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Abstract 

Background and Aim: Use of starter cultures is considered as promising strategy for 

improving the cocoa fermentation process and ensuring consistent bean quality. Therefore, 

this study previously characterized valuable microbial strains isolated from fermenting cocoa, 

which showed potential for use as starter cultures. This study assessed the effects of these 

selected microbial starters on the cocoa fermentation at farm level as well as quality of the 

resulting beans. 

Material and Methods: The methodology involved a comparative analysis of starter-

inoculated and spontaneous cocoa fermentations. The starter consortium consisted of well-

characterized functional microbial strains, including yeasts, lactic acid bacteria, acetic acid 

bacteria and Bacillus spp. 

Results and Conclusion: Next-generation sequencing analysis revealed that in starter-assisted 

fermentation, the inoculated strains reached an amplicon sequence variant abundance of up to 

69% of the total identified microbiota, compared with 24% in spontaneous fermentation. 

Fungal amplicon sequence variant abundance strongly decreased in starter-assisted 

fermentation. The inoculated starter stimulated the microbial activity, resulting in further rapid 

accumulation of acids in the cotyledons during starter-assisted fermentation, with total acid 

content reaching approximately 1.5-fold higher than that in spontaneous fermentation. 

Similarly, starter inoculation promoted a faster increase in reducing sugar content within the 

beans. Fermentation index reached one within 60 h in starter-assisted fermentation, whereas 

spontaneous fermentation needed 132 h to reach a similar index. The cut test further showed 

that 84 h were sufficient for starter-assisted fermentation to achieve 60% fully fermented cocoa 

beans, whereas spontaneous fermentation yielded only 34% fully fermented beans at a similar 

time point. At the end of fermentations, 92% of beans from starter-assisted fermentation were 

fully fermented, compared with 70% in spontaneous fermentation. Overall, use of the defined 

starter culture significantly accelerated the fermentation process and improved the quality of 

fermented cocoa beans.  
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What is “already known”: 

 Cocoa fermentation is driven by a complex microbial community. 

 Only a limited number of microbial species play key functional roles in cocoa 

fermentation. 

 The selection and application of functional microorganisms can significantly improve the 

efficiency and outcome of cocoa fermentation. 

What this article adds: 

 Validated microbial starters for farm-level cocoa fermentation in Côte d’Ivoire. 

 Selected starters accelerated fermentation and improved cocoa bean quality within 84 

hours. 

 Microbial selection also reduced fungal ASV abundance and increased cotyledon acidity 

and reducing sugars. 

 This study provides first NGS-based characterization revealed high cocoa microbial 

diversity in Côte d’Ivoire. 
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1. INTRODUCTION 

Fermentation of cocoa beans is an important and critical 

microbial process for production of high quality [1-3]. 

During this process, a spontaneous microbiota comprising 

yeasts, lactic acid bacteria (LAB), acetic acid bacteria 

(AAB) and Bacillus species use the cocoa pulp as substrate, 

driving diverse metabolic activities. Biochemical 

transformations include majorly oxidization of glucose into 

ethanol and lactic acid respectively by yeasts and LAB and 

further oxidization of ethanol by AAB. Microbial activities 

include production of pulp degrading enzymes by yeasts 

[4-6] and Bacillus [7, 8] as well as citrate lyase by LAB [9]. 

These processes trigger cascade reactions within the beans, 

decreasing bitterness, generating peptide precursors of 

chocolate aroma and promoting development of the brown 

color characteristic of well-fermented cocoa beans [10-12].  

However, cocoa fermentation is an often-inconsistent 

process, difficult to control, leading to variable quality of 

fermented and cured beans and hence lesser crop values for 

farmers [13, 14]. This issue partly originates from the 

diversity and instability of the spontaneous microbial 

community involved in cocoa fermentation [15-17]. Only 

a limited group of microbial species with specific 

functional roles are needed to ensure successful 

fermentation and the production of high-quality chocolate 

[16, 18, 19]. Accordingly, the use of selected microbial 

strains with well-defined functional characteristics as 

starter cultures is regarded as an effective strategy to 

control and standardize the fermentation process. 

Numerous studies have demonstrated that microbial starter 

cultures can be used to fine-tune and modulate the quality 

of fermented cocoa and chocolate, highlighting the 

significant influence of specific microorganisms on the 

overall process [20-23].  

However, various qualities of fermented cocoa bean 

were achieved using various compositions of microbial 

starters through various cocoa producing countries [24-26]. 

Moreover, several studies have shown that each cocoa-

producing region possesses its own indigenous microbiota, 

well adapted to fermenting locally grown cocoa [17, 27]. 

Cote d’Ivoire, the world’s leading cocoa producer, includes 

a limited experience with the use of starters culture for 

fermentation of cocoa. Through extensive studies, we have 

previously identified a microbial community, which plays 

a key role in Ivorian cocoa fermentation and screened 

restricted functional strains as potential microbial starter 

[17, 28-34]. The aim of this study was to assess the added 

value of these functional microbial strains when used as 

starter cultures in cocoa fermentation.  

This study demonstrated that the starter strains were 

effective under natural farm-scale fermentation conditions, 

significantly accelerating the fermentation process and 

improving the quality of the resulting cocoa beans. The 

inoculation of the selected starters significantly modified 

the microbial dynamics, as reflected by a drastic reduction 

in the abundance of fungal amplicon sequence variants 

(ASVs). Inoculation induced a reported increase in the 

fermentation index (FI), as well as acid and reducing sugar 

contents in cotyledons. Collectively, these findings 

indicated that the selected microbial starters could 

effectively control and accelerate cocoa fermentation under 

real farm conditions, while improving key biochemical 

characteristics associated with cocoa quality. To authors’ 

best knowledge, this study represented the first use of next-

generation sequencing (NGS) to characterize the cocoa 

fermentation microbiota in Cote d’Ivoire and revealed an 

exceptionally high diversity of microbial species. 

Furthermore, Bacillus A. bombysepticus, Lacticasei-

bacillus porcinae and Talaromyces verruculosus seem to 

be reported for the first time in cocoa fermentation. 

Overall, these results highlighted the potential of selected 

microbial starters as a practical strategy for shortening 

fermentation time, modulating microbial succession, 

enhancing biochemical fermentation processes and 

improving the quality and consistency of cocoa beans 

produced under farm-level conditions in Cote d’Ivoire. 

2. MATERIALS AND METHODS 

2.1. Composition of Microbial 

Consortium 

Microbial strains used to compose the consortium in this 

study were isolated from fermenting cocoa in Cote d’Ivoire 

and then identified and characterized as potential starters 

regarding their interesting functional characteristics [17, 

28, 31, 35]. These strains are listed in Table 1. 

 

 

 

http://creativecommons.org/licenses/by-nc/4.0/


Microbial Consortium Effects on Cocoa Fermentation           Appl Food Biotechnol, 2026; Vol. 13, No.1, e27 (1-19) 

 

This open-access article distributed under the terms of the Creative Commons Attribution Non Commercial 4.0 License (CC BY-NC 4.0). 

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.  3 

Table 1. Microbial strains included in the starter culture consortium 

Microbial 

group 

Microbial strains Inoculum size (g) Techno-functional properties References  

Yeasts Saccharomyces cerevisiae (T7GB10) 0.918  (5.104 UFC) High ethanol production 

Pectinolytic enzyme production 

[5, 32] 

Candida tropicalis (D5P12) 0.820 (5.104 UFC) 

Lactic acid 

bacteria 

Lactobacillus casei (T10G5) 0.299 (3.33 104 UFC) Degradation of sugars and citric 

acid, production of lactic and acetic 

acids, aroma production, antifungal 

activity 

[9, 17, 28, 

29, 30, 46] 
Lactobacillus plantarum (T11G3) 0.248 (3.33 104 UFC) 

Leuconostoc mesenteroides (T8AB6) 0.404 (3.33 104 UFC) 

Acetic acid 

bacteria 

Acetobacter pasteurianus (T6HS14) 0.775 (105 UFC) Resistance to ethanol and acetic 

acid production Thermotolerant up 

to 50°C 

[34, 32, 35] 

Bacillus Bacillus thuringiensis (T11I10) 1.739 (105 UFC) Production of pectinase, aroma 

compounds and organic acids 

[30] 

 

 

2.2. Preparation of Starter Cultures 

and Cells Freeze-Drying 

Strains previously stored at -70 °C in 20 % glycerol 

were carefully thawed on ice, then transferred into liquid 

media and incubated at 30 °C for 24–72 h. The media used 

for microorganism isolation were yeast, peptone, glucose 

(YPG) (Difco, France) for yeasts, Mans de Rogosa Sharpe 

(MRS) (Difco, France) for LAB, yeast, ethanol, peptone, 

glucose (YEPG) (Difco, France) for AAB and nutrient 

broth (NB) for Bacillus. After incubation, the revitalized 

microbial cells were transferred from the liquid media to 

the equivalent agar solid media then set to grow at 30 °C 

for additional 24–72 h. Colonies on agar media were used 

to prepare the inoculum. 

Two to three pure colonies of each strain were used to 

seed one liter of culture broth (YPG, MRS, YEPG and GN) 

depending on the strain and incubated in a similar condition 

as described previously. Then, cells were pelleted after 

centrifugation at 12,000 g for 10 min. Then, 10 ml of 

skimmed milk and 25 ml of 20% sucrose were added to the 

pellets as cryoprotectants. The highly cell-concentrated 

homogenized mixture containing approximately 2  109 

(UFC).ml-1 was frozen at -60 °C for 1 h, followed by a 

drying process carried out at a similar temperature under a 

pressure of 1 Pa for 72 h [36].  

 

 

 

2.3. Formulation of the Microbial 

Consortium 

The resulting powder from freeze-drying was used for 

enumeration to estimate the number of viable cells par 

grams of powder, using standard decimal dilution method 

[37]. Viable cells from the lyophilisat were assessed as 

approximately 70 %. Then, formulation was realized with 

the aim of 105 microbial cells per gram of fermenting cocoa 

beans for each microbial group (yeasts, LAB, AAB and 

Bacillus). Thus, the formulated consortium for 

fermentation of 50 kg of cocoa bean consisted 

approximately of 5.3 g of powdered microorganisms 

comprising 1.75 g of yeasts, 1.00 g of LAB, 0.8 g of AAB 

and 1.74 g of Bacillus. The various inoculum sizes are 

detailed in Table 1.  

2.4. Fermentation Conditions 

Ripe cocoa pods were harvested from a farm located in 

Azaguie, geographic coordinate 5°37’ 60’’ North, 4°4’ 

60’’West, at 40-km distance from Abidjan and transported 

to National Floristic Center in a farm environment, 

University Felix Houphouet-Boigny (Abidjan, Cote 

d’Ivoire). Pods were opened and beans were extracted 

manually and then placed on banana leaves. A hundred 

kilograms of beans were divided into two fermenting 

masses of 50 kg each. The first mass of cocoa beans was 

used in a spontaneous fermentation (SF), whereas the 

second mass was used in starter added fermentation (SAF) 

supplemented with the microbial consortium described 

http://creativecommons.org/licenses/by-nc/4.0/
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previously. The microbial consortium powder was evenly 

distributed over the cocoa bean heap, followed by thorough 

mixing to ensure uniform dispersion of the 

microorganisms. Cocoa beans were fermented in 

traditional conditions on banana leaves for 6 d. Whether it 

was SF or SAF, one fermentation was carried out per 

treatment. As technical replicates, three various samples 

from a similar treatment were collected for assays. 

2.5. Analysis of Fermentation 

Dynamics 

The monitoring of fermentation conditions, especially 

temperature and pH, was carried out directly on the 

fermenting heap. parameters were assessed at 15-cm depth 

in the heap with 12-h intervals, using portable pH-meter 

equipped with a temperature probe (HI7662 model, Hanna 

Instruments, USA). After the pH and temperature 

assessments, beans were withdrawn from the heap (top, 

middle, bottom and sides) to create a sample of 

approximately 500 g. These samples were used in further 

analyses at laboratory scale, including precisely 

fermentation index (FI), reducing sugar and acids assays. 

Prior to carrying out these analyses, beans were manually 

dehulled and the cotyledons (nibs) were collected. 

2.6. Titratable Acids 

For acid assay, 2 g of finely ground cotyledons were 

mixed with 18 ml of distilled water (DW) using 50-ml 

Erlenmeyer; the mixture was vortexed for 2 min and then 

filtered through Whatman membrane filter with a pore size 

of 0.45 µm (Cytiva, USA). To 5 ml of the resulting filtrate, 

two drops of phenolphthalein were added, allowing acids 

titration with a 0.1 N NaOH solution, until a persistent pink 

color was achieved (AOAC, 1990). Phenolphthalein and 

NaOH were purchased from Merck, Germany. 

2.7. Reducing Sugars 

To carry out reducing sugar assay, 5 g of ground 

cotyledon were mixed with 50 ml of hot (60 °C) DW using 

200-ml flasks and the solution was allowed to cool at room 

temperature (RT). The cooled solution was filtered and the 

collected filtrate was made up to 100 ml using DW; this 

constituted the water-soluble sugar extract from the 

cotyledon [38]. Assessment of sugar content in this extract 

was carried out based on the method of Peter Bernfeld [39]. 

A volume of 200 l of DNS (3,5-dinitrosalicylic acid) 

reagent (Sigma Aldrich, France) was added to 1 ml of 

water-soluble sugar extract and mixture was heated at 100 

°C for 5 min using water bath. An additional volume of 2 

ml of DW was added to the heated mixture upon cooling 

and the solution absorbance was read at 540 nm using 

spectrophotometer (Pioway, China) against a blank 

prepared under a similar conditions without water-soluble 

sugar extract. 

2.8. Fermentation Index 

The FI of cocoa beans was assessed based on changes in 

cocoa bean pigments associated with anthocyanin 

degradation and the formation of brown-colored phenolic 

compounds during fermentation. This was monitored using 

method described by Gourieva and Tserrevitinov [40] Fifty 

millimeters of a mixed solution composed of methanol and 

hydrochloric acid (Sigma Aldrich, France) in a ratio of 97:3 

(V/V) were added to 0.5 g of ground cotyledon. The 

mixture was homogenized and stored at 4 °C for 17 h and 

then filtered and the absorbance of the filtrate was read at 

two wavelengths especially, 460 nm to measure the 

absorbance of degraded anthocyanins and 530 nm to 

measure the absorbance of non-degraded anthocyanins. 

The Equation 1 was used to assess the FI:  

FI =
A(460)

A(530)
               Eq.1 

 

where, FI was fermentation index, A(460) was absorbance 

at 460 nm and A(530) was absorbance at 530 nm. 

2.9. Cut Test 

The cut test is a method used to assess the physical 

quality of fermented and dried cocoa beans. This test was 

carried out using method described by Ching L Hii, et al. 

[41]. Three hundred fermented and dried cocoa beans were 

randomly selected and divided into three sets of 100 beans 

each. Each bean was cut lengthwise using cutter and the 

halves were investigated under daylight to assess the color, 

internal defects and the progress of fermentation. The 

beans were classified based on their internal coloration as 

brown beans (well fermented), brown purple beans 

(partially fermented), purple beans (unfermented), slate-

colored beans, insect damaged beans, moldy beans and 

sprouted beans [14]. 

http://creativecommons.org/licenses/by-nc/4.0/
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2.10. Genomic DNA Extraction and 

Sequencing of Ribosomal Genes from 

Cocoa Microbiota 

Fermenting beans from Day 2, Day 4 and Day 6, 

representative of global microorganism diversity during 

the fermentation, were pooled into one sample of 20 g. This 

sample was vortex-homogenized into 70 ml of saline 

solution for 5 min. The mixture was then decanted and 

centrifuged at 170× g for 5 min at 4 °C using centrifuge 

(Eppendorf 5430 R, Eppendorf, Germany). The 

supernatant was filtered through cheesecloth with an 

approximate pore size of 20 μm. The resulting filtrate was 

centrifuged at 8,000× g for 20 min to pellet cells. Total 

DNA was extracted from the resulting cell pellet using 

phenol-chloroform method described by Camu et al. [42]. 

Extracted DNA was subjected to NGS targeting the 

bacterial 16S rRNA gene and the fungal internal 

transcribed spacer (ITS) region, including 5.8S rRNA 

gene. Amplification was carried out using universal 

bacterial primers of F27/R1492 and the fungal primers of 

ITS1/ITS2. The resulting amplicons were sequenced to 

characterize and identify the bacterial and fungal 

microbiota. 

A total of two samples (one sample per fermentation) 

were used in NGS analysis. Each sample included the 

cocoa microbiota. After amplification and purification, 

full-length amplicons were converted into SMRTbell 

libraries through adapter ligation and subsequent cleanup. 

The resulting library was sequenced on PacBio Revio 

system using single molecule real-time (SMRT) 

sequencing technology. Raw sub-reads were processed for 

quality control using SMRT Link software 

v.25.1.0.257715; where, circular consensus sequencing 

(CCS) analysis was carried out to generate highly accurate 

consensus reads (> QV40). These highly accurate reads 

were then processed through DADA2 pipeline 

(https://benjjneb.github.io/dada2/index.html) for quality 

control assessment and inference of ASVs. Taxonomic 

assignments were then carried out using QIIME 2 

v.2021.11 (https://docs.qiime2.org/2021.11/). Bacterial 

16S rRNA gene sequences were classified using SILVA 

reference database v.138.1, whereas fungal ITS sequences 

were classified using UNITE database. 

 

 

2.11. Statistical Analysis 

One-way analysis of variance (ANOVA) was carried 

out using Stat-Plus software v.5.4 at a 95% confidence 

level to assess significant differences between the means of 

various treatments (SF and SAF). Each treatment was 

represented by three technical replicates, consisting of 

three distinct samples collected from a similar treatment. 

Results were expressed as means ±SD (standard deviation). 

3. RESULTS AND DISCUSSION 

3.1. Composition of the Microbiota in 

Spontaneous Fermentation and Starter 

Added Fermentation 

Table 2 presents a comparative analysis of the 

microbiota identified in SF and SAF. Although the overall 

microbial community structure was roughly unchanged, 

several species detected in SF were absent in SAF, 

including Malassezia globosa, M. restricta, 

Wickerhamomyces anomalus, Meyerozyma sp., T.  

verruculosus and various species of the Genus 

Enterococcus. Fungal strains were commonly detected in 

fermenting cocoa as contaminants susceptible to damage 

the quality of fermented cocoa and its products. From the 

fungal species identified in this study, W. anomalus and 

Meyerozyma spp. have repeatedly been reported in cocoa 

fermentations from (Cote d’Ivoire, Ghana, Brazil and 

Ecuador) [16; 43; 44], while M. globosa and M. restricta 

were reported as dominant species in fine-flavor cocoa 

fermentations in Colombia [45]. Moreover, T.  

verruculosus was unusual as it was not reported from 

fermenting cocoa, to the best of the authors’ knowledge. 

More interestingly molds species were not detected in 

SAF, excepted Fusarium sp. A possible explanation for 

lesser abundance of fungal species in SAF was that starter 

inoculation might inhibit their growth. This hypothesis was 

supported by the authors’ previous findings, which 

demonstrated the antifungal activity of Lactiplantibacillus 

plantarum, Leuconostoc mesenteroides and L. casei 

isolated from cocoa fermentations [46]. These strains, 

which were included in the starter consortium of the 

present study, demonstrated strong antagonistic activity 

against Aspergillus spp., Fusarium spp. and Mucor spp. 

[46]. Hence, their presence in the current starter culture 

might contribute to the inhibition of these fungal species 

during fermentation. 

http://creativecommons.org/licenses/by-nc/4.0/
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Table 2. Microbial communities identified in various cocoa fermentation, spontaneous fermentation and starter added fermentation. 

Microbial 

Group 

Identified 

Spontaneous fermentation 

(SF) 

Microbial mixture added as 

starters 

Starter added fermentation 

(SAF) 

 

 

 

 

Yeats 

Candida akabanensis, Malassezia globosa 

Malassezia restricta, Diutina rugosa 

Pichia manshurica, Candida tropicalis 

Hanseniaspora uvarum,  

Hanseniaspora opuntiae,  

Saccharomyces cerevisiae,  

Pichia kudriazevii, Pichia fermentans 

Debaromyces hansenii,  

Wickerhamomyces anomalus, Meyerozyma 

sp., Candida intermedia, Trichosporon asahii 

Candida tropicalis, 

Saccharomyces cerevisiae, 

Candida akabanensis, Diutina 

rugosa 

Pichia manshurica, Candida 

tropicalis 
Hanseniaspora uvarum, 

Hanseniaspora opuntiae, 

Saccharomyces cerevisiae,  
Pichia kudriazevii, Pichia 

fermentans 

Debaromyces hansenii, Candida 

intermedia, Trichosporon sp. 

 

Molds Aspergillus subversicolor, Fusarium sp., 

Trichoderma sp., Talaromyces verruculosus, 

 

 Fusarium sp.,  

 

 

 

 

Lactic acid 

bacteria  

Limosilactobacillus fermentum, 

Lactiplantibacillus plantarum,  
Leuconostoc mesenteroides,  

Lactocaseibacillus casei 
Weissella confuse, Enterococcus italicus 

Weissella cibaria, Lacticaseibacillus 

rhamnosus, Enterococcus lactis, 

Enterococcus raffinosus, Ligilactobacillus 

agilis,  

Lacticaseibacillus porcinae,  

Liquorilactobacillus nagelii,  

Paucilactobacillus vaccinostercus,  

Lactobacillus amylovorus,  

Enterococcus faecalis, Pediococcus 

acidilactici, Levilactobacillus brevis 

 

Lactiplantibacillus 

plantarum, 

Lacticaseibacillus casei, 

Leuconostoc mesenteroides 

Limosilactobacillus fermentum, 

Lactiplantibacillus plantarum,  
Leuconostoc mesenteroides,  

Lactocaseibacillus casei 
Weissella confuse, Weissella 

cibaria, Lacticaseibacillus 

rhamnosus,  

Ligilactobacillus agilis,  

Lacticaseibacillus porcinae,  

Liquorilactobacillus nagelii,  

Lactobacillus amylovorus,  

Pediococcus acidilactici, 

Levilactobacillus brevis 

 

 

 

Acetic acid 

bacteria  

Acetobacter senegalensis,  

Acetobacter ghanensis, Acetobacter 

orientalis, 

Acetobacter fabarum, Acetobacter 

pasteurianus, Acetobacter syzygii,  

Acetobacter vaccinii, Acetobacter tropicalis 

Acetobacter pomorum, Acetobacter 

okinawensis, Acetobacter suratthaniensis 

 

Acetobacter pasteurianus, Acetobacter senegalensis, 

Acetobacter ghanensis,  

Acetobacter fabarum, Acetobacter 

pasteurianus, Acetobacter syzygii,  

Acetobacter vaccinii, Acetobacter 

tropicalis 

Acetobacter pomorum, Acetobacter 

okinawensis,  

 

Bacillus   Bacillus subtilis, Bacillus pumilus,  

Bacillus thuringiensis,  

Bacillus A bombysepticus, 

Bacillus thuringiensis Bacillus subtilis, Bacillus pumilus,  

Bacillus thuringiensis,  

 

Other bacteria  Pseudomonas asiatica,  

Acinetobacter baumannii,  

Corticimicrobacter populi 

Kerstersia gyiorum, Wolbachia pipientis 

 

 Pseudomonas asiatica,  

Acinetobacter baumannii,  

Fermenting beans from day-2, day-4 and day-6, representative of global microorganism diversity during the fermentation were pooled into one sample of 20 

grams from which the total DNA was extracted [42]. Then, the microbiota was identified from the DNA extract, based on the NGS-sequencing of ribosomal 

genes (16S for bacteria and ITS 5,8S for fungi). Species corresponding to the starters are indicated in bold and underlined  

 

 

Furthermore, all species constituting the starter culture 

especially L.  casei, L. plantarum, L. mesenteroides, Aceto-

bacter pasteurianus, Bacillus thuringiensis, Saccharo-

myces cereviciea, Candida tropicalis were detected in SF. 

This showed that these species were already present in SF 

prior to inoculation, indicating that the addition of the 

starter culture did not introduce new microbial species in 

the fermentation. However, the NGS analysis revealed 

clear differences in the microbial abundance between the 

two fermentation processes. The microbiota detected in SF 
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demonstrated a total absolute abundance of 37,184 reads, 

whereas starter-added fermentation (SAF) showed a higher 

absolute abundance, reaching 86,426 reads. Moreover, the 

starter species were detected at relatively small ASV 

abundance in SF, accounting for 24.63% of the total ASV 

abundance from microbial community (Figure 1). As 

expected, ASVs associated with these species were 

substantially further abundant in SAF where accounted for 

up to 69.08% of the total ASV abundance (Figure 1). From 

the microbial species composing the starter consortium, A. 

pasteurianus, L. plantarum, L. mesenteroides, L. casei and 

B. thuringiensis demonstrated the greatest increases in 

ASV abundance of SAF, compared with SF (Figure 1). The 

raw data of ASV abundance is provided in supplemental 

material.  

Although NGS does not provide a direct estimate of 

viable microbial cells because DNA can originate from live 

and dead microorganisms, it offers valuable insights into 

the composition and diversity of the microbiota within the 

fermenting ecosystem [47]. Hence, the increased 

abundance of starter-associated ASVs in SAF could be 

consistent with enrichment of the inoculated strains, which 

might enhance the antifungal potential of the starter 

consortium and hence contribute to strongly decreases in 

the fungal growth in SAF. The NGS results revealed a high 

level of microbial diversity during cocoa fermentation in 

Cote d’Ivoire, including several microbial species that have 

not previously been reported in Ivorian cocoa fermentation, 

to the best of the authors’ knowledge. Especially, species 

such as B. A bombysepticus, L.  porcinae and T. verruca-

losus were seemingly detected for the first time in cocoa 

fermentation. These findings significantly have expanded 

the currently known microbial diversity associated with 

cocoa fermentation and highlighted the potential richness 

of the microbial communities involved in Ivorian cocoa 

fermentation. 

 

 

 

Figure 1. Relative abundance of starter species in spontaneous and starter-inoculated fermentations. The relative abundance of each starter 

species was calculated as the percentage abundance of that species relative to the total microbial abundance in each fermentation. Relative 

abundance values were calculated using raw abundance data provided in the Supplementary Material. 
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3.2. Variations of Temperatures During 

both Fermentations and Starter Added 

Fermentation 

The increased ASV abundance of the starters strains in 

SAF seemed to include less effects of the fermentation 

dynamics. In the SF, a significant increase of temperature 

was observed during the first 84 h of the fermenting 

process. In this time, the temperature increased from 35 °C 

at 0 h, reaching the peak at 47.41 °C. A similar dynamic of 

temperature was observed in SAF with a reached peak of 

47.80 °C. At the end of fermentation, the temperature was 

relatively higher in SAF (39.8 °C) than SF (32.23 °C) 

(Figure 2). Roughly, the dynamics of temperatures in SF 

and SAF processes were similar and no significant 

variation was observed. Temperature is closely associated 

to microbial activity during cocoa fermentation. Therefore, 

the limited variation observed in the temperature dynamics 

between the two fermentation treatments was unexpected.  

Previously, Herrera-Rocha et al. [48] have described the 

temperature as a critical parameter during fine-flavor cocoa 

fermentation. The fermenting mass increased from nearly 

27 to 49 °C and these researchers identified temperatures 

greater than 45 °C as critical control points for fermentation 

quality. This temperature increase contributes to the 

transition between microbial groups and promotes 

biochemical processes such as protein hydrolysis and 

polyphenol oxidation, which are essential for the formation 

of flavor precursors and the development of cocoa quality. 

3.3. Acidification of Cocoa Beans 

During Fermentations 

Acidification of cocoa beans during fermentation is 

important in the biochemical process leading to quality 

products, especially chocolate aroma production. In this 

study, bean acidification was monitored by assessing 

internal pH of the cotyledons and titratable acidity. Results 

showed that in SF, pH decreased from 6.98 at the beginning 

of the process to a value of 5.11 after 120 h of fermentation 

(Figure 3). Then, this pH increased slightly to reach 5.24 at 

the end of the process. In comparison, the pH in SAF 

changed with similar dynamics but the decrease was 

sharper leading to a lesser pH value of 4.61 after 120 h of 

fermentation and a pH value of 4.87 at the end of 

fermentation. Overall, decreasing of the pH was more rapid 

in SAF than SF. 

 

 

 

 

Figure 2. Development of the temperature of the fermenting heap during spontaneous fermentation and starter-added fermentation. 
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Figure 3. Comparative effects of spontaneous fermentation and starters-added fermentation on the pH in cotyledon. 

 

 

 

Within approximately a similar period (0–108 h) in the 

two fermentations (SF and SAF), strong increase of the 

titratable acidity was observed within the cotyledons 

(Figure 4); the peak of acidity reached 0.86 (±0.06) mEq 

by gram of cotyledon in SAF and 0.6 (±0.06) mEq g-1 in 

SF (Figure 4). Then, this acidity decreased during the rest 

of the process. Significantly, the titratable acidity in the 

beans was further reported in SAF with a peak value of 1.5 

folds, compared to the peak of acidity in SF. 

Acidification is critical during cocoa fermentation, as it 

activates proteolytic enzymes, particularly proteases and 

therefore promotes pH-dependent biochemical reactions 

involved in the formation of chocolate aroma precursors. 

The enhanced acidification induced by the microbial 

consortium as observed in this study was likely to include 

strengthened and accelerated these biochemical processes; 

thereby, promoting the development of flavor precursors 

and ultimately improving the quality of the fermented 

cocoa beans [49, 50]. Since total titratable acidity was 

assessed, the individual organic acids responsible for the 

acidification could not be identified. Nevertheless, 

previous studies have consistently shown that acetic acid is 

the predominant organic acid responsible for the 

acidification of cocoa bean cotyledons and associated 

decreases in pH [16, 35, 51]. 

3.4. Production of Reducing Sugar 

During Fermentation Processing 

Reducing sugars are well assessed as key compounds 

involved in the formation of chocolate aroma during 

roasting in industrial cocoa processing. In the current 

study, assays revealed a continuous increasing of reducing 

sugars content into beans during fermentations (Figure 5). 

Regarding the dynamics of productions of these 

compounds, three periods were distinguishable. The first 

period that could be considered as a lag phase occurred 

within the first 12–24 h of fermentation with no reducing 

sugars detected into beans. The second period spanning 

from 12–24 to 120 h showed a strong increase in reducing 

sugars content over the processes. At the end of this period 

(120 h), the yield of reducing sugar corresponded to 0.043 

mg g-1 in SAF and 0.027 mg g-1 in SF. In the third period, 

the reducing sugars content were almost consistent; the 

yields at the end were 0.043 mg. g-1 and 0.029 mg. g-1 in 

SAF and SF, respectively. In summary, reducing sugars 

yield was higher in SAF than SF (Figure 5). 
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Figure 4. Comparison of acidity changes in cocoa cotyledons during spontaneous fermentation trials and starter-added fermentation. Error 

bars indicate standard deviation between three technical replicates. 

 

 

Figure 5. Comparative development of reducing sugars in cocoa cotyledons during spontaneous fermentation and starter-added fermentation. 

Error bars indicate standard deviation between three technical replicates. 
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Several reports have assessed that during roasting, 

reducing sugars participate in the Maillard reactions by 

reacting with free amino acids and short peptides generated 

during proteolysis, leading to the formation of volatile 

compounds responsible for the characteristic chocolate 

flavor [52]. The current study demonstrated that reducing 

sugars accumulated more rapidly and reached significantly 

higher concentrations in cocoa bean cotyledons during 

starter-inoculated fermentation than SF. Recently, Giulia 

Victoria Silva Lima, et al. [51] have observed an increase 

of reducing sugar under microbial starter-induced 

fermentation of Amazonian cocoa. Generally, the increase 

of reducing sugars, especially fructose and glucose, in 

fermenting cocoa beans results from sucrose hydrolysis by 

invertase [53]. The availability of reducing sugars 

enhances the likelihood of Maillard reaction during 

roasting [54]. The reported acidification of the cocoa bean 

cotyledons, coupled with the increased concentrations of 

reducing sugars during starter-inoculated fermentation, 

might possibly provide favorable biochemical conditions 

for the formation of chocolate aroma precursors.  

3.5. Fermentation Index and Bean 

Quality 

The FI assess the state of fermentation and indicate 

whether cocoa beans are under fermented (FI < 1), fully 

fermented (1 < FI < 1.59) or over fermented (FI > 1.59) 

[55]. Although FI is an indirect indicator of the degree of 

cocoa bean fermentation, this parameter is important to 

assess the quality of beans. The current results showed that 

in SF and starters added fermentation (SAF), FI increased 

progressively and continuously until the end of the process 

(Figure 6). In fact, fermentations began with 0.4 as FI and 

ended with FI values of 1.15 and 1.42 in SF and SAF, 

respectively. It is noteworthy that FI in SAF reached 1.11 

after 60 h of fermentation (Figure 6), corresponding to 43% 

fully brown beans (Table 3). In contrast, the FI in SF was 

relatively small (0.85) at a similar time point with only 27% 

of brown beans, suggesting a less advanced fermentation 

process. 

 

 

 

 

 

Figure 6. Development of fermentation index in spontaneous fermentation and starter-added fermentation. Error bars indicate standard 

deviation between three technical replicates. 
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Table 3. Summary of key fermentation indicators during fermentation with and without 

Treatment 

Evaluation criteria Spontaneous 

fermentation (SF) 

Starter-added 

fermentation (SAF) 

More 

advantageous 

treatment 

Temperature 
Temperature peak 

Time to reach peak 

47.4 °C 

84 h 

47.8 °C 

84 h  

Identical 

Fermentation index 

(FI) 

Increase in fermentation index Moderate Faster SAF 

Time to reach FI = 1  132 h 60 h SAF 

Reducing sugars in 

the cotyledon 

Amount of reducing sugars Lower Higher SAF 

Maximum content and time to reach this 

maximum  

0.030 mg/g after 

132 h 

0.043 mg/g after  

108 h 

Well-fermented 

beans (brown beans) 

Browning kinetics Slow progressive Fast and sustained  

SAF 

 
Percentage of fully-fermented (brown) 

beans at 60 h 

27 % 43 % 

Percentage of fully-fermented (brown) 

beans at 84 h 

34 % 60 % 

Percentage of fully-fermented (brown) 

beans at the end, 144 h. 

70 % 92 % 

Best times to stop fermentation  

(Fermentation with at least 60 % brown beans)  

132 h 84 h SAF 

Time savings on fermentation   60 h SAF 

Brown color is the direct indicator of fully fermented beans, and 60 % of brown beans is the threshold of complete fermentation  

 

 

In SF, 132 h of fermentation were needed to achieve a 

FI of 1.07 (Figure 6). The cut test revealed that SAF yielded 

60% of fully fermented brown beans after 84 h of 

fermentation, whereas a similar rate of brown and cocoa 

beans was reached after 132 h in SF (Table 3). At the end 

of fermentation, SF showed a maximum of 70% brown 

beans, while 92% of brown beans was achieved in SAF 

(Table 3). These findings demonstrated that starter 

inoculation significantly enhanced the efficiency and 

progression and shortened the cocoa fermentation process. 

Recently, Escobar et al. [56] reported that a decreased 

fermentation duration of 96 h was sufficient to achieve 

optimal development of global quality attributes and fine 

flavor characteristics of cocoa beans, whereas prolonged 

fermentation beyond this time resulted in a decreases in 

these desirable characteristics [56]. This highlighted the 

relevance of accelerating the fermentation process, as 

achieving optimal biochemical transformations within a 

shorter time may help preserve and enhance cocoa flavor 

potential while improving fermentation efficiency. 

Based on the presence of B. thuringiensis and C. 

tropicalis in the microbial starter consortium, concerns 

may increase regarding their toxigenic potentials. 

However, the two species are naturally associated with 

cocoa fermentation ecosystem as reported in previous 

studies [30, 31, 57, 58, 59]. Furthermore, C. tropicalis has 

been investigated as a starter culture to improve cocoa bean 

quality and flavor [60], while B. thuringiensis has been 

used as a starter to suppress fungal growth during cocoa 

fermentation [59]. In the present study, use of these species 

was based primarily on their functional characteristics and 

potential technological benefits. Further characterizations, 

including whole genome sequencing (WGS), to screen 

toxin-associated genes and other relevant virulence 

determinants are necessary to better assess safety profiles 

before their full use at farm level. 

4. CONCLUSION 

In this study, the microbial consortium composed of 

selected starter strains positively affected cocoa 

fermentation by promoting higher microbial abundance, 

enhancing cotyledon acidification and increasing reducing 

sugar concentrations. This consortium induced higher FI 

and improved bean quality within a shorter fermentation 

time. Additionally, the starter consortium activated a strong 

decrease of fungal abundance in the fermenting cocoa. 

Collectively, these changes demonstrated the beneficial 

effects of starter culture inoculation on the fermentation 

process. Overall, the results evidenced the functional 
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potential of the selected starter strains and supported their 

use as an effective starter culture for improving the 

efficiency and quality of cocoa fermentation. 
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ADDITIONAL SUPPLEMENTARY DATA TABLE 

Table 4: Supplementary Material: Raw sequencing data showing the abundance of amplicon sequence variants (ASVs) detected in the 

different cocoa fermentation treatments. 

 Spontanous fermentation Starter-added fermentation 

Species identified from ASV Absolute abundance Relative abundance Absolute abundance Relative abundance 

Aspergillus subversicolor 27 0.07 - 0.04 

Fusarium sp. 19 0.05 21 0.02 

Candida akabanensis 34 0.09 51 0.02 

Malassezia globosa 49 0.13 0 0.00 

Trichoderma sp. 163 0.42 0 0.11 

Talaromyces verruculosus 177 0.45 - 0.00 

Malassezia restricta 208 0.53 - 0.00 

Diutina rugosa 1,041 2.66 708 0.84 

Pichia manshurica 1,249 3.19 509 0.60 

Candida tropicalis 1,663 4.25 5,087 6.03 
Hanseniaspora uvarum 2,482 6.34 2,098 2.37 

Hanseniaspora opuntiae 3,736 9.54 3,900 4.62 

Saccharomyces cerevisiae 5,046 12.88 14,075 16.67 
Pichia kudriazevii 11,184 28.55 9,813 11.62 

Pichia fermentans 1,035 2.64 903 1.07 

Debaromyces hansenii 103 0.26 56 0.07 

Wickerhamomyces anomalus 77 0.20 89 0.11 

Meyerozyma sp. 66 0.17 - 0.00 

Candida intermedia 91 0.23 208 0.25 

Trichosporon asahii 1,242 3.17 907 1.07 

Acetobacter pasteurianus  2,382 6.08 12,030 14.25 

Limosilactobacillus fermentum 1,392 3.55 6,071 7.19 

Acetobacter senegalensis 658 1.68 542 0.54 

Acetobacter ghanensis  507 1.29 613 0.73 

Acetobacter orientalis 431 1.10 - 0.00 

Acetobacter fabarum 285 0.73 133 0.16 

Lactiplantibacillus plantarum 239 0.61 8,813 10.44 

Leuconostoc Mesenteroides 179 0.46 7,095 8.40 

Acetobacter syzygii 150 0.38 319 0.38 

Bacillus subtilis 137 0.35 477 0.56 

Lactocaseibacillus casei 123 0.31 6,019 7.13 
Weissella confusa B 115 0.29 57 0.07 

Acetobacter vaccinii 104 0.27 43 0.05 

Wolbachia pipientis 83 0.21 - 0.00 

Enterococcus G italicus 82 0.21 - 0.00 

Weissella cibaria 71 0.18 89 0.11 
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Lacticaseibacillus rhamnosus 58 0.15 77 0.09 

Acetobacter tropicalis 54 0.14 34 0.04 

Enterococcus B lactis 40 0.10 - 0.00 

Bacillus pumilus 40 0.10 56 0.07 

Acetobacter pomorum 33 0.08 76 0.09 

Pseudomonas E asiatica 30 0.08 56 0.07 

Enterococcus A raffinosus 28 0.07 - 0.00 

Acinetobacter baumannii 24 0.06 45 0.05 

Acetobacter okinawensis 21 0.05 23 0.03 

Bacillus A bombysepticus 19 0.05 - 0.00 

Ligilactobacillus agilis  18 0.05 44 0.05 

Lacticaseibacillus porcinae 18 0.05 72 0.09 

Liquorilactobacillus nagelii 18 0.05 20 0.02 

Bacillus thuringiensis 17 0.04 5,204 6.16 
Paucilactobacillus vaccinostercus 14 0.04 - 0.00 

Lactobacillus amylovorus 11 0.03 10 0.01 

Enterococcus faecalis 11 0.03 - 0.00 

Corticimicrobacter populi 10 0.03 - 0.00 

Pediococcus acidilactici 10 0.03 10 0.01 

Acetobacter suratthaniensis 50 0.13 52 0.06 

Kerstersia gyiorumum 10 0.03 - 0.00 

Levilactobacillus brevis 10 0.03 10 0.01 

Total  37,174 100 86,426 100 

Absolute abundance is expressed, as the number of sequencing reads obtained from the bioinformatics pipeline. Relative abundance is expressed as the 

percentage of each amplicon sequence variant (ASV) relative to the total ASV abundance in each sample. ASVs corresponding to the inoculated starter 

strains are indicated in bold.  
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ها در شده بر پویایی تخمیر کاکائو و کیفیت دانهتأثیر کنسرسیوم میکروبی عملکردی تعریف

 ساحل عاج
 

 *اتین کوفی، حاجا واتارا، لامین ساماگاسی، ویلفرید یائو، سباستین نیامکه، اونوره واتارا
 

 بوانی، آبیجان، ساحل عاج-علوم زیستی، دانشگاه فلیکس اوفویهفناوری و ایمنی مواد غذایی، دانشکده گروه زیست

 تاریخچه مقاله

  1212 اوت 12 دریافت:

  1212 اکتبر 12 داوری:

 1212 اکتبر 11 پذیرش:

 1212 اکتبر  12 :چاپ

  چکیده 

ی کاکائو و تضمین یکنواختعنوان راهبردی امیدبخش برای بهبود فرایند تخمیر های آغازگر بهاستفاده از کشت سابقه و هدف:

 شده از کاکائوی در حالهای میکروبی ارزشمند جداسازیرو، در مطالعه پیشین، سویهشود. ازاینها در نظر گرفته میکیفیت دانه

زگر های آغایابی شدند. در مطالعه حاضر، اثر کشتعنوان کشت آغازگر داشتند، مشخصهای برای استفاده بهتخمیر، که ظرفیت بالقوه

 .های حاصل ارزیابی شدمیکروبی منتخب بر تخمیر کاکائو در مقیاس مزرعه و نیز بر کیفیت دانه

خودی بود. کنسرسیوم آغازگر از روش کار شامل مقایسه تخمیر کاکائو با تلقیح کشت آغازگر و تخمیر خودبه ا:مواد و روش ه

های اسید لاکتیک، شده تشکیل شده بود که شامل مخمرها، باکترییابیخوبی مشخصههای میکروبی عملکردی و بهسویه

 .شدمی باسیلوسهای جنس های اسید استیک و گونهباکتری

 های توالییابی نسل جدید نشان داد که در تخمیر با کمک کشت آغازگر، فراوانی واریانتنتایج توالی گیری:و نتیجهها هیافت

که این مقدار در درحالی ،شده رسیددرصد از کل میکروبیوتای شناسایی 2۶شده به حداکثر های تلقیحآمپلیکونی مربوط به سویه

یری طور چشمگهای توالی آمپلیکونی قارچی در تخمیر با کمک کشت آغازگر بهدرصد بود. فراوانی واریانت 1۲خودی تخمیر خودبه

شده موجب تحریک فعالیت میکروبی شد و در نتیجه، اسیدها در طول تخمیر با کمک کشت کاهش یافت. کشت آغازگر تلقیح

شده در برابر مقدار مشاهده 5/2که محتوای کل اسیدها تقریباً به یطوربه ،های دانه تجمع یافتندآغازگر با سرعت بیشتری در لپه

هیل ها تستر محتوای قندهای احیاکننده را درون دانهطور مشابه، تلقیح کشت آغازگر افزایش سریعخودی رسید. بهتخمیر خودبه

خودی، دستیابی به تخمیر خودبه که دردرحالی ،ساعت به یک رسید 22کرد. شاخص تخمیر در تخمیر با کمک کشت آغازگر طی 

 ۴۲ها نشان داد که در تخمیر با کمک کشت آغازگر، ساعت زمان نیاز داشت. همچنین، آزمون برش دانه 211شاخص مشابه به 

درصد  1۲که در همین بازه زمانی، تنها درحالی ،های کاکائوی کاملاً تخمیرشده کافی بوددرصد دانه 22ساعت برای دستیابی به 

های حاصل از تخمیر با کمک درصد دانه ۶1طور کامل تخمیر شده بودند. در پایان فرایند تخمیر، خودی بهها در تخمیر خودبههدان

درصد بود. در مجموع، استفاده از کشت  ۰2خودی که این میزان در تخمیر خودبهدرحالی ،کشت آغازگر کاملاً تخمیر شده بودند

 .های تخمیرشده کاکائو را بهبود بخشیدداری تسریع کرد و کیفیت دانهطور معنییر را بهشده، فرایند تخمآغازگر تعریف

 ساحل عاج ،بهبود ،کیفیت ،کشت آغازگر میکروبی، تخمیر کاکائو ی:دیواژگان کل
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