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ABSTRACT 

Coffee is one of the most important, and most widely consumed drinks around the world. Fermentation is 

a key step in determining the quality of the final cup of coffee. Although this process was initially done to 

simply remove the mucilage from the coffee beans, coffee producers have begun to use microbial starter 

cultures to improve cup sensory profiles. In the present case study, freshly harvested Arabica coffee beans 

were processed through two different wet fermentation methods, in which one was inoculated with starter 

cultures, to determine the microbial communities involved in the fermentation process and the metabolomic 

and sensorial profiles of the resulting green and roasted coffee beans. The bacterial and fungal composition 

were followed throughout the wet processing of the beans implementing metagenomic DNA extraction and 

high-throughput sequencing. Moreover, the metabolomic profiles of the resulting green and roasted coffee 

beans were studied with non-targeted metabolite profiling analysis. A quantitative descriptive analysis was 

applied to measure certain sensory attributes, including odor, flavor, and texture, to describe the sensorial 

profiles of the roasted and brewed coffee beans. The results indicated that Leuconostoc was the most 

common bacterial genus overall, and that lactic acid bacteria were more abundant during the inoculated 

fermentation, including genera such as Weissella and Fructobacillus. Acetic acid bacteria belonging to the 

genus Acetobacter were more prevalent in the standard processing method. The most abundant fungal 

groups were Kazachstania humilis, Torulaspora delbrueckii, and Wickerhamomyces anomalus. K. humilis 

was more abundant in the inoculated fermentation when compared to the standard processing. Over 400 

unique molecular masses were identified for the green and roasted coffee beans with a non-targeted 

metabolomics approach. After manual annotation, we identified 32 and 24 metabolic compounds that 

differed significantly between fermentation methods for the green and roasted coffee beans, respectively. 

The inoculated coffee had a higher cupping score overall, meaning the beverage had more notes that are 

preferred by consumers in contrast to the coffee processed with a standard wet fermentation method. 

Consequently, coffee producers should be aware of the potential and safety of utilizing starter cultures to 

improve the final quality of the brewed and consumed coffee. Future studies should focus on microbial 

identification at a deeper level and the correlation between certain species and their resulting metabolic 



 

compounds, where specific bacterial and fungal groups could be isolated and grown to be used as 

commercially available starter cultures for wet processed coffee fermentation.  
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INTRODUCTION 

Coffee is one of the most consumed beverages in the world and, according to some estimates, over 

2 billion cups of coffee are consumed daily worldwide (The British Coffee Association 2021). It 

is a brewed drink prepared from roasted coffee beans, the seeds of plants from the genus Coffea. 

Coffea is a flowering plant native to Africa and tropical Asia, but today it is grown all around the 

world (Africa, Latin America, Southeast Asia, China and certain islands in the Caribbean and 

Pacific). The two most cultivated species are Coffea arabica and Coffea canephora, which produce 

Arabica and Robusta coffees, respectively. The seeds from these plants are processed, dried, 

dehulled, and exported around the world to produce the drink well known as coffee. The 

International Coffee Organization reported that world coffee exports amounted to about 11.20 

million bags in June of 2021, an almost 100% increase compared to the 10.76 million bags 

exported in June of 2020 (International Coffee Organization 2021), and in 2021, coffee reached 

all time high prices after seven years, reaching over 2 dollars per pound (Macrotrends 2021). The 

quality of coffee beans is an important factor in defining coffee price. Variations in coffee 

processes are a way of enhancing the quality. Therefore, certain coffee growers have focused their 

efforts to offer higher quality coffee with specialty sensory characteristics through innovative 

processes. 

 

After coffee fruits are picked from the tree, they must be processed quickly before the seed spoils. 

At production sites, two methods are used to obtain the products that will be dried, dehulled, and 

exported. These methods are dry processing and wet processing (Vincent 1987). Whereas dry 

processed coffees, also known as naturals, are dried as whole fruits, wet processed (washed) 

coffees are dried without the cherry, or the fruit that surrounds the coffee bean. During these 

processes, coffee is fermented to achieve the removal of the mucilage, a sugary layer that protects 

the coffee bean and is composed mainly of water (85%), sugars and polysaccharides, such as 

pectin, a heteropolysaccharide that represents 15% of dry matter (Eira et al 2006, Avallone et al 



 

2006). The fermentation that happens during the processing of the coffee beans allows enzymes, 

alcohols and acids produced by microorganisms to degrade this layer (Haile & Kang 2019), 

facilitating the rest of the post-harvest steps. Currently, there are multiple definitions for the 

concept of fermentation, but in general all coincide on the idea that it involves a complex system 

of reactions brought about by microorganisms (Collado-Fernández 2003). Although there are 

different types of fermentation resulting from the action of different species of yeast and bacteria, 

all result in the transformation of fermentable sugars to carbon dioxide (CO2), ethanol and aromatic 

compounds (Schlesinger & Bernhardt 2020). The microorganisms involved during coffee 

fermentation have been studied recently and over 150 bacterial and fungal species have been found 

to actively participate in this process (Silva et al 2013, Pereira et al 2014).   

 

For wet processed coffees, researchers have reported that a cohort of lactic acid bacteria 

(Leuconostoc, Lactococcus and Lactobacillus), acetic acid bacteria (Acetobacter and 

Gluconobacter), enterobacteria and certain genera of yeasts (Torulaspora, Pichia and Starmerella) 

are the most common microbial groups (De Bruyn et al 2017, De Carvalho et al 2017, De Oliveira 

Junqueira et al 2019). Regardless of the process, or the microorganisms present, the traditional 

objective of fermentation has been to remove the sticky, sugary mucilage that coats the seeds of 

the coffee plant and to decrease the water content of these beans. Alongside the microorganisms 

involved in the fermentation, there is an ever-changing environment of metabolites that alter 

significantly the flavor, aroma, and overall quality of the coffee. These metabolites are secondary 

products from the microorganisms present in the fermentation, but many are also innate to the 

coffee beans. Many of the most desirable metabolites, such as acids, alcohols, pyridines, 

aldehydes, and furans, for a high-quality cup of coffee, are produced mainly by yeasts involved in 

the fermentation process (Silva et al 2013, Evangelista et al 2014). Metabolites commonly found 

during coffee fermentations are simple carbohydrates (glucose, sucrose, and fructose), certain 

organic acids (succinic, lactic, acetic acid, citric, malic, oxalic), sugar alcohols (arabitol, glycerol, 

mannitol, and sorbitol), and some low-molecular-mass volatiles (acetaldehyde, ethanol, ethyl 

acetate, ethyl lactate, and isopentyl acetate) (Zhang et al 2019, Batista de Mota et al 2020, De 

Bruyn et al 2017). These metabolites, some produced by the microorganisms present in the 

fermentation and others inherent to the coffee beans, are associated with a significant increase of 

quality of the prepared coffee.  



 

 

However, more recently, certain coffee producers have discovered that a carefully managed 

fermentation can have positive impacts on the quality of the final product. Taking from the wine, 

beer, and dairy industry, many coffee producers have begun to use starter cultures during the 

fermentation of the coffee beans to ensure the best quality in the resulting beverage. The first 

instance of using microbial starter cultures was described by Agate and Bhat, where they 

demonstrated that the addition of a mixture of three Saccharomyces species facilitated the 

fermentation process (Agate & Bhat 1966). Even though most of the species involved in the 

fermentation process don’t have a very noticeable effect on the flavor or aroma of the coffee 

beverage (Haile & Kang 2019), researchers have discovered a small number of species that seem 

to heavily impact on the final coffee profile. Notwithstanding that coffee beans seem to have all 

the precursors required to produce a standard cup of coffee (Joël et al 2010), many bacterial and 

fungal species have been proposed to enhance its quality. According to Siridevi and collaborators, 

coffee beans fermented with a consortia of Saccharomyces cerevisiae, Lactobacillus plantarum, 

and Bacillus sphaericus had improved physical, chemical, and sensory profiles compared to coffee 

fermented following a standard wet process (Siridevi et al 2019). Another study reported that 

inoculation of Arabica coffee with two different species of yeast (S. cerevisiae and T. delbrueckii) 

modified the sensory profile of the resulting beverage and increased its quality score by five points 

in comparison to a non-inoculated coffee (Batista da Mota et al 2020). More innovative producers, 

therefore, have realized that starter cultures could significantly impact the sensory profiles of their 

coffees, and have begun experimenting with multiple combinations of bacterial and fungal species 

to improve their product, not only regarding flavor and aroma, but also in increasing its economic 

value (Silva et al 2013, Evangelista et al 2014).  

 

Both volatile and nonvolatile compounds influence the quality of the coffee beverage (Batista da 

Mota et al 2020), and multiple studies have focused on characterizing these chemical profiles in 

coffees that have been inoculated with starter cultures, as well as non-inoculated coffees. It has 

been reported that coffee inoculated with starter cultures has higher abundances of metabolites 

associated with higher cup quality. Coffee that has been inoculated with certain fungal strains (e.g., 

S. cerevisiae, T. delbrueckii and Candida parapsilosis) frequently has higher concentrations of 

organic acids associated with microorganisms (acetic, propionic, and lactic acid) and those 



 

naturally present in coffee (malic, succinic, and citric), as well as fructose, glucose, sucrose, 

chlorogenic acid and trigonelline when compared to non-inoculated coffees (Pereira Bressani et al 

2018). The impact these starter cultures have on the metabolomic, and chemical profiles of the 

resulting coffee is what determines the final sensory quality of the coffee beverage, and when used 

correctly, they can even increase the final value of the product. When compared to non-inoculated 

coffees, coffee that has been inoculated with starter cultures has higher overall scores for flavor 

and aroma that cannot be achieved otherwise (Pereira et al 2014, Pereira Bressani et al 2018).  

 

The aim of this research is to study the microbial communities and metabolic profiles of coffee 

beans produced by two different post-harvest processing methods of the Castillo variety of Arabica 

coffee (Coffea arabica L. var. Castillo), to determine if the inoculation and supplementation of 

coffee has a significant effect over its microbial and chemical compositions, and if these changes 

are observable in the final beverage. The present case study describes the metataxonomic, 

metabolomic, and sensorial qualities of coffee processing methods in which starter cultures and 

fruits are added during the fermentation process developed by coffee growers in Colombia. Given 

that the impacts of post-harvest processing of coffee beans, specifically the use of starter cultures 

and their impact on coffee quality, remain an open field of research, we expect this study will allow 

to elucidate on dynamics of microbial communities, metabolite profiles of green and roasted coffee 

beans, and sensory quality.   

 

METHODS 

Fermentation sampling. 

Coffee bean fermentation samples were collected from a farm located in Risaralda, Colombia 

(4°55’31.0’’N, 75°40’27.8’’W). The coffee farm is at 1600 meters of altitude and produces 

“washed coffee” in accordance with traditional fermentation methods, as well as “culturing 

coffee”, a method developed by the producers of the farm in which starter cultures are added to 

the fermentation tanks with the pulped coffee at the beginning of the process. 

  

For the standard wet process of coffee (hereby referred to as standard wet) 155 kg of freshly 

harvested coffee cherries (Coffea arabica L. var. Castillo) were placed in 200-liter plastic tanks. 

55 L of water were added, and a natural fermentation was allowed to occur for 100 h. For the wet 



 

process with the addition of a starter culture (hereby referred to as inoculated wet), the same 

amount in weight of cherries were submerged in 30 L of fresh water. Additionally, 10 L of starter 

culture and 35 kg of fresh fruit were added to the tanks. The starter culture was a mixture of wheat 

flour, a sugar source, water, and several commercially available yeast strains. The coffee-starter 

culture mixture was left to ferment for 100 h. Samples of 50 mL of the liquid fraction of the 

fermenting coffee at 0, 50 and 100 h were collected in triplicate. During 50 and 100 h, samples of 

the liquid fraction were collected from the top and the middle of the barrel without disturbing the 

contents to reduce bias towards aerobic or anaerobic microorganisms. The collected samples were 

frozen in sterilized Falcon tubes with dry ice and ethanol, and transported to the lab, where they 

were kept at -80°C until further metagenomic analysis. After the fermentation process, the 

fermented coffee beans were left to sun dry for 15 days, whereby 100 g of the dried beans were 

collected in sterilized Falcon tubes, frozen with dry ice and ethanol, and transported to the lab, 

where they were kept at -80°C until further metabolomic analysis. Afterwards, the remaining green 

coffee beans were roasted following a specific roasting curve developed by the coffee producers. 

100 g of the roasted coffee beans were collected in sterilized Falcon tubes and frozen with dry ice 

and ethanol. Standard wet and inoculated wet coffee bean samples were denoted SW and IW, 

respectively, followed by a number indicating the chronological order of sampling. Fig. 1 shows 

details of the experiments and sampling. 

 

 

Figure 1. Experimental setup of the study of two coffee-processing methods carried out at the Riviera 

farm (Risaralda, Colombia). The green line depicts the standard wet process (SW) and the orange line the 

inoculated wet process (IW). Concerning the standard wet process, sample SW1 refers to the liquid 

fraction of the fermentation process collected at the start (0 h). Samples SW2 and SW3 correspond to the 

liquid fraction collected at 50 h from the top and middle of the barrel, respectively. SW4 and SW5 

correspond to the liquid fraction collected at 100 h from the top and middle of the barrel, respectively.  



 

Concerning the inoculate wet process, sample Starter refers to 50 mL of the starter culture that were 

collected before the start of the fermentation. Samples IW1-IW5 correspond to the liquid fraction of the 

fermentation during 100 h. Regarding the sample for metabolomic analysis, samples SW6 and IW6 

correspond to the dehulled, green coffee beans, and samples SW7 and IW7 correspond to the roasted 

beans.  

 

DNA extraction and metagenomic analysis. 

Total bacterial and fungal DNA was extracted from the liquid fraction of fermenting coffee beans 

using the DNeasy PowerSoil Pro DNA Isolation Kit (QIAGEN, Hilden, Germany) according to 

the manufacturer’s instructions, with certain modifications. Before the extraction, 600 uL of the 

liquid fraction of the fermenting coffee beans was washed with sterile PBS 2X. The resulting pellet 

was processed for the extraction of the bacterial and fungal DNA. The final genomic DNA was 

quantified with the Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, 

USA). Specific loci were amplified through PCR for both bacterial and fungal DNA. The specific 

V4 region of the bacterial 16S gene was amplified using the F515 and R806 primers, and the fungal 

ITS1 region was amplified using the primers ITS1f and ITS2. Bacterial amplicons were pooled 

and purified with 0.6 × Agencourt Ampure XP beads (Beckman-Coulter) prior to sequencing at 

the DNA Sequencing Innovation Laboratory at the Edison Family Center for Genome Sciences, 

Washington University School of Medicine using the 2 × 250-bp protocol on the Illumina MiSeq 

platform. Fungal amplicons processed following the ITS protocol from the Earth Microbiome 

Project (2022). All samples were processed on the same day with one batch of reagents by the 

same technician and sequenced on a single MiSeq run to minimize batch effects. Two Fastq files 

were obtained for each sample, corresponding to the forward and reverse reads for both the 

bacterial and fungal amplicons.  

 

Bioinformatic analysis. 

Data generated by sequencing went through a rigorous quality system that involved the 

identification and removal of sequences containing more than one ambiguous base (N), and the 

evaluation of the presence and complementarity of primer and barcode sequences. Amplicon 

sequence variants (ASVs) were inferred from the high throughput amplicon sequencing data using 

the dada2 plugin from the QIIME2 software (version 2021.11.0). The QIIME2 software was used 

for taxonomic, alpha and beta diversity analyses using the q2-taxa and q2-diversity plugins, 



 

respectively. Taxonomy was assigned with the SILVA 138 database for the bacterial ASVs and 

with the UNITE database (version 8) for the fungal ASVs using trained Naive Bayes classifiers. 

 

Non-targeted metabolite profiling analysis. 

Dried and dehulled green coffee beans were collected and analyzed. All the coffee from both 

processing methods was subjected to the same standard preparation protocol prior to metabolite 

extraction. To obtain the green coffee beans, fermented depulped beans were dried in the sun until 

their humidity reached 11% and the parchment was detached manually (dehulled). 1 g of the beans 

were first frozen in liquid nitrogen and ground into a fine powder with a mortar and pestle. The 

resulting powder was kept at -80°C until further analysis. The preparation and analysis of the 

samples, as well as the inspection and annotation of the metabolites present in the samples, were 

performed by the metabolomics facility of the University of the Andes (MetCore, Bogotá, 

Colombia). To analyze the metabolites targeted in the final samples, water-methanol extracts were 

prepared by submerging 50 mg of sample in 1.5 mL of H2O:MeOH (75:25). These preparations 

were vortexed at 3500 rpm for 15 mins, followed by ultrasound at room temperature for 10 mins, 

and a final vortex at 3500 rpm for 5 mins. Afterwards, the samples were centrifuged at 16000 rpm 

during 10 mins at room temperature (25°C) and the supernatant was filtered in filter paper of 0.45 

µm. 100 µL of the extracts were used for the non-targeted metabolomics analyses. All samples 

were both prepared and analyzed in triplicate. The metabolites present in the samples were 

determined by reversed-phase liquid chromatography (RP-LC) and hydrophilic interaction 

chromatography (HILIC-LC) in a quadrupole time of flight mass spectrometer (QTOF-MS). The 

compounds present in the samples were analyzed and inspected manually using the Agilent Mass 

Hunter Profinder 10.0 software, utilizing the Recursive Molecular Extraction algorithm with the 

conditions seen on Table 1.  

 

Table 1. Parameters for data processing for each of the platforms. 

RP-LC/MS-QTOF(+) HILIC-LC/MS-QTOF(-) 

Extraction: 0-18 mins; 2000 counts Extraction: 0-16 mins; 4000 counts 

Ion species: Positive ions (+H, +Na) Ion species: Negative ions (-H, +Cl, +CH3COO-) 

No mass or signal filters were utilized No mass or signal filters were utilized 

  



 

The annotation of statistically significant molecular characteristics was done using three 

identification tools: Molecular Formula Generator, CEU Mass Mediator and data analysis of 

autoMS/MS. The databases used for the manual annotation of metabolites were Metlin, Kegg, 

Lipid Maps and HMDB.  

 

Roasting and sensory evaluation. 

The green coffee beans from the standard and inoculated fermentation processing (150 g each) 

were roasted according to two protocols established by the producers of the coffee. Fig. 2 shows 

the roasting curves corresponding to the SW and IW coffee. Cupping was done by three certified 

Q Grader® panelists, where the beverages were prepared at a ratio of 8.5 g of roasted, ground 

beans per 150 mL of water. They were brewed at 100°C and cupped at 71°C in espresso glass cups 

one at a time, following the standard protocol established by the Specialty Coffee Association 

(SCA). A quantitative descriptive analysis (QDA) was applied to measure the intensity of the 

sensory attributes given by the panelists, covering aroma, flavor, acidity, body, among others, a 

one-way analysis of variance on ranks (Kruskal-Wallis test) was used to evaluate the statistical 

significance of the results, and a Wilcoxon test was performed to calculate pairwise comparisons 

between group levels (P < 0.05).  

 

 

Figure 2. Roasting curves developed by the coffee producers for the (A) SW fermentation and (B) IW 

fermentation methods. TP: turning point, where the bean temperature starts rising again after the initial 

temperature drop caused by the insertion of the cold beans. DE: end of the drying phase. FC: the 

beginning of the first crack. FCe: end of the first crack.  

 

RESULTS 

Fermentation sampling. 



 

Fermentation tanks of 200 L each were used to ferment the coffee beans for 100 h. 155 kg of 

freshly harvested cherries were used for each treatment. At the end of the fermentation process, 

the coffee fermented on its own (standard wet process), had an average temperature of 23.5°C, and 

the inoculated coffee (inoculated wet) had an average temperature of 23.7°C.  All frozen samples 

were shipped to the laboratory where they would be analyzed and kept at -80°C for further analysis.  

 

DNA extraction and metagenomic analysis. 

Microbial community structures. The average number of reads for the V4 and ITS regions per 

sample was approximately 75,000 and 19,000, respectively. 

 

(i) Standard fermentation processing. The first day of fermentation (SW1), with the freshly 

depulped cherries added to the tank alongside the water, was characterized by amplicon sequence 

variants (ASVs) corresponding to the families Leuconostocaceae (specifically Leuconostoc sp.), 

Acetobacteraceae (Acetobacter sp.), Lactobacillaceae (Weissella sp.), and order Enterobacterales 

(Fig. 3A and 4). Other common microorganisms previously reported in coffee fermentations, such 

as Lactobacillus sp., Pseudomonas sp., and Gluconobacter sp., were found in smaller abundances 

(<5%). In regard to the fungal diversity, the most prevalent species in all samples was 

Kazachstania humilis (Fig. 3B and 4). Saccharomycetaceae was the most abundant family of yeast 

present, including other taxa such as Torulaspora delbrueckii, Wickerhamomyces anomalus, 

Kluyveromyces marxianus, Meyerozyma sp., and Hanseniaspora sp., (Fig. 3B). Other predominant 

fungal families were Nectriaceae, Debaryomycetaceae, and Cordycipitaceae.  

 

Upon the 50-hour mark of the standard fermentation (SW2 and SW3), Leuconostoc sp. increased 

in relative abundance, and it was the most prevalent bacterial genus throughout both fermentation 

methods (SW and IW) (Fig. 4). Alongside Leuconostoc, other bacteria of the same family, 

Weissella sp., also increased in relative abundance. However, previously prevalent ASVs such as 

Acetobacter sp. and bacteria of the Enterobacterales order decreased in relative abundances. It’s 

also interesting to note that for the 50-hour mark, the relative abundance of bacteria belonging to 

the Enterobacterales order (Enterobacterales, Enterobacteriaceae, Enterococcus, Erwiniaceae) was 

greater in the middle of the barrel than on the top. Regarding the fungal diversity, the most 

prevalent yeast was Kazachstania humilis (>70%). However, fungi of the species Torulaspora 



 

delbrueckii decreased in relative abundance, as well as Wickerhamomyces anomalus, 

Hanseniaspora and Meyerozyma. Moreover, in one of the samples from the middle of the barrel 

(SW3.3), there was a high relative abundance of Pseudomonas sp. (16%) and Candida sp. (13%), 

however it is not clear why only this sample had such high abundances of these specific taxa. 

 

Finally, upon the 100-hour mark of the standard fermentation (SW4 and SW5), the abundance of 

Leuconostoc sp. and Weissella sp. remained relatively constant in all samples. However, that of 

Lactobacillus sp. and Acetobacter sp. increased, the latter especially in the samples collected from 

the middle of the barrel (SW5). Moreover, the abundance of enterobacteria was lower on samples 

collected from top of the barrel (SW4) than from the middle (SW5), just like it happened for the 

50-hour mark. For the fungal microorganisms, the relative abundance of Meyerozyma sp. and 

Kurtzmaniella sp. decreased, whereas that of K. humilis and W. anomalus, remained relatively 

constant along the samples collected from both the top (SW4) and the middle of the barrel (SW5) 

The abundance of T. delbrueckii decreased as well in comparison to the 50 hour mark, however it 

is important to note that its abundance was much higher on the middle (12%) than on top of the 

barrel (4%).  

 

(ii) Inoculated fermentation processing. The initial microbial diversity found in the starter 

culture used for the inoculated fermentation process was characterized mainly by Saccharomyces 

cerivisae (>99%), Pantoaea sp. (<1%), and Lysinibacillus sp. (<1%) (Fig. 3). The rest of the 

identified DNA corresponded to plant material (particularly that of Triticum aestivum). The clear 

differentiation between the starter culture and the fermentation samples can be seen on a principal-

coordinate analysis (PCoA) performed for all samples based on Bray-Curtis dissimilarities for both 

bacterial and fungal samples (Fig. 5). Given that it was possible that the great difference between 

the fermentation and starter culture samples could be biasing our results, an additional PCoA was 

performed, this time excluding the starter culture samples. For the samples taken from hour 0 of 

the inoculated fermentation (IW1), the most abundant bacterial ASVs were Leuconostoc sp., 

Acetobacter sp. and Weissella sp, and they were present in higher relative abundance in 

comparison to the standard fermentation method (Fig. 3A and 4). Moreover, new bacterial species 

were identified on these samples, including Pedobacter sp. and Fructobacillus sp. On the other 

hand, enterobacteria and bacteria belonging to the genus Pseudomonas sp. were less abundant 



 

when compared to the standard fermentation. Regarding the fungal diversity, K. humilis was less 

abundant in comparison to the standard fermentation, and S. cerevisiae and T. delbrueckii had 

higher abundances (Fig. 3B and 4). This is no surprise, given that this fermentation was inoculated 

with the starter culture that contained specific strains of S. cerevisiae. Other taxa that were present 

with abundances greater than 1% included W. anomalus, Meyerozyma sp., Kurtzmaniella sp., 

Kluyveromyces marxianus, Hanseniaspora sp., Candida sp., and Beauveria varroae.  

 

Upon the 50-hour mark of the inoculated fermentation (IW2 and IW3), both Leuconostoc sp. and 

Lactobacillus sp. increased in relative abundances. However, previously prevalent Weissella sp., 

Acetobacter sp. and certain enterobacteria decreased in relative abundances. It is interesting to 

note, moreover, that regarding the fungal diversity after 50 hours of fermentation with a starter 

culture, most of the previously mentioned species of yeast were no longer as prevalent on the 

samples, and the dominant species was K. humilis. (>95%). This pattern is seen all throughout the 

samples taken for the inoculated wet fermentation (IW2-IW5).  

 

Finally, upon the 100-hour mark of fermentation, the relative abundances of Leuconostoc, 

Acetobacter sp., and Weissella sp. remained constant. Nonetheless, it’s important to point out that 

in one of the samples taken from the top of the barrel (SW4.2), the relative abundance of 

Acetobacter sp. increased significantly (71.8% of the sample). The relative abundance of 

Lactobacillus sp. decreased in comparison to the 50-hour mark, whereas Fructobacillus increased 

in abundance. Like mentioned before, the fungal diversity was much more restricted. K. humilis 

was the dominant species (>95%), followed by K. exigua (1.01%), S. cerevisiae (0.87%) and T. 

delbrueckii (0.34%).   

 



 

 

 

Figure 3. Relative frequencies (percentages) of bacterial (A) and fungal (B) amplicon sequence variants 

(ASVs) present in the selected samples for the standard and inoculated fermentation methods, as well as 

the starter culture used for the inoculation (SC).  

 



 

 



 

 

Figure 4. Heatmap showing the relative abundances (percentages) of bacterial and fungal species 

occurring in selected samples through both standard and inoculated fermentation methods. Only 

species/genera whose relative abundance is greater than 1% in at least one sample are included. 

Dendrograms denote the relationship between the samples based on hierarchical clustering and an 

average-linkage metric.  

 

 



 

 

Figure 5. Principal-coordinate analysis (PCoA) plots based on Bray-Curtis dissimilarities of: (A) 

bacterial and (B) fungal communities of the different fermentation methods sampled and analyzed. 

Orange: samples taken from the starter culture used to inoculate one of the fermentation methods. Violet: 

standard fermentation wet process of coffee. Green: inoculated fermentation wet process of coffee. 

 

 

Figure 6. Principal-coordinate analysis (PCoA) plots based on Bray-Curtis dissimilarities of: (A) 

bacterial and (B) fungal communities of the different fermentation methods sampled and analyzed, 

excluding the starter culture samples. Orange: standard fermentation wet process of coffee. Green: 

inoculated fermentation wet process of coffee. Squares: 0 hours of fermentation. Rings: 50 hours. Stars: 

100 hours.  

 

Non-targeted metabolite profiling analysis. 

(i) Green coffee. The comparison between the green coffee samples from both groups (standard 

and inoculated fermentation) using a partial least squares-discriminant analysis (PLS-DA) can be 

seen on Fig. 7. All plots show a distinct separation between groups, indicating a variable metabolic 



 

composition between samples. For both platforms and both groups, 220 compounds with unique 

experimental masses were identified.  

 

Figure 7. PLS-DA plots for the comparison between both green coffee bean groups and the different non-

targeted metabolomics platforms used: (A) GM-RP-LC/MS-QTOF and (B) HILIC-LC/MS-QTOF. G1: 

Green coffee processed with the standard fermentation method. G2: Green coffee processed with the 

inoculated fermentation method.  

 

To assess which specific metabolites varied between groups, a volcano plot was constructed in 

which the fold change and the p-value of each compound were plotted against each other. The 

resulting volcano plots for both platforms can be seen on Fig. 8. For the green coffee, of all the 

variable metabolites identified with the volcano plots, only those biologically relevant to the study 

were considered for the following analyses. For the RP-LC/MS-QTOF and HILIC-LC/MS-QTOF 

platforms, 8 and 24 relevant compounds with unique molecular masses were identified, 

respectively. The possible metabolites assigned to these compounds using CEU Mass Mediator 

for both platforms can be seen on Tables 2 and 3.  

 



 

 

Figure 8. Volcano plots for both (A) RP-LC/MS-QTOF and (B) HILIC-LC/MS-QTOF platforms for the 

non-targeted metabolomics analyses of green coffee beans. The numbers on each point correspond to the 



 

experimental masses of the identified metabolite. G1: Green coffee processed with the standard 

fermentation method. G2: Green coffee processed with the inoculated fermentation method.  

 

Table 2. Possible metabolites for the compounds identified with RP-LC/MS-QTOF for green coffee 

beans of SW and IW fermentation methods.  

Exp. mass 

(g/mol) 

Possible compound(s) Exp. mass 

(g/mol) 

Possible compound(s) 

108.0812 4-Ethyl-2,5-dimethylisoxazole 191.071 Coixinden A, Dimethyl Caffeic acid 

135.0447 Ethyl 2-furanyl diketone 207.0661 Vinyl caffeate 

141.0533 Furfuryl acetate, ethyl maltol 351.1354 Na-p-Hydroxy Coumaroyl Tryptophan 

 

163.0395 3 Hydroxycoumarin, caffeic acid 391.1017 3-O-Feruloylquinic acid, 3-O-Caffeoyl-1-O-

methyl quinic acid, 3-O-Caffeoyl-4-O-

methyl quinic acid 

 

Table 3. Possible metabolites for the compounds identified with HILIC-LC/MS-QTOF for green coffee 

beans of SW and IW fermentation methods.  

Exp. mass 

(g/mol) 

Possible compound(s) Exp. mass 

(g/mol) 

Possible compound(s) 

101.0604 Methyl butyrate, 2-Methylpropyl formate 261.007 Dihydrocaffeic acid 3-sulfate 

111.0447 2-(Methoxymethyl) furan, 3-Methyl-1,2-

cyclopentanedione 

269.1016 2-Methoxy-4-(4-methyl-1,3-

dioxolan-2-yl)phenol 

125.0241 Maltol 289.0713 (-)-Catechin, (+)-Epicatechin 

127.0396 (±)-Furaneol 299.055 Cajanin 

131.0707 2-Methylpropanal 341.0875 1-Caffeoyl-beta-D-glucose, Caffeic 

acid 3-glucoside, Gluco Caffeic acid, 

1-O-Caffeoyl Glucose 

137.0241 Salicylic acid, Alpha-Furyl methyl diketone 345.061 Kaempferol, Quercetin 

139.0394 Furfuryl acetate, Ethyl maltol 385.0916 Cassiaside 

151.039 2-Propenyl 2-furancarboxylate, 1-(5-

Methyl-2-furanyl)-1,2-propanedione, 

Furaneol acetate 

417.1175 Chrysoobtusin 



 

159.0447 Di-alpha-furfuryl ether 427.1238 3-O-Feruloylquinic acid, 5-O-

Feruloylquinic acid, 3-O-Caffeoyl-1-

O-methyl quinic acid, 3-O-Caffeoyl-

4-O-methyl quinic acid 

177.0192 Caffeoquinone 433.1147 2-O-Caffeoyl Arbutin 

205.0503 Coumarin, 2-benzofuran carboxaldehyde 551.1399 Tricin 7-glucoside, 3',7-Dimethoxy-

4',5,8-trihydroxyflavone 8-glucoside, 

3',4',5-Trihydroxy-3,7-

dimethoxyflavone 5-glucoside 

223.0606 Sinapic acid, Coumaric acid, 3-Oxo-3-

phenylpropanoate 

591.2465 Nomilinic acid 

 

(ii) Roasted coffee. The comparison between the roasted coffee samples from both groups 

(standard and inoculated fermentation) using a partial least squares-discriminant analysis (PLS-

DA) can be seen on Fig. 9. All plots show a distinct separation between groups, indicating a 

variable metabolic composition between samples. For both platforms and both groups, 182 

compounds with unique experimental masses were identified.  

 

Figure 9. PLS-DA plots for the comparison between both roasted coffee bean groups and the different 

non-targeted metabolomics platforms used: (A) GM-RP-LC/MS-QTOF and (B) HILIC-LC/MS-QTOF. 

G3: Roasted coffee processed with the standard fermentation method. G4: Roasted coffee processed with 

the inoculated fermentation method.  

 



 

To assess which specific metabolites varied between groups, a volcano plot was constructed in 

which the fold change and the p-value of each compound were plotted against each other. The 

resulting volcano plots for both platforms can be seen on Fig. 10. For the roasted coffee, of all the 

variable metabolites identified with the volcano plots, only those biologically relevant to the study 

were considered for the following analyses. For the RP-LC/MS-QTOF and HILIC-LC/MS-QTOF 

platforms, 9 and 15 relevant compounds with unique molecular masses were identified, 

respectively. The possible metabolites assigned to these compounds using CEU Mass Mediator 

for both platforms can be seen on Tables 4 and 5. 

 

 



 

 

Figure 10. Volcano plots for both (A) RP-LC/MS-QTOF and (B) HILIC-LC/MS-QTOF platforms for the 

non-targeted metabolomics analyses of roasted coffee beans. The numbers on each point correspond to 



 

the experimental masses of the identified metabolite. G3: Roasted coffee processed with the standard 

fermentation method. G4: Roasted coffee processed with the inoculated fermentation method.  

 

Table 4. Possible metabolites for the compounds identified with RP-LC/MS-QTOF for roasted coffee 

beans of SW and IW fermentation methods.  

Exp. mass 

(g/mol) 

Possible compound(s) Exp. mass 

(g/mol) 

Possible compound(s) 

141.0553 Furfuryl acetate, Ethyl maltol 163.0396 3 Hydroxycoumarin, caffeic acid 

120.0814 2-Acetyl-1-ethylpyrrole 347.1864 Dihydroactinidolide  

176.1078 Butyl 2-aminobenzoate, 2-

Methylpropyl 2-aminobenzoate, 

Ethyl N-ethylanthranilate 

247.2068 Pyruvic acid, beta-Caryophyllene alcohol 

acetate 

317.2124 Taxodone, Cafestol 531.2216 Mozambioside, Cafamarine 

313.0716 1,3,5-Trihydroxy-6,7-dimethoxy-2-methylanthraquinone, 3,4-Dihydroxyphenacyl caffeate 

 

Table 5. Possible metabolites for the compounds identified with HILIC-LC/MS-QTOF for roasted coffee 

beans of SW and IW fermentation methods.  

Exp. mass 

(g/mol) 

Possible compound(s) Exp. mass 

(g/mol) 

Possible compound(s) 

209.022 Shikimic acid 94.0295 1H-Pyrrole-2-carboxaldehyde 

551.1399 Tricin 4'-glucoside, Tricin 5'-

glucoside, Tricin 7'-glucoside, 3',8-

Dimethoxyapigenin 7-glucoside 

433.1147 2-O-Caffeoylarbutin 

149.0241 Vanillic acid, Isovanillic acid, 2,6-

Dimethoxy-1,4-benzoquinone 

265.071 Vinyl caffeate 

297.0753 5,7-Dihydroxy-3-methoxy-8-

methylflavone 

465.1185 Silandrin, Silyhermin, Neosilyhermin A, 

Neosilyhermin B 

249.0758 Coixinden A, Avenalumic acid 163.0399 

 

p-Coumaric acid, Coumaric acid, cis-p-

Coumaric acid, m-Coumaric acid, 4-

Hydroxycinnamic acid, 2-

Hydroxycinnamic acid, 3,4-

Dihydroxyhydrocinnamic acid, Maltol 

propionate 

539.1396 Dextrin, Gentianose 207.0658 Di-2-furanylmethane, Dimethylcaffeic 

Acid, Cinnamic acid, trans-Cinnamic 

acid, 3,4-Dihydro-2H-1-benzopyran-2-

one 

137.0602 4-Ethyl-1,2-benzenediol, 3-Ethyl- 149.0605 2-Phenylethyl formate, 2-Methoxy-4-



 

1,2-benzenediol, 1-(2-Furanyl)-1-

butanone, 2,5-Dimethyl-4-ethoxy-

3(2H)-furanone 

vinylphenol, 2'-Hydroxy-5'-

methylacetophenone, Methyl 

phenylacetate, 2-Furanylmethyl 

butanoate, 2,6-Dimethoxy-4-

methylphenol, 4-ethyl-2-

methoxybenzene-1,3-diol 

177.0192 Caffeoquinone, Galic acid 

 

Roasting and sensory evaluation. 

Both types of coffee evaluated here were roasted following specific roasting curves developed by 

the producers, and both were prepared according to the same protocol for cupping established by 

the SCA. The scores given by each of the certified Q Grader panelists can be seen on Table 2. 

Scoring for a cup of coffee is based on a matrix in which flavor, aroma, aftertaste, body, among 

others, are evaluated.  

 

The uniformity and cleanness of the coffee beverages were found to be significantly different (P 

< 0.05) between those prepared from beans processed with standard (SW) and inoculated (IW) 

fermentations (Fig. 11). These attributes are associated with the properties of the cupped coffee, 

and if a perfect score is not achieved (10), it’s due to abnormalities present in a given amount of 

the tasted cups. Other attributes, specifically the aroma, aftertaste, sweetness, acidity, and balance, 

were perceived as variable, however the differences were not statistically significant (0.05 < P < 

0.50). Pointedly, the coffee beverage brewed from the SW fermentation had low scores of 

uniformity and a less clean cup. This is due to one of the cups having a detectable defect, 

characterized by the presence of phenol). Although there weren’t any statistically significant 

differences in any of the other analyzed attributes, the SW coffee was characterized by different 

organoleptic descriptors when compared to the IW coffee. The three certified Q Grader® panelists 

described it as less sweet, more acidic, and was more chocolate-like in flavor, with notes of 

caramel, coconut, and pepper. On the other hand, the coffee from the fermentation inoculated with 

starter cultures (IW) was perceived as being sweeter and less acidic, with a better uniformity and 

unlike the previous beverage, had a cleaner cup (free of taints and defects). The inoculated coffee 

was described as having notes of pineapple, eucalyptus, white chocolate, wine and had a more 

floral flavor and aroma.  

 



 

 

Figure 11. Sensorial analysis of coffees brewed from the standard and inoculated wet-coffee processes. 

Lines represent the mean, and asterisks represent statistically significant pairwise comparisons (P < 0.05).  

 

DISCUSSION 

The present case study represents the first time a new coffee processing method developed by 

coffee producers in Colombia was studied. It was demonstrated that the inoculation and 

supplementation of coffee fermentations with starter cultures and tropical fruits significantly 

improves the quality of the beverage produced. Additionally, it was shown that the metabolic and 

metagenomic profiles differed greatly between both fermentation methods, where the standard 

fermentation was characterized by a higher diversity of fungal features, and the inoculated 

fermentation was characterized by a high abundance of potential probiotic bacteria, like Weissella 

sp. (Abriouel et al 2015) and Leuconostoc sp. (Wang et al 2018). The microbial analysis was based 

on DNA extraction via the use of a commercial extraction kit (PowerSoil Pro, QIAGEN) from the 

liquid fraction of the fermentation process of the Castillo variety of coffee. Samples were taken at 

different times during the fermentation to study the changes in abundance and diversity of the 

bacterial and fungal communities present, as well as from the top and bottom of the barrels in 

which the coffee was fermented. The high-throughput sequencing of bacterial and fungal 



 

amplicons was a quick, economical way of identifying to the genus and even species level the 

microbial diversity of this system. Additionally, the untargeted metabolomic analyses employed 

rapid preparation, simple extraction and two chromatography separation techniques to 

discriminate between the metabolic compounds of the green and roasted coffee beans. 

 

The microbiome present on the liquid fraction of the fermentation of coffee inoculated and 

supplemented with starter cultures consisted mainly of lactic acid bacteria (LAB), 

Enterobacterales, and certain fungal genera like Torulaspora delbrueckii, Saccharomyces 

cerevisiae, and Kazachstania sp. However, soon after the inoculated fermentation started, the 

diversity of fungal microorganisms was much more restricted, and the only prevalent species 

during the 50- and 100-hour marks was K. humilis (>95%). Previously known as Candida humilis, 

K. humilis is a species of yeast that occurs frequently alongside LAB in sourdough, a mixture of 

flour and water where fermentation occurs. Just like S. cerevisiae, K. humilis is a yeast species that 

ferments hexoses in the absence and presence of oxygen, converting carbohydrates into ethanol, 

carbon dioxide, and acetic acid (Carbonetto et al 2020). Given that the starter culture was 

composed in part of wheat flour, it is no surprise to find a high abundance of microorganisms 

commonly found in sourdough and bread fermentation (LAB, Torulaspora, Saccharomyces and 

Kazachstania) (De Vuyst & Neysens 2005). K. humilis has not been reported in the fermentation 

of coffee mucilage, but it has been identified in the fermentation of coffee pulp (Villa Montoya et 

al 2019). The inoculation of the wet fermentation method with a starter culture containing wheat 

flour and certain strains of food-safe yeasts influenced greatly the diversity of this supplemented 

fermentation. K. humilis and S. cerevisiae, specially the former, were probably more ecologically 

competent species that dominated over the “natural” fungi present in coffee fermentations, 

displacing other species that were more abundant when comparing this fermentation with the 

standard process, in which the coffee was not inoculated with any starter cultures.  

 

On the contrary, the fungal diversity of the standard wet fermentation was much greater. Besides 

K. humilis, other abundant fungal species were T. delbrueckii and W. anomalus. T. delbrueckii is 

a species of fermentative yeast frequently found in beer and other spirit fermentations, kefir, and 

coffee (Wilson 2022, Rattray & O’Connell 2011, Haile & Kang 2019). W. anomalus (formerly 

known as Pichia anomala) is an ascomycetous heterothallic yeast frequently found in cheese, other 



 

milk products, and fruit fermentations (Büchl & Seiler 2011, Tofalo & Suzzi 2016). Neither of 

these yeast species have been frequently described as part of the normal fungal microbiota during 

coffee fermentation, given that the most common species reported for Arabica coffee are Pichia 

fermentans, Saccharomyces cerivisae and Candida sp. (Haile & Kang 2019, Pereira et al 2014, De 

Bruyn et al 2017, Silva et al 2008, Zhang et al 2019). Given that the standard fermentation was not 

inoculated nor supplemented with any foreign microorganisms besides those present in the coffee 

pulp, beans, water, and tanks, we believe there was not as much competition to displace the 

abundance of these microorganisms.  

 

Regarding the bacterial composition of the samples, the most common genus found during both 

types of fermentation was Leuconostoc. This bacterial genus has been reported by multiple studies 

of Colombian and other South American coffees as the most prevalent and dominant during the 

entire fermentation process (De Bruyn et al 2017, De Oliveira Junqueira et al 2019, Cruz-O’Byrne 

et al 2021). Leuconostoc is a heterofermentative, Gram positive cocci (Hassan & Frank 2011) and 

it has been reported in the microbiome of fermented foods, such as milk and other dairy products, 

kefir, and coffee (Olajide & LaPointe 2022). Although this genus was more abundant in the 

inoculated fermentation, the difference with the standard fermentation was not significant, and the 

presence of this microorganism most likely did not result in the different metabolic and 

organoleptic profiles of the resulting coffees. Other LAB found were Weissella, Fructobacillus, 

and Lactobacillus. Weissella was more abundant during the inoculated fermentation, specifically 

at the 100 hour mark of the process. Moreover, Fructobacillus was only found at the 50- and 100-

hour marks of the inoculated fermentation. Lactobacillus, on the other hand, was constant 

throughout both fermentations, and was not more abundant during one process than the other. This 

means that the inoculated fermentation was most likely selecting for more acid-tolerant 

lactobacilli. 

 

Another highly abundant genus was Acetobacter. On average, this bacterium was more abundant 

in the inoculated fermentation than in the standard fermentation, however, this is due to an outlier 

at the 100-hour mark during the inoculated fermentation, in which one of the samples (SW4.2) had 

the highest abundance. It is unknown why only this sample had such a high abundance of this 

bacteria. However, Acetobacter was more abundant overall during the standard wet fermentation. 



 

Acetobacter is a Gram-negative, non-bacillus Brevibacterium that oxidizes sugars and alcohols to 

products such as acetic acid (Chen 2021). Acetic acid, alongside other organic acids like citric, 

lactic, and butyric acid, is commonly found during coffee fermentation, and it is produced by 

microorganisms during the fermentation of sugars (Silva et al 2000). Other acetic acid bacteria 

found during these coffee fermentations were Gluconobacter and Roseomonas, although both were 

relatively scarce. Gluconobacter only had relative abundances above 1% at the 0-hour mark during 

both fermentations, and its abundance was at its highest at the start of the inoculated fermentation 

(2.2% relative abundance). For the rest of both fermentation processes, its abundance never 

surpassed the 0.6% mark. Roseomonas was only found at the 0-hour mark for the standard 

fermentation (1.15%). It is likely that the presence of these acetic acid bacteria results in a high 

prevalence of acetic acid during coffee fermentations, which in turn causes a decrease in quality 

of the resulting coffee beverages (Pereira et al 2016). 

 

Bacteria belonging to the order Enterobacterales were also more abundant in the standard wet 

fermentation, and it is commonly represented during coffee fermentations by Erwinia, Klebsiella, 

Pantoea, Serratia, Enterobacter, and Citrobacter (De Oliveira Junqueira et al 2019). Of these 

microorganisms, alongside those classified simply as Enterobacterales, Erwiniaceae, Pantoea and 

Enterobacteriaceae were all identified in this study with abundances greater than 1% in the 

samples. Curiously, all of these microorganisms had greater abundances in the middle than on top 

of the barrel, corroborating the fact that most microorganisms belonging to the order 

Enterobacterales are facultative anaerobic bacteria (Adeolu et al 2016). Just like with Acetobacter, 

bacteria belonging to this order are associated with producing certain unpleasant-tasting 

compounds during fermentation, such as 3-isopropyl-2-methoxy-5-methylpyrazine, 2,3-

butanediol, and butyric acid (De Oliveira Junqueira et al 2019). The high prevalence of these acetic 

acid bacteria and Enterobacteria could therefore be associated with the lower scores given by the 

certified coffee cuppers.  

 

Lastly, with regards to bacterial species found in the fermentations, Pseudomonas was a genus 

found in both fermentations, although slightly more abundant in the standard fermentation. It’s 

likely that this bacterium comes from rhizosphere soil. Other environmental bacteria found in soil 

and/or water that were found in both fermentation methods are Rhizobium, Methylobacterium, 



 

Beijerinckiaceae, Brachybacterium, Comamonadaceae, Novosphingobium, Pedobacter, 

Rhodococcus and Stenotrophomonas (De Oliveira Junqueira et al 2019, Marin & Arahal 2014, Tak 

et al 2018, Wisplinghoff 2017, Kumar et al 2017, Bjerketorp et al 2021, Ward et al 2018, 

Wisplinghoff & Seifert 2010). 

 

Regarding the reported metabolites found in both the green and roasted coffee beans, many were 

found to be correlated to specific flavors/aromas reported by the coffee cuppers for either of the 

evaluated beverages. It has been well documented that besides degrading the mucilage from the 

coffee beans, fermentative microorganisms are also responsible for the production of metabolites 

(Batista da Mota et al 2020). Whether volatile or non-volatile, these compounds influence the 

quality of the resulting beverage, it has been reported that over 700 compounds contribute to coffee 

flavor and aroma (Farah et al 2006). Although green coffee beans go through a series of complex 

chemical transformations during roasting (Wei & Tanokura 2015), the metabolic profiles of the 

initial green coffee are strongly correlated with the quality of the coffee beverage that is produced 

(Lyman et al 2011, Yeretzian et al 2014). Compounds like methyl butyrate, 2-methylpropyl 

formate and 2-methylpropanal are responsible for sweet, floral, and fruity odor and flavor found 

on foods and beverages. As the inoculated green coffee beans contain more of these types of 

compounds, higher sweetness levels and more fruity notes would be expected in comparison to 

the standard green coffee beans. This is precisely what was seen, with the coffee cuppers giving 

the inoculated coffee higher scores for sweetness and describing it as fruitier and more floral than 

the standard coffee. On the other hand, acids such as caffeic, sinapic, quinic, and coumaric acid, 

and compounds like 3-oxo-3-phenylpropanoate were more abundant for the standard green coffee 

beans, resulting in higher levels of bitterness for this coffee. 

 

Due to the Maillard reaction and multiple other complex chemical reactions that take place during 

roasting (Baggenstoss et al 2008, Reineccius 1995, Shibamoto 1991), the metabolic profiles of the 

coffee beans are due to change, contributing to changes in coffee flavor and odor (Yeretzian et al 

2002). This was also seen in this study, where the metabolomic profiles of both groups for roasted 

coffee beans varied significantly between groups. The standard coffee, which was described by 

the coffee cuppers as having more caramellic notes, had higher levels of 2,5-dimethyl-4-ethoxy-

3(2H)-furanone, pyruvic acid and maltol propionate, compounds associated with caramellic and 



 

brown sugar flavors and aromas. Other compounds, like 2-phenylethyl formate or 2-furanylmethyl 

butanoate, could explain the bitter and green notes found in this coffee. On the other hand, the 

inoculated coffee was described as fruitier and more floral, with notes of pineapple, citrus, and 

wine. This could be explained by the higher abundance reported for compounds such as furfuryl 

acetate, butyl 2-aminobenzoate, and 2-methylpropyl 2-aminobenzoate. Metabolites commonly 

associated with microorganisms, like acetic acid, ethanol, lactic acid, and glycerol (Gomes et al 

2018, Abedi & Hashemi 2020, Wang et al 2001), were not targeted with the metabolomics 

approach used in this study. However, their presence could be inferred given the abundance of 

bacteria like Acetobacter, Lactobacillus, and Gluconobacter during the fermentation process. It 

has been reported that these compounds are abundant during coffee fermentations, and that they 

increase proportionally over to the time of fermentation (De Bruyn et al 2017). The migration of 

these microbial metabolites is facilitated by a macropore system on the cell wall of the coffee bean. 

These pores of approximately 20-40 µm in diameter determine the transport of flavor compounds 

through the surface of the bean, therefore directly influencing the flavor and aroma profiles of the 

final coffee beverage (Li et al 2021, Schenker et al 2008). 

 

In conclusion, we studied the evolution of the microbial communities during two different wet 

fermentation methods, alongside the metabolic profiles of the resulting green and roasted coffee 

beans. Of the fermentation methods analyzed, one was inoculated and supplemented with a starter 

culture and tropical fruits, which resulted in a final beverage that was ranked as better by certified 

coffee cuppers during a blind tasting. This study was made possible by high-throughput 

sequencing of metagenomic DNA present in the liquid fraction of the coffee fermentation and a 

non-targeted metabolomic analysis of the chemical compounds present on both the green and 

roasted coffee beans. The results of this study showed that the bacterial and fungal diversity varied 

greatly between fermentation methods, and that the inoculation of a wet fermentation process 

influenced the metabolite composition of the endosperm. The present findings corroborate the 

positive effect starter cultures have on coffee processing, specifically on drastically improving the 

organoleptic profiles of roasting coffee and the prevention of spoilage that results in tangible 

defects (Pereira et al 2014, Batista da Mota et al 2020, Pereira Bressani et al 2020, Pereira Bressani 

et al 2021). Further studies should focus on thoroughly understanding the influence of the 

microbiota on coffee quality, the interactions between said microorganisms, and the isolation of 



 

certain strains to complement current commercially available starter cultures to inoculate wet 

fermentation processes and produce new and innovative flavor profiles. 
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