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ABSTRACT 

	Cocoa fermentation is a crucial step in determining the quality, yet spontaneous fermentation often yields inconsistent results. This study aimed to evaluate the effectiveness of Candida tropicalis as a starter culture to improve fermentation performance and bean quality at a semi-pilot scale (10 kg). Fermentation trials were conducted using five treatments (control and C. tropicalis at 10³, 10⁴, 10⁵, and 10⁶ cells/g) on 10 kg of fresh cocoa beans, with samples collection every 24 hours for six (6) days. Key parameters measured included fermentation index (FI), pH and acidity of pulp and cotyledon, and reducing and total sugars in both bean pulp and cotyledon. The results showed that inoculation with C. tropicalis, particularly at 10⁵ and 10⁶ cells/g, significantly improved the speed and quality of fermentation. The highest FI values (≥1.65) and brown bean percentages (≥87%) were achieved after just 96 hours in these treatments, compared to 144 hours in the control. The pH, acidity, sugars content also showed considerable improvement with best strains. These findings suggest that C. tropicalis, especially at 10⁵ cells/g, can enhance fermentation efficiency, reduce processing time by up to 50%, and improve bean quality. Future research should explore the sensory impact of this yeast on chocolate flavor, optimize fermentation protocols, and assess scalability for industrial applications.
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1. INTRODUCTION 

Cocoa fermentation is an essential process for obtaining high-quality cocoa beans, which are required for chocolate manufacturing, cocoa powder, cocoa butter, and other cocoa-based beverages that we consume or use in our daily lives (Guehi et al., 2010; Guzmán-Alvarez and Márquez-Ramos, 2021). It occurs naturally and spontaneously with the help of various microorganisms, primarily yeasts, lactic acid bacteria, and acetic acid bacteria (Afoakwa et al., 2013; Apriyanto and Umanailo, 2019). However, due to its spontaneous nature, fermentation is often inconsistent, leading to significant variability in bean quality and causing economic losses.
To improve consistency in bean quality and ensure successful fermentation, starter cultures are used to control the fermentation process. Yeasts play a crucial role among the microorganisms used as starters, in cocoa fermentation experiments. Some yeast species have been extensively studied, including Saccharomyces cerevisiae, Pichia kudriavzevii, and Hanseniaspora spp., due to their ability to enhance the fermentation process and influence flavour development (De Vuyst and Leroy, 2020; Díaz‐Muñoz and De Vuyst, 2022; Gutiérrez-Ríos et al., 2022). These yeasts contribute to the degradation of pulp sugars, promote alcohol production, and facilitate the growth of acetic acid bacteria, which are essential for proper fermentation and flavor formation (Alvarez, 2017; Assi-Clair et al., 2019).
Apart from these commonly studied yeasts, non-Saccharomyces species also play a significant role in cocoa fermentation. One such species is Candida tropicalis, which has been identified as an important actor in the fermentation process (Ardhana M. M. and Fleet G. H, 2003; Kadet et al., 2024; Mahazar et al., 2015). Unlike Saccharomyces cerevisiae, C. tropicalis exhibits unique metabolic properties that may influence the development of specific aroma compounds and improve fermentation efficiency. Despite its potential, research on C. tropicalis as a starter culture remains limited. The only known fermentation trial involving C. tropicalis was conducted by (Jamili et al., 2014), who used the yeast for a fermentation mass of 350 g. The results of this study showed that a higher percentage of brown beans was observed in the yeast starter fermentation trial as compared to the control. However, no studies have explored its impact on larger fermentation masses to evaluate its effectiveness in improving bean quality on a semi-pilot or industrial scale.
The objective of this study is to determine the impact of C. tropicalis as a starter culture on the fermentation process and the quality of dried fermented cocoa beans at a semi-pilot scale. 
2. material and methods 

2.1 Materials
  
The Candida tropicalis strain used in this study was isolated from fermenting cocoa in Côte d’Ivoire from a previous study conducted at the Research Unit of Felix Houphouët Boigny University. The plant material in this study consisted of cocoa pods collected from farmers in the Agboville region, which is located at 79 km of Abidjan, in southern Côte d’Ivoire. Fermentation took place at the National Center for Floristics Félix Houphouët-Boigny University in Abidjan.

2.2 Methods

2.2.1 Determination of the microbial load of the starter culture for the fermentation trials
The frozen starter powder was first revived, checked for viability and purity before being used for fermentation. To do that, an amount of 0.1 g of the starter powder removed from the freezer was resuspended in 0.9 mL of peptone water. Then, a volume of 25 μL of each suspension in addition to 25 μL of methylene blue was deposited on the Thoma cell. Microorganisms were enumerated using microscope (G×40). The number of live cells per millilitre was then determined by the following formula:

          N= n x 5 x 105 x fd

n : Average number of cells counted per chosen square 
N   : Number of cells per milliliter
fd : Dilution factor
Various calculations were performed to achieve cell concentrations of 10³, 10⁴, 10⁵, and 10⁶ cells/g to inoculate 1 kg of fermenting cocoa bean.


2.2.2 Fermentation trials of cocoa beans

Fermentation trials were conducted in farm conditions using banana leaves. The pod was opened manually with the help of a machete. They were then weighed to obtain 10 kg of cocoa bean mass. The amount of starter powder determined in 2.2.1 was added to each sample respectively. In total 5 trials were carried out in …..including the control. The table 1 below summarizes the trials. Fermentation was conducted for 6 days with mixing and sample collection every 24hs. After collecting samples various analysis was performed. 

Table 1. Summary of fermentation trials conducted 

	No
	Samples 

	1
	Spontaneous fermentation (control) 

	2
	Candida tropicalis 10³cells/g

	3
	Candida tropicalis 10⁴ cells/g 

	4
	Candida tropicalis 10⁵cells/g

	5
	Candida tropicalis 10⁶cells/g 




2.2.2.1 Evaluation of Fermentation Index of bean cotyledon

The fermentation index was determined using the method of Gourieva and Tserrevitinov (1979). An amount of 0.5 g of cocoa cotyledons, previously ground with a blender, was accurately weighed. A 97:3 (V/V) mixture of methanol (97%) and hydrochloric acid (3%) was prepared, and 50 mL of the solution was added to the ground cotyledons. The mixture was refrigerated at 8°C for 17 hours before being filtered through Whatman filter paper. The fermentation index (FI) was calculated as the ratio of absorbance at 460 nm to that at 530 nm. Three independent measurements were performed, and the average results were recorded. A good fermentation index is obtained between 1 and 1.4. 


2.2.2.2 Determination of pH and acidity of the bean pulp 

The acidity of the bean pulp was measured by weighing 20 g of cocoa beans pulp in 20 mL of distilled water. The resulting mixture was thoroughly stirred and then filtered using Whatman filter paper. After filtration, the pH of the solution was measured by immersing the electrode of a pH meter, and the pH value was read directly from the display. Subsequently, a volume of 5 mL of the filtrate was measured and titrated against a NaOH solution (0.1 N) after the addition of two (2) drops of phenolphthalein, until a persistent pink colour was obtained. The following formula is used to determine the acidity of the pulp of fermented cocoa beans (AOAC., 1990; Crafack et al., 2013).









2.2.2.3 Determination of pH and acidity of bean cotyledon 

Cocoa bean was hand-pulped, and the resulting cotyledon was ground using an electric blender. Then, two (2) grams of the crushed material weighed using a precision scale were added to 18 mL of distilled water. The mixture is homogenized and then filtered using a Whatman paper with a porosity of 0.45 μm. The pH of the solution was then read using a pH meter. Next, a volume of 5 mL of the filtrate was titrated with a NaOH solution (0.1 N) after the addition of two (2) drops of phenolphthalein, until a persistent pink colour was obtained. The formula used to determine the pulp acidity was the same for determining bean cotyledon acidity.


[bookmark: _Hlk194860289]2.2.2.4 Evaluation of reducing sugar and total sugar content in bean pulp

• Extraction of water-soluble sugars from the pulp

The extraction of water-soluble sugars contained in cocoa pulp was carried out according to the method of Agbo et al. (1985). A few cocoa beans were randomly selected and manually depulped. Then, five (5) grams of pulp were weighed and introduced into a 200 mL volumetric flask containing 50 mL of distilled water heated to 60 °C. The mixture was stirred until completely cooled and filtered using Whatman filter paper. The filtrate was collected in a 100 mL volumetric flask and diluted to the mark with distilled water.

• Determination of reducing sugars in the bean pulp

The quantification of reducing sugars in cocoa pulp was performed using the Bernfeld method (1955). A volume of 100 μL of the previously prepared water-soluble sugar extract was added to test tubes along with 200 μL of DNS reagent. The mixture was vortexed, then heated in a boiling water bath at 100 °C for 5 minutes. After cooling, 2 mL of distilled water was added to the mixture, and the optical density was measured at a wavelength of 540 nm using a spectrophotometer. A blank sample, prepared without sugar extract, was treated under the same conditions. A calibration curve was established using a glucose stock solution at a concentration of 1 mg/mL. The amount of reducing sugars in the cocoa pulp was determined using the regression equation derived from the standard curve.

• Determination of total sugars in the bean pulp

The total sugar content in the cocoa pulp was determined using the phenol-sulfuric acid method described by Dubois et al. (1956). A volume of 100 μL of the previously prepared water-soluble extract was placed in test tubes. Then, 1 mL of concentrated sulfuric acid (95–97%) and 200 μL of 5% phenol (w/v) were successively added. After standing in the dark for 15 minutes to cool, 2.7 mL of distilled water was added to the mixture. The optical density was measured at 490 nm against a blank prepared under the same conditions. A standard curve was prepared using a glucose stock solution at a concentration of 1 mg/mL. The total sugar content in each sample was determined using the regression equation obtained from the standard curve.
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• Extraction of water-soluble sugars from cocoa bean cotyledons

The extraction of water-soluble sugars from fermenting cocoa cotyledons was performed according to the method of Agbo et al. (1985). Five (5) grams of cotyledons were ground using a blender (Moulinex). Then, 50 mL of distilled water heated to 60 °C was added to the paste and allowed to cool. After cooling, the extract was filtered using Whatman filter paper. The filtrate was made up to 100 mL with distilled water.

• Determination of reducing and total sugars in cocoa bean cotyledons

The determination of reducing and total sugars in the cotyledons of fermenting cocoa beans was carried out following the same procedure as described for the bean pulp.

2.2.2.6 Evaluation of cut test of fermented beans after drying

The cut test is used to assess the sanitary and fermentation quality of cocoa beans by determining the percentage of defective beans and their level of fermentation. It was conducted following the method described by (Hii et al., 2011). A total of 100 dried fermented beans were randomly selected from each sample. Each bean was sliced lengthwise to maximize surface exposure and examined under daylight to evaluate its color. The beans were then classified, and the percentage of brown beans was calculated and expressed as percentage. The cut test was conducted each day during 144 days of fermentation. 

2.2.3 - Statistical data analysis

All the experiments were conducted thrice. Analysis of variance (ANOVA) was used to identify significant differences between treatments. The dataset collected during the experiment was thoroughly examined and analyzed using RStudio 2024. 
3. results and discussion

3.1 Results

3.1.1 Fermentation index of the bean cotyledon

Figure 1 presents the fermentation index of bean cotyledons over 144 hours. The fermentation index steadily increases over time for all inoculation levels and the control. The fermentation index ranged from (0.379±0.003) and (1.655±0.001). There is also an increase over time across all groups as the fermentation time increases. Higher inoculum levels (C. tropicalis 10⁵ and 10⁶) show the most rapid and significant increase in fermentation index, reaching the highest values by the end of the fermentation period (1.655±0.0.01 and 1.296±0.001). Lower inoculum levels (C. tropicalis 10³ and 10⁴) exhibit a slower increase compared to the higher levels. All inoculum charges including the control have fermentation index that within 1 and 1.4 after 72-120 hours.





























Fig. 1. Evolution of the fermentation index in the bean cotyledon








3.1.2 Evolution of pH and acidity of the bean pulp 

The figure 2 below shows the variation of pH and acidity in cocoa bean pulp during 144 hours of fermentation using different concentrations of Candida tropicalis (10³ to 10⁶ cells/g) compared to a control (spontaneous fermentation). In general, across all inoculum concentrations and the control, there is a gradual increase in pH of the bean pulp in (A) over time and a gradual decrease in bean pulp acidity over time (B) during fermentation. Higher yeast concentrations, especially 10⁵ and 10⁶, led to a faster and more significant pH rise from 3.2±0.01 at the start to 8.5±0.01 at 144 h and a sharper reduction in acidity, from 0.55±0.003 meq/g to around 0.05±0.005 meq/g. C. tropicalis 10⁴ and 10⁶ were particularly effective in accelerating acid breakdown and pH increase. An inverse correlation was observed: as acidity decreased, pH increased, indicating that higher yeast inoculation enhances fermentation efficiency through more active acid metabolism.





























Fig. 2 . Evolution of pH and acidity of the bean pulp of cocoa 
(A) pH of bean pulp  (B) acidity of bean pulp








3.1.3. Evolution of pH and acidity of bean cotyledon of cocoa beans 

[bookmark: _GoBack]Fig. 3 shows the evolution of pH of bean cotyledon (A) and the acidity of bean cotyledon (B) during fermentation trials over a period of 144 hours. Overall, there is a decrease across all pH as time increases in all treatments over the 144 hours of fermentation in graph (A). Initially, all samples start at a similar pH of around 6.73±0.01, indicating a neutral to slightly acidic internal environment. Over time, the pH steadily decreases in all treatments, reaching final values between 4.16±0.01 and 4.63±0.01 at 144 hours. Notably, the lowest pH (4.16±0.01) is observed with C. tropicalis 10⁵, indicating greater acid penetration into the cotyledon, while the control and other treatments stabilize at slightly higher levels between (4.45±0.01 to 4.63±0.01). Graph (B) presents the evolution of acidity in the cocoa bean cotyledon during 144 hours of fermentation, using different concentrations of Candida tropicalis (10³ to 10⁶ CFU/g) against a control without any inoculum. In contrast to graph (A), which showed a gradual decrease in cotyledon, graph (B) reveals a progressive increase in acidity over time for all treatments. The most significant increase is observed with C. tropicalis 10⁵, which reaches the highest acidity (0.16±0.01 meq/g) at 144 hours, confirming the strong acid diffusion previously indicated by its lower pH. These combined results illustrate that higher acid levels inside the bean correlate with lower internal pH, and that C. tropicalis 10⁵ promotes the most intense acidification of the cotyledon.



























Fig. 3 . Evolution of pH and acidity of bean cotyledon 

(A) pH of bean cotyledon  (B) acidity of bean cotyledon




3.1.4 Evaluation of reducing sugar and total sugar content in bean pulp

The reducing sugar content in bean pulp and the total sugar content of bean pulp are represented by figure 4 in (A) and (B) respectively. The reducing sugar content of bean pulp represented by figure (A) shows a rapid decrease in reducing sugar from 0.10±0.003 g/g to 0.00±0.00 hours across all conditions. After 48 h, sugar levels fall to 0.02 g/g in most treatments. Between 72 h and 120 h, values stabilize below 0.01 g/g. At 144 h, all samples show minimal sugar close to 0.00 g/g, indicating complete consumption of sugars in the pulp. The total sugar content of bean pulp represented by figure (4B) shows a decrease in total sugar from 0.50±0.012 g/g to 0.006±0.00 g/g for all samples. By 48 h, sugar levels drop between 0.06±0.01 to 0.13±0.03 g/g across most conditions. At 144 h, total sugar ranges from 0.006±0.00 g/g to 0.05±0.01 g/g in all samples. Overall, total sugar levels start higher and decline more gradually as compared to reducing sugars which were almost completely consumed by 144 h, while total sugars remained between 0.006±0.00 g/g to 0.05±0.01 g/g. 







 

















Fig 4. Evolution of reducing sugar and total sugar content in bean pulp

(A) reducing sugar content  (B) total sugar content













3.1.5 Evaluation of reducing sugar and total sugar content in bean cotyledon

The evolution of reducing sugar and total sugar content in bean cotyledon are represented by figure 5A and 5B respectively. Figure 5A shows a steady increase in reducing sugar in bean cotyledons from 0.005±0.001 g/g at 0 h to 0.11±0.01 g/g at 144 hours for C. tropicalis 10⁵. At 120 h and 144 h, C. tropicalis 10⁵ shows a marked rise, suggesting higher sugar diffusion into cotyledons. The control and other treatments show more gradual increases, obtaining a final value around 0.05 g/g. Figure 5B shows fluctuations in total sugar content in bean cotyledons, starting at 0.23±0.008 g/g across all conditions at 0 h. At 24 h, C. tropicalis 10⁵ increases sharply to 0.29±0.02 g/g, while other treatments decrease. From 96 h to 144 h, C. tropicalis 10⁵ maintains higher levels of around 0.29±0.02 g/g, unlike other treatments which decline. Overall, C. tropicalis 10⁵ promotes the highest and most sustained increase in total sugar in cotyledons. Compared to the reducing sugars, total sugars in cotyledons are consistently higher while reducing sugars steadily increase, total sugars fluctuate more, especially with C. tropicalis 10⁵. 

























Fig 5. Evolution of reducing sugar and total sugar content in bean cotyledon
(A) reducing sugar content  (B) total sugar content








3.1.6 Evaluation of physical quality of cocoa beans 

Figure 6 below illustrates the percentage of brown fermented, dried cocoa beans every 24 hours for a period of 144 hours. In general, as fermentation time increases, the percentage of brown beans also increased across all samples. The highest percentages of brown beans were recorded at 144 hours for all the samples, ranging between 62±10% and 87±1%. Notably, fermentation with the inocula C. tropicalis 10⁵ and 10⁶ achieved 60% brown beans after just 96 hours, while the control required the full 144 hours to reach a similar result. Inoculum with lower concentrations (C. tropicalis 10³ and 10⁴) achieved 60% brown beans after 120 hours of fermentation.


 




















Fig. 6. Percentage of brown beans in fermented dried cocoa seeds 


3.2 Discussion

This study investigated the effect of Candida tropicalis inoculation on cocoa bean quality during fermentation, with a focus on improving the consistency and efficiency of the process. Cocoa bean quality is commonly assessed by the degree of fermentation, primarily through the cut test and the Fermentation Index (FI), which provide qualitative and quantitative insights respectively (Afoakwa et al., 2013; Dopgima et al., 2023). The cut test, based on visual assessment of bean color, distinguishes between unfermented (slaty, grey), under-fermented (partially purple), and well-fermented (brown) beans (Kongor et al., 2016). However, this method can be subjective due to its reliance on visual perception, necessitating a more objective metric such as the FI, which quantitatively measures anthocyanin degradation during fermentation (Ziegleder, 2017).
In this experiment, the control group underwent natural, spontaneous fermentation, while other groups were inoculated with varying concentrations of C. tropicalis. According to (Ngangue et al., 2022), FI values ranging from 1 and 1.40 denote satisfactory fermentation. In this study, all inoculated groups reached or exceeded this threshold, indicating improved fermentation. This was corroborated by the increased proportion of brown beans observed in the cut test. Notably, higher inoculum concentrations (10⁵ and 10⁶ cells/g) resulted in significantly enhanced fermentation outcomes, both in terms of FI values and cut test results. When benchmarked against the Malaysian Standard, which defines well-fermented beans as those with at least 60% brown coloration (Dopgima et al., 2023), the effectiveness of C. tropicalis inoculation became even more evident. While spontaneous fermentation reached just 62 ± 10% brown beans by day 6, inoculated samples surpassed this benchmark more rapidly in 96 days (4 days), demonstrating that controlled microbial inoculation can substantially accelerate the fermentation process.
Fermentation progression was also faster with higher inoculum levels. At 10⁶ cells/g, full fermentation was achieved in 72 hours (3 days) according to the FI, and 96 hours (4 days) based on the cut test. Similarly, for 10⁵ cells/g, the FI reached the threshold at 72 hours, with full fermentation visually confirmed by 96 hours. In contrast, lower concentrations (10³ and 10⁴ cells/g) and the control required longer fermentation durations—up to 120–144 hours. The best fermentation performance, based on the percentage of brown beans, was observed with the 10⁵ cells/g treatment. This supports previous findings that higher microbial concentrations enhance fermentation efficiency and shorten processing time (Gunama et al., 2021; Misnawi et al., 2017).
In parallel, the evolution of reducing and total sugars provided valuable biochemical insights into the fermentation process. Reducing sugars in the pulp sharply declined within the first 24 hours, from approximately 0.11 g/g to less than 0.02 g/g, across all treatments. This is consistent with the findings of (Reineccius et al., 1972), who reported substantial sugar degradation during fermentation. These reducing sugars, primarily resulting from the hydrolysis of sucrose via invertase activity (Afoakwa, 2016; Rohan and Stewart, 1967) serve as critical substrates for yeast and bacteria. They are also key precursors in the Maillard reaction, which produces flavor compounds during the drying and roasting phases (Afoakwa et al., 2013).
Interestingly, reducing sugar levels in the cotyledons increased progressively during fermentation, peaking at 0.12 g/g at 144 h for the 10⁵ cells/g treatment. This indicates both sugar diffusion from the pulp and internal enzymatic activity within the seed. The sugar accumulation in the cotyledons underscores the role of C. tropicalis in enhancing internal bean biochemistry.
The pH evolution during fermentation further corroborates metabolic activity. In the pulp, pH increased significantly over time, likely due to the degradation of citric acid by yeasts and Bacillus spp., which oxidize citric acid into ethanol and other metabolites (Van de Voorde et al., 2023). In contrast, the cotyledon pH decreased steadily, supporting previous reports by Apriyanto and Umanailo (2019). This pH decline is attributed to the migration of organic acids such as acetic and lactic acid from the pulp into the cotyledons.
Regarding total sugars, a significant reduction was observed in the pulp, dropping from 0.52 g/g to <0.10 g/g after 72 hours, indicative of active microbial fermentation and sugar conversion into ethanol, acids, and CO₂. This trend aligns with prior findings that non-reducing sugars and overall sugar content decrease significantly during fermentation (Afoakwa et al., 2013; Hashim et al., 1998). Conversely, total sugar content in the cotyledons slightly increased especially with the 10⁵ cells/g inoculum, suggesting efficient sugar transfer from the pulp to the seed.
Finally, the observed changes in sugar composition are closely linked to pH variations in the fermenting mass. As noted by (Peña González et al., 2023), the reduction of volatile acids and leaching of citric acid elevate the pH, facilitating enzymatic pathways that release fermentable sugars.

4. Conclusion

This study highlights the potential of C. tropicalis as an effective starter culture for controlled cocoa fermentation. The results clearly demonstrate that inoculation with C. tropicalis significantly enhances fermentation efficiency by improving bean quality and reducing fermentation time from six to three days using inoculum of 10⁵ and 10⁶ cells/g. These findings suggest that microbial inoculation could be a viable strategy to accelerate cocoa processing while ensuring consistent quality. Future research should focus on optimizing inoculum concentrations and refining fermentation conditions to maximize benefits for cocoa farmers while preserving desirable sensory attributes in the final product.
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contol	0	24	48	72	96	120	144	0.3794893397210975	0.67125382262996924	0.78472222222222232	0.84790874524714832	1.1226584945412756	1.1836538461538462	C. tropicalis 10³	0	24	48	72	96	120	144	0.3794893397210975	0.72603065487308838	0.86040251688654623	0.9563494750735414	0.97065566926576785	1.1030768637638866	C. tropicalis 10⁴	0	24	48	72	96	120	144	0.3794893397210975	0.67549888325229557	0.78693151082391577	1.0960525180342391	C. tropicalis 10⁵	0	24	48	72	96	120	144	0.3794893397210975	0.76249357806734863	0.9386628650560539	0.99629843649810057	1.0843801352727678	1.6557813292744801	C. tropicalis 10⁶	0	24	48	72	96	120	144	0.3794893397210975	0.52022989540065823	0.69447680453047689	1.0347977031322813	1.0897793326209397	1.2965808052955761	Time (h)


Fermentation index




control	0	24	48	72	96	120	144	3.16	3.7133333333333334	3.9233333333333333	4.1433333333333335	5.3966666666666674	8.543333333333333	C. tropicalis 10³	0	24	48	72	96	120	144	3.16	3.5533333333333332	3.7833333333333332	4.1733333333333329	5	8.2533333333333321	C. tropicalis 10⁴	0	24	48	72	96	120	144	3.16	3.6233333333333335	3.8633333333333333	6.419999999999999	7.5366666666666662	8.456666666666667	C. tropicalis 10⁵	0	24	48	72	96	120	144	3.16	4.496666666666667	4.9499999999999993	6.2166666666666677	7.956666666666667	C. tropicalis 10⁶	0	24	48	72	96	120	144	3.16	3.5866666666666664	3.8466666666666662	7.8666666666666671	8.3766666666666669	Time (h)


pH of bean pulp




control	0	24	48	72	96	120	144	0.54	0.32222222222222224	0.20000000000000004	4.8888888888888891E-2	3.3333333333333333E-2	2.6666666666666672E-2	C. tropicalis 10³	0	24	48	72	96	120	144	0.54	0.28666666666666668	0.19777777777777775	9.1111111111111101E-2	6.4444444444444457E-2	2.4444444444444449E-2	0.02	C. tropicalis 10⁴	0	24	48	72	96	120	144	0.54	0.28000000000000003	0.19111111111111109	0.04	2.2222222222222227E-2	1.7777777777777778E-2	C. tropicalis 10⁵	0	24	48	72	96	120	144	0.54	0.34	8.0000000000000016E-2	5.3333333333333337E-2	C. tropicalis 10⁶	0	24	48	72	96	120	144	0.54	0.22666666666666666	6.8888888888888888E-2	2.8888888888888891E-2	1.7777777777777778E-2	Time (h)


Pulp acidity (meq/g of beans)




control	0	24	48	72	96	120	144	6.73	5.9333333333333336	4.6433333333333335	4.6133333333333333	4.4533333333333331	C. tropicalis 10³	0	24	48	72	96	120	144	6.73	6.2766666666666673	5.8233333333333333	4.9733333333333327	4.8	4.6066666666666665	C. tropicalis 10⁴	0	24	48	72	96	120	144	6.73	6.163333333333334	5.7399999999999993	5.376666666666666	4.84	4.7166666666666659	4.6366666666666667	C. tropicalis 10⁵	0	24	48	72	96	120	144	6.73	6.2333333333333343	5.6500000000000012	5.043333333333333	4.8133333333333326	4.45	4.1633333333333331	C. tropicalis 10⁶	0	24	48	72	96	120	144	6.73	6.2266666666666666	5.123333333333334	4.9833333333333334	4.6099999999999994	4.5466666666666669	Time (h)


pH of bean cotyledon




control	0	24	48	72	96	120	144	6.6E-3	3.1111111111111114E-2	4.6666666666666662E-2	6.8888888888888888E-2	8.666666666666667E-2	0.10000000000000002	C. tropicalis 10³	0	24	48	72	96	120	144	6.6E-3	0.02	3.1111111111111114E-2	3.1111111111111114E-2	4.6666666666666662E-2	8.8888888888888906E-2	C. tropicalis 10⁴	0	24	48	72	96	120	144	6.6E-3	1.7777777777777778E-2	0.04	5.7777777777777789E-2	8.2222222222222238E-2	9.3333333333333338E-2	C. tropicalis 10⁵	0	24	48	72	96	120	144	6.6E-3	5.3333333333333337E-2	7.3333333333333334E-2	8.3333333333333356E-2	0.1033333	0.163333333333333	C. tropicalis 10⁶	0	24	48	72	96	120	144	6.6E-3	3.3333333333333333E-2	4.8888888888888898E-2	5.7777777777777789E-2	9.3333333333333324E-2	Time (h)


Acidity of bean cotyledon (meq/g)




control	3.1721297468254874E-3	2.2939033806421106E-3	4.191747561537334E-3	1.8948519214731199E-3	5.6543780252628741E-3	1.2649656663290413E-3	2.1555869211712783E-3	1.2279342308290689E-3	4.6012018460272483E-3	1.4033534066617932E-3	1.4033534066617936E-3	1.0670331898510899E-3	1.0670331898510899E-3	3.1721297468254874E-3	2.2939033806421106E-3	4.191747561537334E-3	1.8948519214731199E-3	5.6543780252628741E-3	1.2649656663290413E-3	2.1555869211712783E-3	1.2279342308290689E-3	4.6012018460272483E-3	1.4033534066617932E-3	1.4033534066617936E-3	1.0670331898510899E-3	1.0670331898510899E-3	0	24	48	72	96	120	144	0.10462049256485099	4.0106210121666069E-2	1.9546713518892801E-2	1.1343170539461109E-2	7.4945948207153753E-3	3.5447407935815961E-3	5.0639154194022818E-4	C. tropicalis 10³	3.1721297468254874E-3	3.2864772058681783E-3	1.4987820953153094E-3	7.6463446021403391E-4	2.1979959732046053E-3	1.5989147546745801E-3	7.646344602140376E-4	1.3923465433359004E-3	4.9211254064104046E-3	1.519174625820684E-3	1.2649656663290413E-3	8.0387165160022652E-4	0	3.1721297468254874E-3	3.2864772058681783E-3	1.4987820953153094E-3	7.6463446021403391E-4	2.1979959732046053E-3	1.5989147546745801E-3	7.646344602140376E-4	1.3923465433359004E-3	4.9211254064104046E-3	1.519174625820684E-3	1.2649656663290413E-3	8.0387165160022652E-4	0	0	24	48	72	96	120	144	0.10462049256485111	2.7446421573160362E-2	1.4989189641430751E-2	1.1343170539461109E-2	6.9882032787751472E-3	3.9498540271337788E-3	2.2281227845370034E-3	C. tropicalis 10⁴	3.1721297468254874E-3	6.3248283316451976E-4	2.8717356742839393E-3	1.5591597393265202E-3	3.8472428786300058E-3	1.0525150549963453E-3	6.0868179082996954E-3	7.6463446021403716E-4	5.1770951116049463E-3	1.4987820953153103E-3	5.2625752749817353E-4	1.7276785184847686E-3	0	3.1721297468254874E-3	6.3248283316451976E-4	2.8717356742839393E-3	1.5591597393265202E-3	3.8472428786300058E-3	1.0525150549963453E-3	6.0868179082996954E-3	7.6463446021403716E-4	5.1770951116049463E-3	1.4987820953153103E-3	5.2625752749817353E-4	1.7276785184847686E-3	0	0	24	48	72	96	120	144	0.10462049256485111	1.5394302874982932E-2	1.407768486593834E-2	8.4060995962077865E-3	5.2664720361783714E-3	2.2281227845370034E-3	6.0766985032827375E-4	C. tropicalis 10⁵	3.1721297468254874E-3	4.64115514445301E-4	8.3448655379442932E-3	1.56388925394884E-3	5.964251978312623E-3	4.6185240632382997E-3	0	1.2279342308290696E-3	6.775814030561174E-3	0	1.8314299632341143E-3	3.0487504543609701E-3	0	3.1721297468254874E-3	4.64115514445301E-4	8.3448655379442932E-3	1.56388925394884E-3	5.964251978312623E-3	4.6185240632382997E-3	0	1.2279342308290696E-3	6.775814030561174E-3	0	1.8314299632341143E-3	3.0487504543609701E-3	0	0	24	48	72	96	120	144	0.10462049256485111	4.6588021858500979E-2	1.7116034117579709E-2	9.216326063312151E-3	6.9882032787751472E-3	3.4434624851935511E-3	0	C. tropicalis 10⁶	3.17212974682549E-3	2.0681615816291236E-3	1.754191758327242E-4	9.2823102889060005E-4	4.641155144452991E-4	0	1.07048824429965E-3	1.4033534066617941E-3	6.9307226172303409E-3	3.5083835166544955E-4	1.7541917583272401E-4	1.0892951722804699E-3	1.607743303200453E-3	3.17212974682549E-3	2.0681615816291236E-3	1.754191758327242E-4	9.2823102889060005E-4	4.641155144452991E-4	0	1.07048824429965E-3	1.4033534066617941E-3	6.9307226172303409E-3	3.5083835166544955E-4	1.7541917583272401E-4	1.0892951722804699E-3	1.607743303200453E-3	0	24	48	72	96	120	144	0.10462049256485099	2.0255661677609125E-4	8.7099345213719221E-3	1.4482798099490523E-2	1.7521147351131892E-2	7.7984297458795126E-3	2.7345143264772311E-3	Time (h)


Reducing sugar in bean pulp (g/g)




control	1.2035947362790192E-2	3.9195332432205063E-2	2.206928032967187E-2	2.0074765966259598E-2	3.488178053473414E-2	3.4847582702459023E-2	4.4010063849107536E-2	4.4333969333076872E-2	4.3601798402966428E-2	2.1892994468472395E-2	6.9261858954519397E-3	1.3125808516400383E-2	1.3125808516400383E-2	1.2035947362790192E-2	3.9195332432205063E-2	2.206928032967187E-2	2.0074765966259598E-2	3.488178053473414E-2	3.4847582702459023E-2	4.4010063849107536E-2	4.4333969333076872E-2	4.3601798402966428E-2	2.1892994468472395E-2	6.9261858954519397E-3	1.3125808516400383E-2	1.3125808516400383E-2	0	24	48	72	96	120	144	0.50907599586320018	0.16047929817053599	0.13105809350593772	0.11545593951713562	9.1829820619806712E-2	8.7817838165543297E-2	5.3493099390178662E-2	C. tropicalis 10³	1.2035947362790192E-2	4.3955847550300464E-2	1.9302659582941806E-2	3.4907406922812849E-2	1.617742529833464E-2	4.6178158815948597E-2	1.934893050730244E-2	3.6778532028696055E-2	4.296825785849611E-2	4.5410096411548209E-2	2.9673405443177137E-2	1.8722584786562472E-2	0	1.2035947362790192E-2	4.3955847550300464E-2	1.9302659582941806E-2	3.4907406922812849E-2	1.617742529833464E-2	4.6178158815948597E-2	1.934893050730244E-2	3.6778532028696055E-2	4.296825785849611E-2	4.5410096411548209E-2	2.9673405443177137E-2	1.8722584786562472E-2	0	0	24	48	72	96	120	144	0.50907599586320018	0.19837024357191249	0.12347990442566242	0.11010662957811773	9.5396027245818596E-2	4.1457152027388464E-2	3.1650083805855704E-2	C. tropicalis 10⁴	1.2035947362790192E-2	1.2757291128396084E-2	2.8567936182754061E-2	3.5617460781423943E-2	1.8738498588659072E-2	2.3163191499530299E-2	2.1017751210952305E-2	7.7210638331768754E-4	1.4891848622098216E-2	2.8961709409045321E-2	2.2069280329671842E-2	1.242587627471056E-2	0	1.2035947362790192E-2	1.2757291128396084E-2	2.8567936182754061E-2	3.5617460781423943E-2	1.8738498588659072E-2	2.3163191499530299E-2	2.1017751210952305E-2	7.7210638331768754E-4	1.4891848622098216E-2	2.8961709409045321E-2	2.2069280329671842E-2	1.242587627471056E-2	0	0	24	48	72	96	120	144	0.50907599586320018	0.1315038693341892	0.1150101636888841	9.9408009700082012E-2	9.1384044791555222E-2	5.7505081844442058E-2	4.5469134481651852E-2	C. tropicalis 10⁵	1.2035947362790192E-2	8.9043651953559892E-3	1.1215493050719621E-2	3.0112148949389374E-2	2.2497330482054035E-2	4.37519380810776E-2	4.9577407208326998E-2	1.1581595749765146E-2	7.3654254671098969E-3	1.5422812927504595E-2	1.7958736384654332E-2	8.3516074654948081E-3	0	1.2035947362790192E-2	8.9043651953559892E-3	1.1215493050719621E-2	3.0112148949389374E-2	2.2497330482054035E-2	4.37519380810776E-2	4.9577407208326998E-2	1.1581595749765146E-2	7.3654254671098969E-3	1.5422812927504595E-2	1.7958736384654332E-2	8.3516074654948081E-3	0	0	24	48	72	96	120	144	0.50907599586320018	7.3998787489747128E-2	6.2854391783459918E-2	4.7698013622909298E-2	2.1843015584322948E-2	1.4710602332299127E-2	6.6866374237723319E-3	C. tropicalis 10⁶	1.2035947362790201E-2	6.7292958304317599E-2	2.9823702228304425E-2	3.2984399154248951E-2	4.4300339676918946E-2	2.5102364796728151E-2	9.5554209011540006E-3	1.1135476620659822E-2	4.2717793081764564E-2	2.8253186187173776E-2	3.2875778444941883E-2	2.0237437079305615E-2	1.857874717750322E-2	1.2035947362790201E-2	6.7292958304317599E-2	2.9823702228304425E-2	3.2984399154248951E-2	4.4300339676918946E-2	2.5102364796728151E-2	9.5554209011540006E-3	1.1135476620659822E-2	4.2717793081764564E-2	2.8253186187173776E-2	3.2875778444941883E-2	2.0237437079305615E-2	1.857874717750322E-2	0	24	48	72	96	120	144	0.50907599586319996	0.16137084982703898	0.1319496451624407	0.11590171534538711	9.8070682215327554E-2	6.2408615955208434E-2	4.4577582825148877E-2	Time (h)


Total sugar in bean pulp (g/g)




control	7.8360239610066086E-3	7.3362296555653211E-2	2.906444726062388E-2	3.1769151960694755E-2	1.5614885246725324E-2	7.6858527043441691E-2	6.0421949555498795E-2	3.7730651491563849E-2	9.6436056367390239E-3	6.0859421488086013E-2	2.7548080588210778E-2	5.8292753604641612E-3	5.0818444420669712E-2	7.8360239610066086E-3	7.3362296555653211E-2	2.906444726062388E-2	3.1769151960694755E-2	1.5614885246725324E-2	7.6858527043441691E-2	6.0421949555498795E-2	3.7730651491563849E-2	9.6436056367390239E-3	6.0859421488086013E-2	2.7548080588210778E-2	5.8292753604641612E-3	5.0818444420669712E-2	0	24	48	72	96	120	144	0.22689989658000784	0.17296102136157765	0.15423843657501515	0.27459791020291713	0.12838343853642878	0.29376627081773116	0.16449128062479937	C. tropicalis 10³	7.8360239610066086E-3	3.282133328732912E-2	3.0112148949389361E-2	4.0149531932519286E-2	4.4802134051040388E-2	6.4640569339415296E-2	4.0585190182661886E-2	4.5475689536033516E-2	2.7045774601685786E-2	6.3199631248697707E-2	4.5886770202409909E-2	1.9700064008045672E-2	1.0037382983129799E-2	7.8360239610066086E-3	3.282133328732912E-2	3.0112148949389361E-2	4.0149531932519286E-2	4.4802134051040388E-2	6.4640569339415296E-2	4.0585190182661886E-2	4.5475689536033516E-2	2.7045774601685786E-2	6.3199631248697707E-2	4.5886770202409909E-2	1.9700064008045672E-2	1.0037382983129799E-2	0	24	48	72	96	120	144	0.22689989658000784	0.17518990050283512	9.0492493135052213E-2	0.20996041510645122	0.13908205841446453	0.29198316750472514	0.13417852430369814	C. tropicalis 10⁴	7.8360239610066086E-3	5.3598866587303555E-2	1.6661583465215801E-2	7.0295611431215446E-2	2.3482698889244244E-2	2.2150169838459494E-2	5.5144830317833599E-2	3.66811482778263E-2	9.0583578805371198E-2	5.6759010172236966E-2	3.590917294880059E-2	1.1135476620659748E-2	3.1448528983376578E-2	7.8360239610066086E-3	5.3598866587303555E-2	1.6661583465215801E-2	7.0295611431215446E-2	2.3482698889244244E-2	2.2150169838459494E-2	5.5144830317833599E-2	3.66811482778263E-2	9.0583578805371198E-2	5.6759010172236966E-2	3.590917294880059E-2	1.1135476620659748E-2	3.1448528983376578E-2	0	24	48	72	96	120	144	0.22689989658000784	0.21308084590421164	0.1034199921543454	0.12882921436468028	0.15245533326200919	0.27950144431368351	0.12303412859741092	C. tropicalis 10⁵	7.8360239610066086E-3	4.4861972202878173E-2	2.692426958835548E-2	4.6920950018318273E-2	3.3998992485411224E-2	3.6899900300586395E-2	2.206928032967187E-2	3.5052269236335462E-2	1.2256808855664582E-2	1.0037382983129792E-2	5.0020338636099934E-2	1.9302659582941917E-2	1.0387629005501801E-2	7.8360239610066086E-3	4.4861972202878173E-2	2.692426958835548E-2	4.6920950018318273E-2	3.3998992485411224E-2	3.6899900300586395E-2	2.206928032967187E-2	3.5052269236335462E-2	1.2256808855664582E-2	1.0037382983129792E-2	5.0020338636099934E-2	1.9302659582941917E-2	1.0387629005501801E-2	0	24	48	72	96	120	144	0.22689989658000784	0.29450447558931497	0.21101066295781101	0.286034734852537	0.29495025141756698	0.24948111693591499	0.28469740736778198	C. tropicalis 10⁶	7.8360239610066103E-3	3.2105145287312994E-2	9.8575944097464285E-3	1.0444861554384616E-2	3.0112148949389392E-2	5.8292753604641387E-3	1.038762900550181E-2	2.0732170668366807E-2	8.1137323805057893E-2	2.9793703526099204E-2	1.3395545095856706E-2	2.005991227131701E-2	8.1346455150024376E-3	7.8360239610066103E-3	3.2105145287312994E-2	9.8575944097464285E-3	1.0444861554384616E-2	3.0112148949389392E-2	5.8292753604641387E-3	1.038762900550181E-2	2.0732170668366807E-2	8.1137323805057893E-2	2.9793703526099204E-2	1.3395545095856706E-2	2.005991227131701E-2	8.1346455150024376E-3	0	24	48	72	96	120	144	0.226899896580008	0.12080524945615347	9.7624906387076049E-2	0.19747869191540954	0.17251524553332617	0.28128454762668947	0.14175671338397342	Time (h)


Total sugar in bean cotyledon (g/g)




control	1.3527764540926599E-3	1.11484372268974E-3	4.7460532515846456E-3	4.7686921349177061E-3	8.038716516002275E-4	1.3243857343087167E-3	5.0201768552126319E-3	1.3561842429856173E-2	3.1721297468254831E-3	1.6916812685120084E-3	6.2292334859144916E-3	2.474591999242826E-3	1.0670331898510899E-3	1.3527764540926599E-3	1.11484372268974E-3	4.7460532515846456E-3	4.7686921349177061E-3	8.038716516002275E-4	1.3243857343087167E-3	5.0201768552126319E-3	1.3561842429856173E-2	3.1721297468254831E-3	1.6916812685120084E-3	6.2292334859144916E-3	2.474591999242826E-3	1.0670331898510899E-3	0	24	48	72	96	120	144	5.6715852697305546E-3	1.4989189641430751E-2	3.4839738085487688E-2	4.0713879971994341E-2	4.2536889522979154E-2	4.8309753101097759E-2	5.4892843146320723E-2	C. tropicalis 10³	1.3527764540926599E-3	4.1363231632582471E-3	7.7482870380764027E-3	9.3598911852794658E-3	7.5000673258773772E-3	6.9040316735940683E-3	8.0233900644708072E-3	1.0631328320987612E-2	2.3205775722265013E-3	6.3248283316452193E-4	6.6172800723946395E-3	4.6411551444529964E-4	1.7276785184847682E-3	1.3527764540926599E-3	4.1363231632582471E-3	7.7482870380764027E-3	9.3598911852794658E-3	7.5000673258773772E-3	6.9040316735940683E-3	8.0233900644708072E-3	1.0631328320987612E-2	2.3205775722265013E-3	6.3248283316452193E-4	6.6172800723946395E-3	4.6411551444529964E-4	1.7276785184847682E-3	0	24	48	72	96	120	144	5.6715852697305546E-3	9.0137694465360595E-3	3.2307780375786549E-2	3.9498540271337791E-2	4.4461177382352023E-2	4.6993135092053162E-2	5.0841710810798892E-2	C. tropicalis 10⁴	1.3527764540926599E-3	6.2341714442689274E-3	7.4939104765765468E-3	5.4039356954067039E-3	1.2697004264859941E-2	1.2937089887290622E-2	8.4438417061111215E-3	6.2588027983821633E-3	4.1770396300076984E-3	6.4189996905690307E-3	1.0411981501191726E-2	1.9923788432997247E-3	3.6838026924872068E-3	1.3527764540926599E-3	6.2341714442689274E-3	7.4939104765765468E-3	5.4039356954067039E-3	1.2697004264859941E-2	1.2937089887290622E-2	8.4438417061111215E-3	6.2588027983821633E-3	4.1770396300076984E-3	6.4189996905690307E-3	1.0411981501191726E-2	1.9923788432997247E-3	3.6838026924872068E-3	0	24	48	72	96	120	144	5.6715852697305546E-3	1.640708595886339E-2	3.544740793581596E-2	3.9498540271337784E-2	4.1321549822322605E-2	4.2131776289426971E-2	5.2158328819843496E-2	C. tropicalis 10⁵	1.3527764540926599E-3	1.2649656663290413E-3	5.5222224026730167E-3	3.0834380168215901E-3	4.921125406410402E-3	2.871735674283941E-3	0	2.3600236423009903E-3	6.1170756817122965E-3	1.691681268512008E-3	4.9211254064104046E-3	0	1.4648288971517457E-2	1.3527764540926599E-3	1.2649656663290413E-3	5.5222224026730167E-3	3.0834380168215901E-3	4.921125406410402E-3	2.871735674283941E-3	0	2.3600236423009903E-3	6.1170756817122965E-3	1.691681268512008E-3	4.9211254064104046E-3	0	1.4648288971517457E-2	0	24	48	72	96	120	144	5.6715852697305546E-3	8.1227845369999992E-3	8.5073779045958323E-3	1.4989189641430751E-2	2.8736487051788401E-2	6.4514282443185064E-2	0.1145457667868796	C. tropicalis 10⁶	1.3527764540926599E-3	9.1015339628300225E-3	7.3926227927375125E-3	6.6659286816435357E-3	9.1369650381729495E-3	2.5840858215650602E-3	8.0750002527798549E-3	5.191933477121314E-3	5.0962214275734113E-3	2.9300779072753661E-3	5.9306211417151089E-3	1.4358678371419709E-3	3.9654046936806152E-3	1.3527764540926599E-3	9.1015339628300225E-3	7.3926227927375125E-3	6.6659286816435357E-3	9.1369650381729495E-3	2.5840858215650602E-3	8.0750002527798549E-3	5.191933477121314E-3	5.0962214275734113E-3	2.9300779072753661E-3	5.9306211417151089E-3	1.4358678371419709E-3	3.9654046936806152E-3	0	24	48	72	96	120	144	5.6715852697305502E-3	1.3470015015610065E-2	3.2206502067398508E-2	3.6358912711308373E-2	4.3954785840411792E-2	4.6790578475277074E-2	5.4285173295992445E-2	Time (h)


Reducing sugar in bean cotyledon (g/g)




control	0	0	0.5	0.5	0	0.4925373134328363	1.5	0.5	0.5	2.5	0.5	0	10	0	0	0.5	0.5	0	0.4925373134328363	1.5	0.5	0.5	2.5	0.5	0	10	0	24	48	72	96	120	144	0	0	2.5	15	32.5	50	61.5	C. tropicalis 10³	0	0.5	0	0.5	0	0.5	0.5	0	0.5	0.5	0	0.5	10	0	0.5	0	0.5	0	0.5	0.5	0	0.5	0.5	0	0.5	10	0	24	48	72	96	120	144	0	6.5	25	36	51	64	74.5	C. tropicalis 10⁴	0	0.5	1.5	0.5	2	1.5	0.5	4.5	0.5	3	0.5	0.5	0.5	0	0.5	1.5	0.5	2	1.5	0.5	4.5	0.5	3	0.5	0.5	0.5	0	24	48	72	96	120	144	0	5.5	22	28.5	46.5	65.5	85	C. tropicalis 10⁵	0	1.5	3.2145502536643185	2.0816659994661326	0.28867513459481287	2	1	1.0408329997330665	1	0.57735026918962573	2	0.5	0	0	1.5	3.2145502536643185	2.0816659994661326	0.28867513459481287	2	1	1.0408329997330665	1	0.57735026918962573	2	0.5	0	0	24	48	72	96	120	144	0	15	33	52	74	82	87	C. tropicalis 10⁶	0	0.5	1.5	1	0.5	0.5	0.5	0.5	9	1	0.5	0.5	1	0	0.5	1.5	1	0.5	0.5	0.5	0.5	9	1	0.5	0.5	1	0	24	48	72	96	120	144	0	11.5	31.5	48.5	65	78.5	86.5	Time (h)


% brown beans




