient-rich by-product of cacao production, has gained increasing
attention for its potential applications across various industries, transforming what was
once considered waste into a valuable resource. With its high sugar content, bioactive
compounds, and dietary fiber, cacao mucilage offers promising uses in food production,
biofuel generation, and nutraceutical development. For instance, it has been effectively used
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to produce fermented beverages with desirable physicochemical and sensory properties,
offering a sustainable alternative to traditional waste disposal methods [1]. Additionally,
its sugar-rich composition makes it a viable substrate for second-generation bioethanol
production, helping to reduce environmental waste while contributing to renewable energy
sources [2,3].

Beyond its role in beverage and biofuel production, cacao mucilage is rich in bioactive
compounds like polyphenols and flavonoids, which exhibit strong antioxidant activities.
These properties make it a valuable ingredient in the development of functional foods
and nutraceuticals [4-6]. Moreover, lactic acid bacteria isolated from cacao mucilage have
demonstrated biopreservative capabilities, inhibiting the growth of pathogens such as
Salmonella and Escherichia coli in meat products, without affecting their physicochemical
properties [7]. Its dietary fiber content, along with its ability to retain water and oil, further
enhances its applicability in food enrichment and nutritional enhancement [5,6].

Three microbial species commonly isolated from cacao mucilage: Saccharomyces cere-
visiae, Lactiplantibacillus plantarum, and Aspergillus niger, demonstrate remarkable potential
in various industries. S. cerevisiae, a versatile yeast, is essential for alcohol production due to
its ability to efficiently convert sugars into ethanol, contributing to both alcoholic beverage
and biofuel industries [8,9]. Additionally, it holds promise in biotechnology for producing
high-value compounds [10]. L. plantarum, a lactic acid bacterium, exhibits probiotic proper-
ties and plays a key role in vitamin production, making it valuable in food and nutraceutical
applications [11-13]. A. niger, a filamentous fungus, excels in producing commercially valu-
able compounds such as citric acid and enzymes, with further potential in pharmaceuticals
and biotechnology for protein and secondary metabolite production [14-16].

This study aims to explore the potential of cacao mucilage as a growth medium for
microbial species, capitalizing on its nutrient-dense composition to support the cultivation
of beneficial microorganisms for use in biotechnology and food science.

2. Methodology

2.1. Experimental Procedure
2.1.1. Obtaining and Characterizing of Cacao Mucilage Powder (CMP)

The cacao mucilage exudate (CME) was obtained from the liquid mucilage of the
CCN-51 cacao variety, sourced from local producers in the Santo Domingo de los Tséachilas
province of Ecuador. After 18 h of cacao bean harvesting, the removal of the mucilaginous
pulp surrounding the seeds took place. This process involved the enzymatic action of
pectin, which led to the liquefaction of the pulp and the subsequent separation of the
mucilage from the beans. The drained mucilage then transforms into cacao mucilage
exudate (CME) [17]. This step is crucial in cacao processing, as it helps to eliminate the pulp
and extract the desired mucilage. The collection process involved using sterile stainless
steel containers with a capacity of 10 L, and it was carried out at a temperature of 25 °C.
Multiple collections were conducted over up to three days of fermentation, resulting in a
total volume of 20 L of liquid mucilage. Once collected, the liquid mucilage was stored at
4 °C until further processing.

To preserve the properties of the mucilage, the CME was subjected to spray drying
with a 15% efficiency. The spray-drying process involved a controlled flow rate of 0.1 to
0.5 L per minute. This process was continued until 1.96 kg of powdered mucilage was
obtained. The cacao mucilage powder (CMP) obtained from the spray-drying process was
stored at 25 °C until it was ready for use [18].

The compositional profile was conducted according to the well-established methods
for moisture, protein, fat, fiber, ash, pH, total soluble solids, acidity. Also, phosphorus,
potassium, sodium, calcium, and magnesium by in-house ICP/OES method [19-23].
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2.1.2. Culture Medium
Culture Medium Formulation

The culture medium employed in this study was prepared using commercially avail-
able components, and cacao mucilage powder (CMP) obtained as described in Section 2.1.1.
Yeast extract (YE), peptone (PEP), and agar-agar (AA) were purchased from Oxoid (Thermo
Fisher Scientific, Waltham, MA, USA). The formulation of the culture medium was meticu-
lously established using a mixture design methodology, as elucidated in Section 2.2.1 and
outlined comprehensively in Table 1. It is noteworthy that the agar—agar served the specific
role of solidifying the medium and was maintained at a constant concentration of 2.5%

(v/0).

Table 1. Mix design components of the culture medium.

Labels Central Tendency
Measures
Factors Variables Minimum  Maximum I\é[:::i(;r High Code Mean Sd
A CMP 40 50 +0 <> 40 +0.5 < 50 43.63 3.83
B YE 5 15 +0 5 +0.5 < 15 8.02 3.67
C PEP 5 15 +0 <5 +0.5 < 15 8.25 3.63

CMP: Cacao mucilage powder; YE: yeast extract; PEP: peptone; Sd: standard deviation.

To ensure optimal conditions for microbial growth, the pH of each formulation was
carefully adjusted to achieve neutral values. The procedure included the initial measure-
ment of pH, in the media suspended in distilled water, with the gradual addition of an
acid (HCI) or base (NaOH) while monitoring the pH, until reaching the target pH (neutral).
This adjustment was crucial in creating a favorable environment for the microorganisms
to thrive and exhibit their growth potential. By standardizing the pH in the different for-
mulations, any variation in microbial growth rates could only be attributed to the specific
ingredients and their concentrations, and not to this factor (pH), allowing a full evaluation
of the efficacy of the culture medium.

Culture Medium Preparation

To create optimal growth environments for the various microbial groups under in-
vestigation, specific agar media were meticulously prepared according to the guidelines
provided by the manufacturer [24]. The main objective was to tailor the nutrient composi-
tions of the media to support the growth of each target microorganism. For the cultivation
of L. plantarum, a Man-Rogosa—-Sharpe Agar (MRS) was the medium of choice, while Malt
Yeast Extract Agar (MYA) was selected to suit the growth of the S. cerevisiae. To promote A.
niger growth, a Sabouraud Dextrose Agar (SDA) was used as a suitable growth medium.
All media used were Oxoid brand, and Thermo Fisher Scientific.

The agar medium preparation procedure was methodical and aimed at ensuring
the creation of an environment conducive to microbial growth. The process began with
the meticulous dissolution of the agar powder in distilled water. Special attention was
paid to this step to ensure complete dissolution [25]. The mixture then went through a
critical autoclaving phase. This sterilization step was essential to eradicate any possible
contaminants, thus safeguarding the purity and integrity of the agar medium [26].

After successful sterilization, the agar medium was carefully poured into sterile Petri
dishes. This step required precision to avoid any unintentional contamination that could
jeopardize the subsequent microbial culture. Once poured, the medium was allowed to
solidify naturally within the Petri dishes. This solidification process was instrumental
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in creating the proper foundation for microbial growth [27]. The methodology took a
comprehensive approach to ensure that the unique nutritional requirements of each mi-
crobial group were met through custom agar media. The rigorous preparation process,
including dissolution, sterilization, and solidification, was instrumental in establishing a
controlled, uncontaminated environment conducive to the successful cultivation of target
microorganisms [27].

2.1.3. Microbial Cultivation
Preparation of Inoculum

Cell suspensions of three different microbial strains, namely Saccharomyces cerevisiae,
Lactiplantibacillus plantarum, and Aspergillus niger, were prepared for enumeration. These
strains were chosen based on their relevance to cacao bean fermentation, the focus of
the study. The strains were part of the strain collection of the Institute of Food Industry
Research (IIIA), where they are preserved and cataloged for use in fermentation studies
and other agro-industrial processes. In this regard, pure cultures were obtained through
meticulous isolation procedures and maintained under controlled conditions to ensure
purity and microbial viability, consistent with standard pre-culture techniques [24]. A small
volume of each microorganism was inoculated in Lysogenic Broth (LB medium, Oxoid),
which provides the necessary nutrients and conditions for the growth of all microbial
groups under study. Once inoculated, each culture is incubated under controlled room
temperature conditions (L. plantarum 35 °C at 24 h; S. cerevisiae 30 °C at 48 h, and A. niger
25°C at72h).

For preparation of the cell suspensions, each pure culture was first grown under
optimal growth conditions, allowing them to reach a suitable population size. These
populations were then diluted to achieve a range of cell concentrations that would be
possible to count. The target concentration for each microbial strain was set at 1000 colony-
forming units (CFU) per milliliter, a concentration that balances the need for precision
against practical feasibility.

To create the necessary dilutions for an accurate count, serial dilution techniques were
employed. This involved transferring precise aliquots of the cell suspensions to separate
tubes containing sterile diluents, such as distilled water or buffered peptone solution
(Merck). Using diluents, the concentration of microbial cells was systematically reduced in
a controlled manner, resulting in dilutions of 1:10, 1:100, and 1:1000. These dilutions have
been specifically designed to cover a wide range of microbial concentrations, allowing for
accurate quantification of microbial load [19]. Serial dilution facilitated accurate counting,
ensuring that the counting process was within the range of the counting chamber or slides
used for microscopic analysis (avoiding overcrowding of the cells), which could lead to
miscounts [25].

Inoculation and Incubation

With a sterile pipette, a known volume of 0.1 mL of each dilution was transferred to
agar plates containing the previously described media. For yeast and fungi, the inoculum
was spread evenly over the surface of the agar plates using a sterile spreader to ensure
adequate distribution [24]. For the LAB, the bilayer planting technique was used. In a
pipette, a 0.1 mL aliquot of the liquid bacterial culture was gently dispensed onto the
surface of the solid agar base layer. The liquid culture was carefully spread to ensure even
distribution across a significant area of the agar surface. Subsequently, the liquid culture
was allowed to absorb into the agar base layer by leaving the plate undisturbed for a few
minutes, facilitating the immobilization of the bacteria within the agar.
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A second layer of molten agar, maintained at a temperature of approximately
45-50 °C to avoid thermal damage to the bacteria, was then poured onto the plate, ensuring
uniform coverage over the immobilized bacteria [25]. Upon solidification, the resulting
plate established a bilayer system where the bacteria were embedded within the solid agar
base layer, while the second layer served as an overlay.

To prevent contamination, the Petri dishes were securely sealed with parafilm. Sub-
sequently, the agar plates were placed in an incubator set at the optimal temperature for
the growth of each microorganism. Lactiplantibacillus plantarum was inoculated on MRS
agar and incubated at a temperature range of 30-35 °C for 2-3 days. S. cerevisiae, on the
other hand, was inoculated on MYA and incubated at a temperature range of 20-25 °C for
2-3 days. For the growth of Aspergillus niger, the fungus was inoculated on SDA and incu-
bated at a temperature range of 2025 °C for a slightly longer duration of 3-7 days. These
specific incubation conditions were chosen to ensure optimal growth and development of
each microorganism in their respective culture media [25].

2.2. Statistical Procedure
2.2.1. Experimental Design

A standard simplex lattice mix design was employed specifically for the selected
simplex—lattice (q, m) design. This design involved q components, with q being equal to
3 in this case, allowing for the fitting of a statistical model of order m. The design points
encompassed all possible combinations of elements or mixtures, with the proportions
represented by xi ranging from 0 to 1 and taking m + 1 values. The specific values of xi were
0,1/m,2/m, ..., and m/m, corresponding to the proportions in which the components of
the mixture participated (x1, X2, .. ., xq) [27].

The specific design points used were as follows: (x1, x2, x3) = (1, 0, 0); (0, 1, 0); (0, 0, 1);
(1/2,1/2,0);(1/2,0,1/2); and (0,1/2, 1/2). These design points represented the three pure
mixtures and the three binary mixtures, providing a comprehensive range of combinations
for the experimental investigation. By utilizing this design, this study aimed to explore the
effects of different mixture compositions on the observed outcomes, enabling a thorough
analysis of the variables under investigation [28].

The primary objective of implementing this design was to further refine the mathe-
matical models by systematically varying the concentrations of the mixtures to assess the
impact of these factors on the growth of microorganisms. This allowed for a more in-depth
evaluation of the efficacy of cacao mucilage as a natural culture medium ingredient for
microbial development (Table 2).

To increase the size of the experiment, the design was replicated, resulting in a total
of 21 mixtures. The formulation consisted of three main ingredients, which together
represented sixty percent of the total weight (Table 1): cacao mucilage powder (CMP),
yeast extract (YE), and peptone (PEP). The objective was to investigate the effects of these
components on the growth rates of the studied microorganisms. The experimental results
obtained from the mixture design were adjusted to a quadratic model, represented by the
following Equation:

Eqy=P1 x x1+ P2 * o+ B3 * x3+ P12 * X1 * xa+ P13 * x1 * X3+ Poz * x2 * x3 (1)

* Represent multiplication in all equations.
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Table 2. Experimental runs and mixture design results.

Random Runs Blocks Runs CMP YE PEP
3 Block 1 1 50 5 5
21 Block 1 2 50 5 5
11 Block 1 3 43.33 8.33 8.33
19 Block 1 4 40 5 15
2 Block 1 5 40 5 15
12 Block 1 6 40 15 5
7 Block 1 7 41.66 6.66 11.66
10 Block 1 8 46.66 6.66 6.66
9 Block 1 9 40 5 15
18 Block 1 10 40 15 5
13 Block 1 11 40 15 5
8 Block 2 12 50 5 5
17 Block 2 13 40 10 10
15 Block 2 14 45 5 10
1 Block 2 15 45 10 5
4 Block 2 16 40 10 10
16 Block 2 17 45 5 10
5 Block 2 18 45 5 10
20 Block 2 19 41.66 11.66 6.66
14 Block 2 20 45 10 5
6 Block 2 21 50 5 5

CMP: cacao mucilage powder; YE: yeast extract; PEP: peptone.

2.2.2. Model Response Variables

The experimental design included the measurement of the recovery rates of three
different microbial species: L. plantarum, S. cerevisiae, and A. niger. These recovery rates were
selected as the main response variables of interest, reflecting the growth and development
of the microorganisms under investigation (Table 3).

Table 3. Microbial recovery rates in the formulations of culture mediums.

Runs CEP YE PEP R1(%) R2(%) R3(%) R4(%)
1 50 5 5 88.74 86.72 72.42 82.627
2 50 5 5 91.91 91.9 75.53 86.447
3 43.33 8.33 8.33 73.35 83.78 84.64 80.590
4 40 5 15 71.03 70.55 87.77 76.450
5 40 5 15 72.52 70.31 88.58 77137
6 40 15 5 71.25 70.61 90.6 77.487
7 41.66 6.66 11.66 70.9 72.71 86.43 76.680
8 46.66 6.66 6.66 96.22 94.77 77 89.330
9 40 5 15 70.16 73.73 90.15 78.013
10 40 15 5 70.28 70.96 88.95 76.730
11 40 15 5 70.25 73.27 89.99 77.837
12 50 5 5 95.56 92.55 74.33 87.480
13 40 10 10 70.37 89.56 85.56 81.830
14 45 5 10 97.07 98.06 76.03 90.387
15 45 10 5 98.41 98.7 78.13 91.747
16 40 10 10 74.93 77 .44 89.67 80.680
17 45 5 10 95.52 96.68 78.53 90.243
18 45 5 10 94.81 93.95 75.28 88.013
19 41.66 11.66 6.66 72.87 77.56 90.36 80.263

20 45 10 5 97.12 99.02 77.68 91.273
21 50 5 5 90.89 89.09 74.98 84.987

CMP: cacao mucilage powder; YE: yeast extract; PEP: peptone; R1: S. cerevisiae rate; R2: L. plantarum rate; R3: A.
niger rate; R4: total rate.
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To ensure robust and reliable results within the workspace region where maximum
microbial growth values are achieved, 21 experimental runs were conducted. This complete
experimental setup allowed for thorough exploration and analysis of the variables influenc-
ing the recovery rates of the microbial groups. The increased number of experimental runs
contributed to enhanced reliability and statistical robustness in the evaluation of microbial
growth outcomes.

To enhance the precision and reliability of the experimental results, the allocation of
runs in this study was randomized. The values of the blocks, which represented different
concentrations of the mixtures used, were determined within the defined study area. This
approach, as outlined in Table 2, ensured comprehensive coverage of the experimental
space and minimized the potential influence of confounding factors.

2.2.3. Optimization Procedure
Numerical and Graphical Optimization

Numerical and graphical optimization was performed with Expert v13 software (Stat—
Ease). The objective of the optimization process was to maximize the recovery rates of
the three microorganisms by adjusting the proportions of the three ingredients within the
specified study range [27,28]. To achieve the maximum objective, the desirability of each
response was determined using the following criteria formulas:

di =0,Y; < Low; 2)
Yi — LOZU,' whi .
= | RO s < Y, < High,
! {Highi — Lowll P HOWi S Xi < T, ©
di = 1, Yi Z ng]/ll (4)

where d; = 0 represents the minimum desirability, and d; = 1 represents the maximum
desirability.

In the desirability objective function D(x), each response can be assigned an importance
relative to the other responses. The optimization was carried out on the original scale and
assigned a maximum importance of five advantages (+++++) to the proposed objective to
adjust the desirability function, where importance (ri) varies from the least important (+)
value of 1 to the most important (+++++) value of 5 [27]. If varying degrees of importance
are assigned to the different responses, the objective function is as follows:

1
D(x) = (df' * dz * ... x d;{’)%’i = (H?:l dl(i) Tr 5)

During the graphical optimization of the four responses, the goal was to identify
regions where the requirements and critical properties were met simultaneously. This was
achieved by overlaying the contours of the critical responses on a contour plot. By doing
so, the optimal compromise, or sweet spot, could be selected.

Confirmation Analysis

The models obtained from each response were used to provide predictions and interval
estimates at the optimization point. During confirmation, the model’s prediction interval
was compared to the average of a follow—up sample. If the average of the samples is
within the prediction interval, the model is confirmed. Confirmation was made at the most
convenient numerical optimization point [28].

To confirm that the model can predict the actual results in the optimal configuration
determined from the numerical analysis, seven confirmation runs were performed. The
average of those runs is compared to the prediction interval. Smaller intervals indicate
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good precision in the estimates, and the default value for the prediction interval (L) is
95% = (1 — 0.05) x 100%.

2.2.4. Effect Size Assessment

To evaluate the effectiveness of the formulated mixtures, the effect size was calculated
using Cohen’s d (d: 0.2 small; d: 0.5 medium; d: 0.8 large) based on the microbial growth
rates [29]. The growth rates achieved in the yeast-extract peptone mucilage (YPM) agar
were compared to those obtained in traditional media commonly used for the respective
microbial groups.

For L. plantarum, the growth rates in the YPM medium were compared to those in
Man-Rogosa-Sharpe (MRS) agar. Yeast growth rates in the YPM medium were compared
to those in Malt Extract Yeast Extract Glucose Agar (MYA), while the fungal growth rates in
the YPM medium were compared to those in Sabouraud Dextrose Agar (SDA). All culture
media were from Merck Co. Ltd., Rahway, NJ, USA.

To ensure the reliability and reproducibility of the results, all experiments were con-
ducted in triplicate under identical conditions, using the same concentrations of compo-
nents and microbial groups. This approach minimized the potential influence of confound-
ing factors and allowed for a robust comparison between the YPM medium and traditional
media for each microbial group.

2.3. Analytical Determinations
2.3.1. Determination of the Total Microbial Population

To estimate the total number of L. plantarum cells in the suspension, a turbidimetric
method relying on the McFarland standard was employed. By comparing the turbidity of
the bacterial suspension to the turbidity of a well-defined McFarland standard through a
standard curve [30], the total number of L. plantarum present could be determined. The
McFarland density standards were verified using a digital spectrophotometer (Perkin Elmer
LAMBDA 1050) with a 1 cm light path at 625 nm. Subsequently, the total number of cells
per microliter (Ns) was obtained.

The determination of total yeasts and fungi (spores) was accomplished by direct
counting using a Neubauer chamber [31]. The total number of cells per microliter (Ns) of
each suspension was calculated from the number of cells counted in the counting area,
using the following Equation (6) to convert the count to the number of cells per microliter:

Ct

Ns= 4~ ¢ci=Ds

(6)
where N is the number of cells per microliter, Ct is the number of cells counted, A is the
counted area, Cd is the chamber depth, and Df is the dilution factor.

2.3.2. Determination of Colony-Forming Units (CFU)

Colony-forming units (CFU) were determined using microbial culture techniques in
this study. For S. cerevisiae and A. niger, as well as L. plantarum, the serial dilution method
was employed [30,31]. Microbial suspensions with known concentrations were cultured
using different formulations of the Yeast Extract Peptone Mucilage (YPM) agar, as well as
traditional media such as MRS agar, MYA, and SDA.

The microbial cultures were inoculated and incubated according to the procedures
outlined in Chapter Inoculation and Incubation. Following incubation, the total cell growth
(Nv) values were determined using Equation (7). Nv represent the number of viable
cells. These techniques allowed for the quantification of microbial growth and provided
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valuable data for comparing the effectiveness of the YPM medium with traditional media
in supporting the growth of L. plantarum, S. cerevisiae, and A. niger.

lyn ().
No = ({; *l;(* )all> * 100 (7)

where n: replicas; i: the subset of n; C: the total number of colonies; V: Inoculum volume; p:
number of plates counted; and d: minor dilution.

2.3.3. Recovery Rates

The recovery rate (Rx) for each microbial group was determined by evaluating the Nv
(number of viable cells) within each group relative to the total number of microorganisms
in the corresponding microbial suspension, indicated as Ns. To calculate recovery rates
for L. plantarum, S. cerevisiae, and A. niger, Equation (8) was used, which provides specific
formulas for each microbial group. The total recovery rate (RR) was calculated as the
average of the recovery rates for each microbial group, as expressed in Equation (9).

In the context of the mixture design, the recovery rates obtained for each microbial
group (Rx) and the total recovery rate (RR) were considered response variables. These
response variables served as crucial indicators to assess the efficacy of the formulated
medium. Additionally, parallel evaluations were performed using traditional media to
compare the recovery rates obtained on the optimized media. This analysis aimed to deter-
mine the size of the effect, thus providing information on optimized media for promoting
microbial growth and recovery.

1y .
R(x) = (%) « 100 (8)

where x is the microbial group, i: replicas, n: a total of replicas, Nv: the number of viable
cells per milliliter, and Ns: the total number of cells per milliliter in suspension.

RR = %Z R(x) )
where R is the recovery rate, and x is the microbial group.

3. Results
3.1. Compositional Profile of Cacao Mucilage

The raw cacao mucilage used in this study exhibited a high moisture content of
85.83 £ 0.14%, a pH of 3.41 £ 0.03, total soluble solids of 14.65 &£ 0.10 °Brix, and an acidity
of 0.72 % 0.03% (citric acid). The content of protein was 3.75 & 0.12%, lipids of 3.21 & 0.10%,
fiber of 9.51 & 0.3% and ash of 3.11 & 0.90%. On the other hand, the content of phosphorus,
potassium, sodium, calcium, and manganese were 89.10 & 4.3, 89.10 + 4.3, 33.47 £ 4.40,
205.05 +£ 44.00, and 79.81 &+ 0.70 mg/kg, respectively.

3.2. Analysis of the Obtained Models

Table 3 presents the recovery rates obtained for each microorganism through different
mixtures. Among these mixtures, formulations 8, 12, 14, 15, 17, 18, and 20 demonstrated
the highest recovery rate of S. cerevisiae, reaching 96.65%. Similarly, formulations 8, 14, 15,
17, and 20 exhibited the highest recovery rate of L. plantarum, with a value of 97.44%. In
addition, it was found that the recovery rate of A. niger was higher in formulations 6, 9,
and 19. However, this microorganism exhibited the lowest recovery rates. These findings



Foods 2025, 14, 261

10 of 19

indicate cacao mucilage’s effectiveness in promoting the growth and recovery of the study
microorganisms.

The mixture design analysis yielded four significant models (Table 4) that effectively
describe the relationship between recovery rates of different microorganisms (R1: S. cere-
visige, R2: L. plantarum, R3: A. niger, and R4: total) and the proportions of various ingredients
(A: mucilage, B: yeast extract, C: peptone). These models exhibited a statistically significant
influence (p < 0.05) on the studied variables, with a confidence level of 95%. Specifically,
the mixtures of mucilage/yeast extract (AB) and mucilage/peptone (AC) were consistently
identified as significant terms (p < 0.05) in all models.

Table 4. ANOVA and fit statistics results of mixture design.

Sig. Term  Lack of Fit R? R? Ccv Adeq

Models p <0.05 (p) F-Value p Value Adjusted Predicted (%) Precision
Model R1 AB, AC 0.56 84.43 <0.00 0.97 0.93 2.14 22.48
Model R2  AB, AC, BC 0.19 15.57 <0.00 0.82 0.65 4.32 11.59
Model R3 AABgéC 0.98 52.14 <0.00 0.94 0.88 1.86 17.59
Model R4 AE%?:C 0.39 57.39 <0.00 0.92 0.81 1.51 16.68

Model terms with p-values below 0.05 are considered statistically significant, indicating their importance in the
model. Non-significant terms are removed, resulting in reduced models. The equations of these reduced models
are expressed as functions of the coded terms. The lack of fit of the models is non-significant when compared to
the pure error, suggesting that the models adequately fit the data. The Predicted R” is in reasonable agreement
with the Adjusted R?, i.e., the difference is less than 0.2. CV: variation coefficient.

Furthermore, in the R2 model, the yeast extract/peptone (BC) mixture also demon-
strated significance (p < 0.05). Moreover, for the recovery rates of R3 and R4, the combi-
nation of all three components (ABC) in the mixture was found to be significant (p < 0.05)
(Table 4). These results emphasize the importance of the specific ingredient combinations
that influence the recovery rates of different microorganisms, highlighting the signifi-
cance of optimizing the proportions of mucilage, yeast extract, and peptone in promoting
microbial recovery.

The lack of fit tests conducted on the four models revealed non-significant results
(p > 0.05), indicating that these models adequately capture the variation observed between
replicates without disregarding data due to random error (Table 4). The predicted and
fitted coefficients of determination (R?) for each model exceeded 0.5, and the predicted RZ;
values closely aligned with the fitted R? values, differing by less than 0.2 [27,28]. Hence,
these models provide a reliable framework for exploring the design space (Table 4). Each
mathematical model effectively represents the expected change in the response variable
per unit change in the corresponding variable, while maintaining the other variables
constant [27].

3.3. Microbial Species” Recovery Rate

Figure 1a,e display the recovery rate of S. cerevisiae. The contour plots and response
surface generated from the models reveal a clear pattern, indicating that an increase in
mucilage concentration corresponds to a higher recovery rate of S. cerevisiae, as evidenced
by the prominent red areas in the plots. The observed positive relationship between
mucilage concentration and the yeast recovery rate can primarily be attributed to the
significant mixtures of mucilage/peptone and mucilage/yeast extract, as indicated by
the statistical analysis (Table 4). Conversely, when the concentration of mucilage in the
mixtures decreases, there is a marked decrease in the recovery rate of S. cerevisiae.
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Figure 1. Response surface and contour of recovery rate. R1: S. cerevisiae (a,e); R2: L plantarum (b,f);
R3: A. niger (c,g); and R4: RR (d,h). The contour plot of maximum desirability (i) and overlaid graph
represented by different regions indicating maximum (yellow areas) and minimum (gray areas) (j).
The optimum values of the ingredients and the four recovery rates are shown as a flag planted. The
gradient colors (red-green-blue) indicate different levels of responses: red indicates areas with the
highest values, green represents intermediate values, and blue indicates areas with the lowest values.
Contour lines delimit areas with the same response value, with each line corresponding to a constant
value, allowing to visualize how responses vary within the experimental space.

The contour plot and response surface analysis (Figure 1b,f) reveal a similar pattern
in the recovery rate of L. plantarum compared to S. cerevisiae. Increasing the concentration
of cacao mucilage in the mixture leads to a noticeable improvement in the recovery rate
of L. plantarum. Furthermore, evidence suggests that decreasing the proportion of yeast
extract while simultaneously increasing the mucilage concentration significantly enhances
the recovery rate of L. plantarum.

However, a distinct crest is observed in the response surface plot for L. plantarum,
indicating a potential limit to the beneficial effects of mucilage concentration on its recovery
rate. This suggests that there may be an optimal range of mucilage concentration that yields
the desired effect for L. plantarum (Figure 1bf).

In contrast to S. cerevisiae and L. plantarum, the recovery rate of A. niger exhibited a
distinct response to variations in mucilage, yeast extract, and peptone concentrations in the
mixtures (Figure 1c,g). Specifically, as the mucilage concentration increases, the recovery
rate of A. niger decreases. Conversely, an increase in the proportions of yeast extract and
peptone in the mixtures resulted in an improvement in the recovery rate of A. niger.

The graphical representation suggests that optimizing the recovery rate of A. niger
requires targeting specific values beyond designated limits, where maximum recovery rates
can be achieved. To maximize the recovery rate of A. niger, adjustments to the proportions
of the design can be made.

The study findings underline the importance of strategic manipulation of formula-
tion components to optimize the recovery rate of L. plantarum, S. cerevisiae, and A. niger.
Increasing the mucilage concentration while reducing the proportions of yeast extract and
peptone is predicted to have a positive impact on the growth and recovery of bacteria and
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yeast in the given context. Furthermore, the results emphasize the importance of lower
concentrations of mucilage and high concentrations of yeast extract and peptone to achieve
optimal recovery of the fungus.

These findings provide valuable information to optimize the recovery process of
these microbial species and underscore the crucial role of cacao mucilage in recovery and
growth promotion.

The observations presented in Figure 1d,h provide valuable insights into the behavior
of the total recovery rate and its relation to the mucilage concentration. It becomes apparent
that as the mucilage concentration increases significantly, there is a noticeable upward
trend in the total recovery rate. This finding strongly suggests that higher concentrations of
mucilage have the potential to contribute to improved recovery rates, which in turn opens
the possibility of reducing the proportions of yeast extract and peptone in the formulation
while still achieving desirable recovery results.

The implications of these findings are significant. By carefully manipulating the
mucilage concentration, it becomes feasible to optimize the full recovery rates of the
microbial groups under investigation. This observation serves as compelling evidence
that the inclusion of mucilage in the culture medium plays a crucial role in enhancing the
recovery rates of these microorganisms.

3.4. Optimization Results

The visualization of the superimposed graph in Figure 1i reveals the optimization
process of the four response variables. Within this context, an area with an optimal
formulation characterized by specific coordinates where the maximum recovery rates
of all microbial groups are obtained is identified.

Analysis of the specific coordinates of the optimal formulation indicated as X1: A, X2:
B, and X3:C reveals that the optimal formulation consists of 44.53% mucilage (A), 9.05%
yeast extract (B), and 6.40% peptone (C). It is noteworthy that within these coordinates,
the four response variables that represent recovery rates (R1, R2, R3, and R4) reach their
highest values (Figure le-h).

The recovery rates achieved by the optimized formulation are remarkable for S. cere-
visige, with a recovery rate of 87.60%, while L. plantarum demonstrates a recovery rate of
96.09%, and A. niger presents a recovery rate of 82.70%. Taking all microbial groups into
account, the overall recovery rate reaches 87.40% (Figure 1i).

These compelling results provide strong evidence for the efficacy of the optimized
formulation. The achievement of maximum recovery rates for all microbial groups within
the identified coordinates emphasizes the success of the optimization process and its
possible practical applications. These findings underscore the crucial role that mucilage,
yeast extract, and peptone play in promoting the growth and recovery of L. plantarum, S.
cerevisiae, and A. niger, as well as the efficiency of the overall process.

The evaluation of the experimental formulation at the point of optimization, as pre-
sented in Table 5, highlights the robustness of the model’s predictions. With a confidence
level of 95%, the average observations of each confirmation experiment align closely with
the prediction interval of the confirmation node. This alignment demonstrates the accu-
racy and reliability of the model’s predictions at the specified coordinates, as depicted in
Figure 1.



Foods 2025, 14, 261

13 of 19

Table 5. Predicted results.

Responses

Predicted
Mean

Standard Standard Number of  Lower Limit Observed Upper Limit.
Deviation Error Runs LI Mean LS

R1
R2
R3
R4

87.607
94.280
82.705
87.399

1.771 1.680 7 83.920 88.160 91.316
3.700 2.357 7 89.187 91.191 99.372
1.537 1.111 7 80.303 81.742 85.103
1.252 1.187 7 84.788 87.897 90.018

The desirability value indicated by a flag (0.671) in Figure 1i is also the overlap point
in Figure 1j where the recovery rates for the three microorganisms (L. plantarum: 96.09,
A. niger: 81.22, and S. cerevisiae: 87.61) are shown. The presence of large green zones in
the desirability analysis (Figure 1i) to maximize the recovery of the three microorganisms
indicates that there is a wide range of combinations of mucilage, peptone, and yeast extract
that allows obtaining high recovery percentages (Figure 1j). This suggests that the system
is robust and flexible, since small variations in the proportions of the components do not
significantly affect the results. This feature highlights the effectiveness of cacao mucilage as
a base of the culture medium, providing favorable conditions for the growth and recovery
of the microorganisms of study in a wide range of formulations.

The successful validation of the model’s predictions through confirmatory experiments
reinforces the practicality and effectiveness of the optimized formulation. The confirmed
predictions support the suitability and reproducibility of the identified formulation coordi-
nates, which involve specific ratios of mucilage, yeast extract, and peptone. These findings
assure that the optimized formulation can consistently yield the desired outcomes and
provide a reliable foundation for further experimentation and practical applications.

Effect size analysis, as presented in Table 6, sheds light on the impact of optimized
YPM medium compared to traditional culture media on microbial growth. When examining
the growth values of S. cerevisiae and L. plantarum in the traditional media (MRS, MYA,
and SDA) versus the YPM medium, it should be noted that the traditional media generally
exhibited higher growth values. However, these growth differences were found to not be
statistically significant (p > 0.05) for both S. cerevisiae and L. plantarum. The analysis of the
size of the effect, expressed through the d—Cohen values, also indicates that the magnitude
of these differences is relatively low (0.2) for both microbial groups. Dispersion of data
for the YMP medium suggests a broader range of underlying factors or influences that
contribute to variation in microbial growth.

Table 6. Effect size: Cohen’s t and d test.

M.O

R (%)

YPM MRS MYA SDA

(UFClg) (UFC/g) (UFClg) (UFClg) d-Cohen p

S. cerevisiae
L plantarum
A. niger

88.160
91.191
81.742

7.68 £5.952 - 873 +£0.622 - 0.2 0.649
7744+ 6082 884+ 0.622 - - 0.2 0.642
7.31 + 1462 - - 9.16 + 0.68P 1.6 0.001

MRS: Man-Rogosa-Sharpe Agar; MYA: Malt Yeast Extract Agar; SDA: Sabouraud Dextrose Agar; YPM: yeast
extract peptone mucilage. Statistical differences expressed in superscript letters are determined in rows.

On the contrary, a significant difference (p < 0.05) was observed in the fungal growth
values between the YPM medium and the SDA medium. The effect size analysis, rep-
resented by a Cohen d value greater than 0.8, underscores a substantial effect size. This
means that the disparities in fungal growth between these two media are considerable,
with the YPM medium showing a clear disadvantage.

Although traditional media may exhibit slightly higher growth values for S. cerevisiae
and L. plantarum, the lack of statistical significance and relatively low effect sizes suggest
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that the optimized YPM medium remains a viable alternative. Furthermore, the significant
disparity in fungal growth between YPM medium and SDA medium underscores the
importance of optimizing the formulation to promote optimal fungal growth. These
findings contribute to a deeper understanding of the differential effects of the YPM medium
on various microbial groups and emphasize the need for further research and refinement
to improve its overall performance.

4. Discussion

A mixed design was employed to assess the collective behavior of various factors
impacting microbial recovery rates, shedding light on the individual contributions of each
factor. Notably, an increase in mucilage concentration exhibited a profound influence
on the recovery rates of S. cerevisiae, L. plantarum, and A. niger, resulting in substantial
improvements. This scientific discussion explores the underlying mechanisms driving
these observations and their broader implications.

4.1. Cacao Mucilage Acts as a Catalyst for Microbial Growth

Microbial behavior within complex mixtures, such as cocoa mucilage, is shaped by
their nutritional requirements and the specific composition of the substrate. Cacao mu-
cilage provides an optimal medium due to its high concentrations of glucose, fructose,
essential vitamins, nitrogen, and trace elements, all of which meet the metabolic needs of
microorganisms like Saccharomyces cerevisiae, Lactiplantibacillus plantarum, and Aspergillus
niger [9-13]. Research has consistently demonstrated a positive correlation between ele-
vated sugar levels, particularly glucose and fructose, and enhanced microbial growth in
cacao mucilage, as these sugars serve as primary carbon sources essential for microbial
proliferation [32-36].

Microorganisms possess specific metabolic capacities to utilize the nutritional compo-
nents of cacao mucilage, with consistent manipulation of mucilage concentrations yielding
similar effects on microbial growth, underscoring the importance of sugars as a key nutrient
source. Among these microbes, S. cerevisiae, a prominent cacao yeast, efficiently converts
glucose and fructose into alcohol and flavor compounds, while lactic acid bacteria like
L. plantarum metabolize these sugars to produce lactic acid, contributing to the fermen-
tation’s acidity [33-35]. Additionally, for fungi such as A. niger, glucose and fructose are
essential for growth and enzymatic activity, including the induction of conidial germination,
which plays a vital role in the fermentation process [37].

4.2. S. cerevisiae and L. plantarum Rely on Higher Concentrations of Pure Mucilage for
Optimal Growth

The study’s findings highlight the significance of specific nutrient concentrations
in supporting the growth of yeasts in mucilage. Particularly, higher concentrations of
pure, unmixed mucilage are shown to nurture yeast growth effectively. This parallels the
reliance of both yeasts and LAB on increased sugar concentrations, particularly glucose and
fructose, for their growth and metabolic activities. S. cerevisiae, renowned for its adeptness
in fermenting sugars, exemplifies this, utilizing glycolysis to break down glucose and
fructose, generating energy in the form of ATP and precursor molecules crucial for organic
compound synthesis [35-38].

The importance of glucose and fructose to S. cerevisiae and L. plantarum during cacao
fermentation is consistently underscored, as these sugars are pivotal for their growth and
metabolism. Intriguingly, the utilization of glucose and fructose from mucilage unfolds
dynamically [35]. Glucose is swiftly consumed within the initial 48 to 72 h of fermentation,
followed by the prominence of fructose utilization after approximately 120 h [35-37]. This
preferential glucose uptake by yeasts can convert sucrose to shape the microbial process and
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life cycle dynamics over time. These findings emphasize the positive impact of mucilage
on these microorganisms and their functions, unveiling the intricate interplay of nutrients
in the cacao fermentation process.

4.3. High Levels of PEP and YE Are Essential for Optimal Growth of A. niger

The results indicate that by increasing the mucilage concentration, YE and PEP can
potentially be reduced without compromising the RR. However, the recovery of A. niger
depends more on high concentrations of PEP and YE for optimal growth. The study’s
findings suggest that an increase in cacao mucilage concentration could lead to a reduction
in the requirements for yeast extract (YE) and peptone (PEP) without compromising mi-
crobial recovery. However, optimal growth of A. niger appears to depend more on higher
concentrations of PEP and YE.

Traditionally, yeast extract and peptone have been used to meet the nutritional needs
of microorganisms [39]. In the designed formulation, it compensates for the low nitrogen
content of the mucilage, making it a suitable culture medium for S. cerevisiae, L. plantarum,
and A. niger.

Yeast extract and peptone, derived from yeast cells and animal tissues, respectively,
effectively assimilate nitrogenous compounds, amino acids, and peptides, fulfilling the
microorganism’s nitrogen requirements [39,40]. This strategy enhances nitrogen source
utilization, stimulating the multiplication of yeasts, LAB, and fungi essential for enzyme,
coenzyme, nucleic acid, vitamin, and cellular component synthesis [41]. The greater
dependence of A. niger on nitrogen sources for growth compared to S. cerevisiae and
L. plantarum is attributed to factors such as its expansive filamentous structures, enabling
efficient nutrient uptake, metabolic versatility in utilizing diverse nitrogen sources, and
nitrogen’s critical role in fungal growth processes [42]. In contrast, unicellular yeasts and
bacteria depend on mechanisms like diffusion or active transport for nutrient acquisition,
which might limit their nitrogen uptake efficiency compared to fungi [43].

4.4. A. niger Shows Limited Growth at High Concentrations of Mucilage

Fungi’s susceptibility to osmotic stress significantly impacts their growth inhibition
in concentrated sugar solutions, setting them apart from yeasts and lactic acid bacteria
(LABs) [44—46]. This distinction arises from multiple factors, encompassing the distinctive
structural and physiological attributes of fungal membranes, the repercussions of osmotic
imbalances on cellular water equilibrium, and the differential adaptations of yeasts and
LABs to osmotic stress [47-51].

Primarily, fungal membranes, enriched with ergosterol, exhibit higher vulnerability
to osmotic stress compared to yeasts and LABs [48]. The composition and structure of
ergosterol-rich membranes confer increased fluidity and permeability, rendering them more
susceptible to damage under osmotic stress [49]. In contrast, yeast and LAB membranes’
composition imparts greater stability and resistance against osmotic imbalances. Further-
more, the presence of concentrated sugar solutions, like those in mucilage, can trigger
osmotic imbalance affecting cellular water content. Fungal cells, facing such solutions,
encounter a net water loss due to higher osmotic pressure externally [49,50]. This loss leads
to cell dehydration, significantly impairing fungal growth and viability, and disrupting
water uptake and retention.

In contrast, yeasts and LABs have evolved robust osmoregulation mechanisms to
endure osmotic stress and flourish in high-sugar environments [51,52]. Yeasts utilize high—
affinity sugar transporters and osmotic stress-responsive signaling pathways, adapting to
high-sugar conditions [53,54]. LABs showcase resilient membrane integrity and defensive
mechanisms safeguarding against osmotic stress-induced harm [53-57].
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4.5. The Effect Size Indicates That the YPM Medium Is Comparable to Its Traditional Counterparts

The YPM medium demonstrates comparable growth potential to traditional media for
S. cerevisiae and L. plantarum, as indicated by non-significant differences in growth values.
The effect size analysis further supports this, suggesting minimal practical differences. The
optimized composition of YPM, including nutrient composition and growth-promoting
factors, makes it a viable alternative for yeast and LAB cultures.

However, contrasting results were observed in fungal growth between YPM and SDA
media. A significant difference in fungal growth values was noted, indicating a substantial
impact of the medium type on fungal growth. This was reinforced by a large effect size
(Cohen’s d > 0.8), underlining the significant disparities in fungal growth between the
two media.

These disparities emphasize the necessity for ongoing optimization of YPM media,
especially to better accommodate the requirements of fungi. While the YPM medium holds
promise for yeast and LAB cultures, further adjustments are needed, potentially involving
ingredient modifications, pH adjustments, and tailored growth factors to better suit the
specific needs of fungal growth.

4.6. Future Contributions of the YPM Medium and Mucilage

The YPM medium has demonstrated comparable growth efficacy to conventional
media for Saccharomyces cerevisiae and Lactiplantibacillus plantarum, indicating its potential
as a viable culture medium. Further refinement of YPM composition, such as optimizing
ingredient ratios, pH, and adding specific growth factors, could expand its use across a
broader microbial spectrum, particularly for fungal species. Continued research is essential
to adapt YPM to broader applications, enhancing its versatility in microbial biotechnology.

Studies highlight that microorganisms associated with cacao mucilage can produce
bioactive compounds with antimicrobial and enzymatic properties, positioning cacao
mucilage as a promising substrate for biotechnological applications [4—6]. The potential of
cacao mucilage-based media to facilitate the production of secondary metabolites, including
antimicrobials, antioxidants, enzymes, and polyphenols, offers valuable applications in the
pharmaceutical, nutraceutical, and cosmeceutical sectors.

In addition to bioactive production, cacao mucilage also supports microbial biodegra-
dation, utilizing sugars, organic acids, and phenolic compounds to enhance the breakdown
of complex contaminants such as hydrocarbons and pesticides. These properties can
promote sustainable bioprocessing to produce biopolymers, packaging, and biomedical
materials and further offer potential environmental benefits through remediation. By fos-
tering beneficial microbial interactions, improving soil structure, and increasing biomass,
cacao mucilage underlines its versatile applications in the pharmaceutical, environmental,
industrial, and agricultural sectors.

5. Conclusions

This study provides a strong foundation for optimizing the YPM microbial culture
medium, demonstrating the key influence of mucilage concentration in improving microbial
recovery rates. The mucilage’s protective, adhesive, and nutritive qualities play a significant
role in boosting recovery efficiency. These results pave the way for new biotechnological
applications, showcasing cacao mucilage as a flexible and sustainable medium for future
research and industrial advancements.

This study focused on the design of the experimental space and specific microbial
cultures. Future research should consider exploring other regions beyond the experimental
design space, evaluating other microbial cultures from various sources, and identifying key
growth factors, to refine culture media formulations. Furthermore, with the identification
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of potential growth strategies based on specific nutritional needs, even higher recovery
rates could be achieved in different microbial species.
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